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...and then there would not be friction any more, and the

sound would cease, and the dancers would stop...

Leonardo da Vinci

From a notebook dated September, 1508

To my family.



'XiLJàl r
i.^i <- V u*SM>v >>m^ ^

„.'iWr l. *



Contents

ABSTRACT 7

ZUSAMMENFASSUNG 9

1 INTRODUCTION 1 1

1.1 Introduction 11

1.2 Objectives 1 3

1.5 References 15

2 EXPERIMENTAL 1 7

2.1 Atomic Force Microscope 17

2.1.1 Principle 17

1.2 Friction Loop and Force-Distance Curves 20

1.3 Force Calibration 23

1.4 Probes 27

1.5 Tip-Radius Determination 29

1.6 Data Acquisition 30

2.2 Tribomctcr 31

2.2.1 Principle 31

2.2.2 Force Calibration 32

2.2.3 Probes 32

2.2.4 Data Acquisition 33

2.2.5 Tribometer-SFM Comparison 33

2.3 Sample Preparation 3 4

2.3.1 Gold Evaporation 34

2.3.2 Preparation of Ultrafiat Gold Samples 36

2.3.3 Self-Assembled Monolayers 38

2.3.4 Microcontact Printing 39

2.3.5 Plasma Cleaning 40

2.4 Contact Angle Measurements 4 1

2.5 Ellipsometry 4 2

2.6 X-Ray Fhotoelectron Spectroscopy 4 3

2.7 References 4 4

3 THEORY 4 9

3.1 Contact Area

3.1.1 Hertz Model

49

49



3.1.2 Johnson-Kendall-Roberts Model 5 1

3.1.3 Derjaguin-Muller-Toporov Model 51

3.1.4 From Single Asperity to Amontons' Law 54

3.2 Roughness 5 5

3.3 Adhesion 5 6

3.4 The Influence of Humidity 5 8

3.5 Autocorrelation 6 1

3.6 References 6 5

4 RESULTS AND DISCUSSION 71

4.1 Nanotribology 7 1

4.1.1 Characterization of the Instrument and Probes 71

4.1.2 Friction Experiment with Different Material Combinations of Gold and Silicon 77

4.1.3 Friction Experiment on Thiol-Covered Gold Substrates and with Modified Tips 80

4.1.4 Friction Experiments as a Function of Humidity 88

4.1.5 Friction Experiments in Different Media 96

4.2 Macrotribology 105

4.2.1 Characterization of the Instrument and Probes 105

4.2.2 Influence of Roughness on Friction 109

4.2.3 Friction Experiments on Silicon and Gold 1 11

4.2.4 Friction Experiments in Different Media and Humidities 117

4.2.5 Comparison with Nanolribological Results 12.0

4.3 Autocorrelation 124

4.3.1 Characteristics of the Autocorrelation Function 124

4.3.2 Effect of the Size of Contact Area 128

4.3.3 Effect of Substrate Material. Humidity and Media 137

4.3.4 Simulation Model and Calculations 140

4.3.5 Comparison of Simulated Data with Experimental Data 143

4.4 References 145

5 CONCLUSIONS AND OUTLOOK 150

5.1 Conclusions 150

5.2 Outlook 152

5.3 References 153

CURRICULUM VITAE 154

PUBLICATIONS 156

ACKNOWLEDGMENTS 157



7 Abstract

Abstract

This thesis is concerned wilh the tribologieal behavior of single and multi-asperity

contacts on gold and silicon surfaces—materials which are of great technological

importance. Friction, although of considerable scientific and technological interest, is not

yet satisfactorily understood, and no concepts other than the coefficient of friction have

been established to describe it. In this work, friction is studied on both the nano- and

macroscopic length scale using an atomic force microscope (SFM) and a tribometer.

Atomic force microscopy allows a single asperity contact to be studied and the tribometer

measurements reflect the behavior of a multi-asperity contact.

In this work, the SFM and tribometer probes were characterized using scanning

electron and light microscopy. Shapes and radii of tips and beads used in the SFM were

determined by scanning over the ridge of a SrTiCX single crystal. It was shown that SFM

tips can broaden and wear-away even under relatively mild sliding conditions. We have

calibrated SFM probes in order to get absolute friction forces (as for the tribometer) and

directly compare nanoscopic and macroscopic coefficients of friction. Furthermore, only

the preparation of ultraflat gold substrates and the use of the microcontact printing

technique allowed us to separate chemical from mechanical contributions to the friction

force. We investigated nanotribological phenomena by recording friction forces as a

function of applied load and force-distance-curves, and by analyzing friction forces,

coefficients of friction, pull-off and pull-on forces, break-free lengths and minimum

applied loads before jump-off. The results have confirmed that 'true' interaction forces

between probe and sample, i.e. those due to the chemical contributions of the two

surfaces, can only reasonably be studied in liquid (in the absence of an UHV SFM).

Nevertheless, the data presented have shown that interaction forces between tip and

sample are mostly dominated by capillary forces under ambient conditions and have

demonstrated that control of the surface chemistry, e.g. with thiol termination, and

surroundings, e.g. by measuring in liquid, is crucial for SFM adhesion and friction

measurements. The same is true for tribometer measurements. It could be shown in this

work that the coefficient of friction is a function of humidity and medium, although
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different mechanisms apply in a macroscopic contact. Adhesion plays a minor role in

macrotribology. but roughness, ploughing, wear debris, and running-in processes

contribute to the complexity of a multi-asperity contact.

In order to get more insight into the friction mechanism on both length scales, we

studied the fluctuations of the friction force. In this work, the mechanical behavior of the

SFM and tribometer was described via Fourier spectra in order to distinguish between

machine- and friction-related fluctuations. From the latter one may gain information on

the nature of the junctions at the interface of the two sliding bodies. Force fluctuations can

be studied by means of the autocorrelation function. Model calculations and experimental

results suggest that the contact diameter can be extracted from the autocorrelation length

and that the chemical homogeneity of the surface influences the shape of the

autocorrelation function. Therefore, the autocorrelation has the potential to give insights

into the contributions to fluctuations that are due to the properties of the contact interface

on both the nano- and macroscopic length scale.
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Zusammenfassung

Diese Dissertation befasst sich mit dem tribologischen Verhalten von einzelnen

('single asperity') und vielen ('multi-asperity') Kontakten auf Gold und Silizium. Diese

beiden Materialien sind technologisch sehr wichtig Die Reibung ist noch nicht

zufriedenstellend verstanden, trotz erheblicher wissenschaftlicher und technologischer

Bedeutung, und noch ist der Reibungskoeffizient die meist benutzte Grösse, um das

Reibungsverhalten zwischen zwei Körpern zu beschreiben. In dieser Arbeit wird die

Reibung im nano- und makroskopischen Bereich mit Hilfe eines Rasterkraftmikroskopes

(Scanning Force Microscopy, SFM) und eines Tribomctcrs untersucht. Das

Rasterkraftmikroskop erlaubt es. einen einzigen Kontaktpunkt zu untersuchen, während

das Tribometer-Experiment das Verhalten von vielen Kontaktstellen widerspiegelt.

Die SFM-Spitzcn und Tribometer-Kugeln wurden mit Licht- und Elektronen¬

mikroskopie charakterisiert. Die Form und der Radius der SFM-Spitzen wurde bestimmt,

indem sie über eine scharfe Kante eines SrTiO, Einkristall es gerastert wurden. So konnte

gezeigt werden, class die Spitzen schon unter relativ milden Reibungsbedingungen

vcrschleissen. Wir haben einige SFM Spitzen kalibriert, damit (wie im Tribometer)

absolute Reibungskraftwerte bestimmt werden können, und somit die nano- und

makroskopischen Reibungskoeffizienten miteinander verglichen werden können.

Ausserdem konnte mit dem Herstellen von ultraflachen Goldoberflächen der chemische

und mechanische Anteil der Reibungskraft voneinander getrennt werden. Wir haben die

nanotribologischcn Eigenschaften untersucht, indem die Reibungskraft als Funktion der

aufgebrachten Normalkraft und Kraft-Distanz-Kurven aufgezeichnet wurden. Des

weiteren wurden Reibungskräfte, Reibungskoeffizienten, "pull-on' und 'pull-off Kräfte,

Abrisslängen und minimale Normalkräfte vor dem Losrcissen der Spitze von der

Oberfläche gemessen. Die Resultate zeigten eindrücklich, dass 'wahre' Wechsel¬

wirkungskräfte zwischen Spitze und Oberfläche, die nur von der chemischen

Beschaffenheit der Oberflächen abhängen, ohne UHV-SFM nur in Flüssigkeiten gut

bestimmt werden konnten. Die Daten bestätigten zudem, dass unter normalen

Luftbedingungen die Wechselwirkungskräfte \on den Kapillarkräften dominiert werden,



Zusammenfassung 10

und dass die Kontrolle der Oberflächenchemie. z.B. mittels organischer

Dünnfilmbeschichtungcn. und der Laborbcdinaungen, z.B. mit dem Messen in

Flüssigkeiten, sehr entscheidend für präzise Reibungs- und Adhäsionsmessungen ist.

Das gleiche gilt für die Tribometer-Messungen. Auch hier konnte gezeigt werden, dass

der Reibungskoeffizient eine Funktion der Luftfeuchtigkeit und der Messflüssigkeit ist,

obwohl ganz andere Reibungsmechanismen in makroskopischen Kontakten auftreten. Die

Adhäsion spielt hier eine kleinere Rolle als im nanoskopisehen Bereich, aber Rauhigkeit,

'Furchung', Verschleisspartikel. und Anlaufeffekte tragen zur Komplexität des 'multi-

asperity' Kontaktes bei.

Um mehr über die Reibungsmechanismen auf beiden Grössenskalen zu erfahren,

haben wir auch die Fluktuationen in der Reibungskraft untersucht. In dieser Arbeit wurde

das mechanische Verhalten der beiden Messinstrumente, des Rasterkraftmikroskopes und

des Tribometers, mittels einer Fourier-Ananlyse bestimmt, um zwischen den

Fluktuationen, die von der Reibungskraft herrühren, und jenen, die von den

Messinstrumenten kommen, unterscheiden zu können. Fluktuationen können mit Hilfe

der Autokorrclation untersucht werden. Die Fluktuationen in der Reibungskraft sollten

Informationen über die Beschaffenheit der Kontaktstellen zwischen zwei Körpern

beinhalten. Simulationen mit Hilfe eines einfachen Models und experimentelle Resultate

deuten daraufhin, dass der Durchmesser der Kontaktfläche aus der Autokorrelationslängc

bestimmt werden kann, und dass die chemische Homogenität der Oberflächen die Form

der Autokorrelationsfunktion beeinflusst. Deshalb bietet die Autokorrclation die

Möglichkeit, auf der nano- und makroskopischen Ebene Beiträge zu den

Kraftfluktuationen, die durch die Eigenschaften des Kontaktes zustande kommen, zu

untersuchen.
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1 Introduction

1.1 Introduction

Tribology, the science and technology of interacting surfaces in relative motion

and the practices related thereto, has a long history starting in the early Egyptian

civilizations (ca. 2000 BC) [Dow98j. The expression tribology was first introduced in the

60s and deduced from the classical Greek word for friction; nanotrihology has evolved

only in the 80s. Meanwhile, nano- and macrotribology are topics of extreme interest since

they address the origin of friction and wear and the role of lubricants to reduce frictional

forces between contacting objects. In particular, friction (i.e. the resistance to motion that

occurs when a body is slid tangcntially to a surface on which it contacts another body)

plays an important role in a variety of processes and in everyday life. A better

understanding of friction could help to reduce frictional losses, i.e. economic losses,

through improved design, through the use of more suitable contacting materials or the

application of better lubricants. Moreover, friction theories are important for the

understanding of earthquakes and faulting [Sch90J. Most tribological research is focused

on the reduction of friction, but it should not be forgotten that simple processes as

walking, driving or gripping objects in our hands require a certain amount of friction. The

same is true for friction-induced oscillations (stick-slip): on one hand they have to be

suppressed to prevent squeaks and severe wear conditions and on the other hand

frictional oscillations produce the sound when a violin string is bowed [Sch74, McI83].

Since friction plays a role in everyday life, its basic properties have been investigated and

utilized since ancient times [Dow98].

The first systematic studies on friction were earned out in the middle of the 15lh

century by Leonardo da Vinci, who discovered the two basic laws of sliding friction: that

the frictional resistance is proportional to the load and that it is independent of the

apparent area of the sliding surfaces. Amontons (1699) and Coulomb (1781)

rediscovered and formulated these dry friction laws based on experimental observations.

Amontons
'

laws of friction state that
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the friction force does not depend on the apparent area ofcontact, and

the friction force is proportional to the normal load during sliding.

The ratio between the friction force, F. and the normal load, L, is called friction

coefficient, fl=F/L. Amontons' laws of friction were first explained with a Cobblestone

model by Coulomb in 1785 that attributed friction to the effort required to pull opposing

surfaces over a series of inclined planes representing asperities jCou85]. More than 200

years later, Bcrman et al. correlated the friction force to compression and decompression

cycles where the entropie energy is released irreversibly as heat at the molecular level,

analogous to Coulomb's Cobblestone model [Ber98J. In the meantime, numerous

theories and models pointed out complex phenomena at the interface of two contacting

bodies, for example the importance of plasticity and adhesion, the difference between real

and apparent contact area [Bow50. Rab65] and the role of randomness of the surface

topography [Arc57, Gre66, Gre67]. The relative contributions of adhesion, roughness,

interlocking of asperities, elastic and plastic deformation, and interatomic forces in

friction are still not clear. Nevertheless, on both the macroscopic and molecular level,

friction is an energy-dissipating process, which includes the work done in making and

breaking bonds and the deformation of the bodies. The coefficient of friction remains the

most powerful parameter for describing friction, especially since Amontons' linear

friction law describes the majority of sliding surfaces. Nevertheless, it has to be kept in

mind that the coefficient of friction is not only a materials property. In nano- as well as

macrotribological experiments friction depends largely on the sliding conditions, such as

velocity, load, test geometry, lubricants, surface treatment and environmental conditions.

Although macroscopic tribological research can provide empirical information

about the frictional behavior of materials, it fails to explain friction on the fundamental

level. Only detailed studies of friction at a single asperity contact, under well-defined

conditions and with nanometer-scale resolution can result m an understanding of friction

at a fundamental level. The invention of instruments such as the atomic force microscope

[Bin86, Mat87j, surface forces apparatus [IsrSSj and quartz crystal microbalance [Kri91]

and of computational techniques for simulating tip-surface interactions and interfacial

properties [Lan92] make it possible to study friction in geometries involving a single
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contacting asperity. This is a simpler situation than that of contact between macroscopic

objects, in which the friction necessarily reflects the collective behavior of a multitude of

contacts. Yet, the study of friction at the nanometer-scale is not only of interest from a

fundamental point of view, but is also of increasing technological interest. The

progressive trend towards miniaturization of technical systems, in particular magnetic

storage devices and microactuators produced by MEMS (microelectromechanical

systems) technology, include solid surfaces that interact and move relative to one another,

with the dimension of such components being m the range of a few pan only. Micro

devices and computer hard-disk systems also need thin liquid and ultra-thin gas film

lubrication. Microscopic studies on thin-film lubrication may also provide insights into

macroscopic machine components, since most of them operate in a mixed lubrication

regime, where asperities are in contact and lubricants are highly confined [Hu98]. In this

context, there has been an increasing interest m materials formed by self-assembly over

the last decade, since they allow one to control adhesion at interfaces, prevent corrosion,

and manufacture small electronic devices and biosensors. Furthermore, they help to

understand fundamental phenomena such as wetting, adhesion, molecular recognition and

friction [Ulm91].

1.2 Objectives

The aim of the study presented in this thesis is to obtain a better understanding of

the nano- and macrotribological properties of technologically relevant materials such as

silicon and gold. Silicon is especially important m the semiconductor, electronics, and

MEMS industry. It is a model surface for oxide materials, whereas gold is a model

surface for non-oxide materials, used as coatings on harder materials to provide both

corrosion protection and solid lubrication [Gla92]. The comparison of nanotribological

with macrotribological results should help to clarify the difference in both friction

mechanism. Our experiments point out the importance of the sliding conditions in both

regimes by controlling surface termination with self-assembled monolayers, sample

preparation, environment, humidity, and roughness. Furthermore, the importance of

fluctuations of the friction force is emphasized.
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In chapter 2, basic principles, calibration, data analysis, and instrumentation are

discussed, including the atomic force microscope and the tribometer. Sample preparation

methods, e.g. the preparation of ultraflat gold surfaces, self-assembled monolayers and

microcontact printing, arc explained and different methods for surface characterization are

presented, including contact angle measurements, cllipsometry and X-ray photocJectron

spectroscopy.

Chapter 3 briefly reviews theories on contact area, e.g. the Flertz, Johnson-

Kendall-Robcrts and Derjaguin-Muller-Toporov models, and discusses the effect of

roughness, adhesion and humidity on friction. Furthermore, the autocorrelation function

as a tool to study friction fluctuations is introduced.

In chapter 4. the friction results on both silicon and gold substrates and on

modified surfaces recorded with an atomic force microscope and a tribometer arc

described and compared. Also, influences of contamination, environmental conditions,

surface film termination, humidity and media on both nano- and macrotribological

experiments are discussed. Both instruments, the atomic force microscope and the

tribometer, and probes are characterized. In addition, the use of the autocorrelation

function to investigate friction fluctuations and model calculations are presented. The

effects of the size of contact area, substrate material, humidity and media on the friction

force are investigated by means of the autocorrelation function. Model calculations and

experimental results of autocorrelation are compared. This thesis concludes with a

summary, discussing several aspects of the previous chapters and future prospects.
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2 Experimental

2.1 Atomic Force Microscope

2.1.1 Principle

The scanning force microscope (SFM) was derived from the Nobel prize-winning

scanning tunneling microscope (STM) in 1986 [Bin82. Bin86]. Due to its straightforward

setup, measurements can be performed m ultra-high vacuum, in various liquids and

atmospheres and at low temperatures. In contrast to the STM, which measures the

tunneling current between a conducting tip and a conducting sample, the SFM allows the

measurement of forces between all kinds of materials. Since its invention, it has been

used for nanoscale surface and interface characterization in many fields. Several related

scanning probe techniques have been developed, including magnetic force microscopy,

scanning nearfield optical microscopy, scanning nearfield acoustic microscopy, scanning

polarization force microscopy and scanning thermal microscopy. Many books and articles

summarize experiments on inorganic, organic [Fro961, biological [Li99] and polymer

surfaces, on single molecules [Gim99, Lucl99] as well as apparatus developments and

various applications [Din94, Bon93. Wie92. \Vie93, Coh94, Coh97J.

The principal parts of a scanning force microscope consist of a piezo system to

move the sample, a cantilever that senses the interaction force between tip and sample and

a detector that measures the probe's response (sec Figure 2.1). The probe is most

commonly a V-shaped cantilever with a specific force constant, k, and an integrated tip.

The tip responds to forces including Born repulsion, van der Waals. electrostatic,

capillary, capacitive and magnetic forces, friction and adhesion. The detector measures the

cantilever's deflection. There are several detecting methods including optical

intcrferometry [Erl88, Mar87], tunneling microscopy [Bin86] and the optical deflection

technique [Mey88]. As is the case with most of the commercial instruments, our SFM is

equipped with the optical deflection technique. This consists of a laser beam that is
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reflected off the back of the cantilever and a position-sensitive photodiode that measures

the changes in the reflected trajectory of the laser beam. The deflection of the cantilever,

Az, due to the interacting forces or the piezo movement can be related to the force, F. that

acts on the tip. Knowing the force constant of the spring, i.e. cantilever, k, Hookc's law

can be applied:

F=-kA:. (2.1)

The SFM can be operated in different modes: the contact mode, during which the

tip remains in contact with the surface, and the noncontact mode, which is used for soft

and sensitive samples. Furthermore, in the contact as well as in the noncontact mode the

cantilever or sample can be oscillated (AC mode) or not (DC mode). If tip or sample are

modulated changes in the amplitude, phase or frequency are measured. These changes can

be related to the forces acting between tip and sample or to the mechanical properties of

the sample, e.g. the elasticity. In the DC mode, the displacement of the tip (photodiode

output) is recorded while the height of the sample is kept constant (constant height mode)

or the movement of the piezo. which keeps the deflection of the cantilever constant, is

recorded (constant force mode). In the AC mode, it is the amplitude and phase that

controls the displacement of the tip or the sample. During scanning the piezo movement is

controlled using a feedback loop. Typically. SFMs are operated in either the DC contact

or the AC noncontact mode. The main advantages of the AC noncontact mode are the high

force resolution and the small thermal drift. The advantage of the DC contact mode is the

high lateral resolution, but tip and/or sample might be damaged.

In 1987, Mate et al. were able to resolve periodic friction forces by scanning a

tungsten tip laterally over a graphite surface [Mat87|. These periodic variations

correspond to the atomic surface lattice of graphite. Since then, the SFM has been widely

used to study friction and related phenomena on a nanometer scale and this technique is

also called friction or lateral force microscopy (FFM or LFM). Lateral forces can be

measured by detecting the torque on the cantilever. The torsion of the cantilever results in

a lateral deflection of the laser beam, which can be related to the lateral force by

multiplying by the lateral spring constant of the cantilever consistent with Hooke's law

(cq. 2.1).
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Figure 2.1: Schematic of an SFM with piezo, cantilever and a four-

segment, position-sensitive photodiode.

In this work, a commercially available SFM (Nanoscope III, Digital Instruments,

Santa Barbara, CA) was used to study friction. It is equipped with a four-segment

photodiode. The intensity difference between the upper and lower segments of the

detector is proportional to the normal deflection whereas the intensity difference between

the left and right segments is proportional to the torsion of the cantilever. Different

scanners with a range of maximum lateral movements between 0.4 pm and 125 (tm and

maximum vertical movements between 0.4 pm and 5 pm are available. A stepping motor

allows a controlled approach of the sample to the tip. Measurements can be performed in

liquids using a closed glass liquid cell and in a controlled atmosphere by putting the

instrument in a box with gas inlets.
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2.1.2 Friction Loop and Force-Distance Curves

Friction loop

To understand the fundamental mechanisms involved in friction, it is important to

study the chemical contribution to the friction force. The lateral force consists of forces

due to changes in surface slope (topography) and frictional forces. Only the friction loop

allows one to separate these two contributions [Ove93].

If the tip is scanned laterally over a substrate, the resulting torsion of the

cantilever will be detected as the difference between the right and left segments of the

position-sensitive photodiode. The direction of the torque will depend on the scan

direction. Figure 2.2 shows that at a given load, L, the horizontal traction force, T, the

friction component parallel to the surface, /', and the normal force, N, depend on the

direction of motion and the slope of the plane [Ogl96j,

scan direction scan direction

L L

Figure 2.2: Forces at surfaces.

For a flat surface, the friction force is proportional to the friction loop half-width,

W. i.e. the difference between the two scan directions (trace and retrace). If the planes are
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tilted, the effective load depends on the direction (see Figure 2.2) and the expression for

Wbecomes more complicated. Furthermore, the friction loop is shifted by an offset. A,

on this tilted surfaces because of the contribution of the applied load to the friction force

(f(N±) = T+cos9 + LsinB). A schematic friction loop is shown in Figure 2.3, where the

scanned sample consists of features of different height (feature 1. 2 and 4), slope (feature

5 and 6) and chemistry (feature 3). Topographical features do not change the friction loop

width (Wj-W^W^W^Wf). but only the offset. A, of the friction loop. This is the

reason why chemical contributions to the friction force can be separated from mechanical

effects, since the difference between forward and backward scans is related to the friction

force. In this work, friction loops over several hundred nanometers were recorded to

determine the friction-load relationship.

&
•t-i
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H

Figure 2.3: Friction loop and topography of a sample with features of

different height (1,2,4), varying slopes (5,6) and different chemistry (3)
with the corresponding friction loop widths, W, and offsets, A..
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Force-distance curves

SFM allows one to measure the interaction force as a function of the distance

between the probing tip and the sample (see Figure 2.4). These force curves are used to

normalize the applied load in contact mode SFM measurements, but they also permit

properties such as the surface energy, local elasticity, chemical composition or

morphology of the sample to be studied. Burnham et al. present a good description of

interpreting force curves [Bur93]. In this work, force-distance curves were recorded

before and after friction experiments to determine the applied load and to study the

adhesion properties.

The measurement of a force-distance curve (see Figure 2.4) starts with the sample

far away and the cantilever in its rest position (A). As the sample is moved in the direction

of the cantilever tip by the z-movement of the piezo, the cantilever bends towards the

sample due to attractive surface forces. At point B. the gradient of the attractive force

exceeds the spring constant of the cantilever, k. which leads to a first point of instability

(jump-to-contact). The pull-on force can be determined by multiplying the maximum

deflection of the cantilever on the approach curve at point B with the normal spring

constant. Continuing the forward motion of the sample, the cantilever passes through the

point of zero applied load (C) from which point on the cantilever applies a defined load to

the sample. In this repulsive regime the sample simply pushes the lever, i.e. the cantilever

deflection is almost equal to the piezo movement. The slope (C-D) depends on the

mechanical properties and geometry of tip and sample and can be used to calibrate the

four-segment photodetector. At point D. the direction of motion is reversed, i.e. the

sample moves away from the tip. In the repulsive regime the slope of the retracting curve

(D-E) differs slightly from the approach curve (C-D) due to piezo hysteresis. The

cantilever will stick to the surface and pass through the point of maximum adhesive

deflection (E). At this point the second instability occurs and the tip jumps out of contact.

Similarly to the pull-on force, the pull-off force can be calculated by multiplying this

jump-off deflection with the spring constant. Then the cantilever is again in the rest

position (F). The distance from the point of zero force (C) to the rest position (F) is called

the break-free length. It is a measure of the size of the capillary meniscus that forms

around tip and sample during contact.
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A

F Z-Piezo

Displacement

Figure 2.4: Force distance curve (A: rest position of cantilever, B: jump
to contact, C: point of zero applied load, D: change of direction, E: jump
out of contact, F: rest position).

2.1.3 Force Calibration

Normal force calibration

In order to convert the distance of the cantilever deflection into a force it is

necessary to know the normal force constant of the cantilever (eq. 2.1 ), Several methods

for calibrating normal force constants of cantilevers of different shapes have been

suggested. Senden and Ducker. for example, propose a method using a known end-mass

(tungsten spheres) and measuring the static deflection due to gravity [Sen94"|. Neumeister

proposes simple equations for the spring constants in all three dimensions in terms of

geometry and material properties [Neu94], Another common calibration method

determines the resonance frequency of the loaded or unloaded cantilever [Cle93. Sad95].

A combination of finite element analysis calculations and resonance frequency

measurements allows one to account for the effect of coatings [Haz98, Haz,99j. Also the
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movement of the tip due to thermal fluctuations can be used to determine the normal force

constant [FIut93]. Ruan et al. suggest deflecting a cantilever by pushing it with a rigid and

a flexible sample. If the spring constant of the flexible steel spring sheet is known, the

force constant of the cantilever can be evaluated [Rua94], Lu et al. apply a defined load or

displacement with a depth sensing indentation hardness tester and record the applied force

and the corresponding displacement for normal and lateral motion [Lu95j. In this work,

the manufacturer's constants have been used, which can have an error of ±100% |Scn94,

Sad951.

Lateral force calibration

Scanning force microscopy not only provides topographical and chemical

information, but also provides insights into the frictional properties of the tip-substrate

system. The SFM used in the friction mode measures lateral forces between a tip—a nm-

sized asperity—and a sample on the microscopic scale. In order to obtain quantitative

frictional data it is necessary to calibrate the lateral forces in scanning force microscopy.

which is a difficult task. The lack of quantitative data on frictional forces impedes

fundamental understanding and the ability to compare data from different tips and

instruments with macroscopic measurements.

The mechanical properties of microfabricated cantilevers are difficult to measure.

Several methods have been suggested to calibrate the normal force constant of the lever as

discussed before, however, these methods cannot be simply used for the calibration of the

lateral force constant. Calculations of force constants require knowledge of several

parameters of the lever such as thickness, length and tip height, as well as numerical

methods. These parameters vary from cantilever to cantilever. Furthermore, the Young's

modulus, E, the shear modulus. G. and the Poisson ratio, v, of the cantilever materials

enter these equations. The values for E and G are determined from bulk material, but it is

questionable whether E and G have the same values for a thin layer of the same material,

as it is the case for cantilevers. Different methods to calibrate the lateral force have

recently been suggested: C Putman et al. assumed that the Poisson ratio, v, is a constant

that is independent of the geometry of the elasticaUy deforming body, whether it is a bulk

material or a thin cantilever [Put95J. Knowing the tip height and length, the detector
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output and the vertical displacement can be expressed as a function of the torsional and

normal spring constants. The friction coefficient, i/, can be obtained from the slope of the

signal output vs. vertical sample displacement curve as a function of tip height, tip length

and v. Cantilever width and height, which enter into the equations for the force constants,

are cancelled out since the slope of the signal output vs. vertical sample displacement

curve is used, but still the tip height and length has to be determined by scanning electron

microscopy. S. Fujisawa et al. use the slope of the static friction during the initial sticking

to calibrate the displacement sensitivity in x and y direction [Fuj95], This represents a

method to calibrate the lateral force deflection sensor at a given (calculated) lateral force

constant rather than a method of friction force calibration. Koinkar and Bhnshan proposed

a different method to determine the friction coefficient, using the 'height' mode of the

SFM and scanning the sample parallel to the long axis of the cantilever [Koi96b A 'blind'

method to determine a geometry factor by comparison with a given, absolute friction

value for silicon has also been described [Bue98). Ogletree et al. calibrated the friction

force using a SrTiO, single crystal [Ogl96].

In this work, the lateral forces were calibrated scanning a SrTiO^ single crystal,

since the method does not rely on lever dimension or lever mechanical properties [Ogl96].

Furthermore, the shape of the tip can be determined and the effect of cross talk

(contribution of the normal force to the lateral deflection output) can be minimized. It is an

in situ, non-destructive, 'straightforward' calibration method.

The lateral force consists of two components: forces due to changes in surface

slope (topography) and the friction forces, as discussed in chapter 2.1.2 and shown in

Figure 2.2. Since the SrTiO, (305) surface recrystallizes into two facets, two surfaces of

different and well-defined slopes are available. Knowing the geometrical contribution to

the total friction force allows the calibration of the friction force in terms of the normal

force. The SiTiO, (305) surface facets into (101) and (103) planes that are tilted +14.0°

and -12.5° with respect to the original (305) plane. The ridges are typically 5-20 mil high

and spaced 10-100 nm apart (Figure 2.5 and Figure 2.6).
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Figure 2.5: SFM image of SrTiO,, 1 pi lateral range, 40 nm z-range.

Figure 2.6: Schematic of angles of SrTiOv

In the present work, experimental lateral forces, i.e. friction loops, were measured

for a range of applied loads on both facets. From the friction loop at every given load. L,

the friction loop widths. W(L)in, and W(L),,. and the offsets of the friction loop. A(L)10]

and A(L)lrn, are evaluated on the facets (101) and (103). W(L)Ul,nm and A(E)10I/J0, arc

plotted against the applied load. From these data, the slopes A'-dA/dL and W'=dW/dL

were extracted for both facets. They are independent of the load, L, since it is assumed

that the friction, /, for a silicon or Si,N( tip on SrTiO, m air follows a linear friction law:

f(L)=p(L+A), /i being the coefficient of fnction. A the adhesion or pull-off force. Taking

in account the slope instead of the fnction loop widths and offsets themselves also

eliminates the adhesion force and any dc offset m the lateral force sensor. The slopes

zl'/0///0? and W'!0]/IIU were measured using the voltage output from the lateral force

transducer. The calibration factor, a [N/Vj, that needs to be found, transforms the voltage

output into Newtons: aW'0 [V]=W* [N]. a takes into account all the experrmental factors:
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the lateral force constant, the deflection of the reflected laser beam as a function of the

lateral tip displacement, and the photodiode angular sensitivity.

In order to get friction loops with distinct differences between the friction loop

offsets, A, of the two planes, it is necessary to scan over a relatively large distance before

reaching the next facet. This makes it difficult to calibrate blunt tips. Since the tip radius

can be determined by scanning over the ridges, the tips can be preselected. It could be

confirmed that the calibration of tips with tip radii larger than 100 nra is difficult. The

typical Si3N+ tip from Dl has a radius of about 100 nm. In some cases the calibration

procedure of tips with relatively small radii did not work. With the resulting values for

A'loi/ioi and W'l0l/lfn the equations for a could not be solved. Mathematically this was

due to small values of the slopes A 'r!/!,,< relative to W'WI/W!. The offset. A, is a function

of the angle of the slopes. Due to this fact, a calibration standard with steeper planes

would be desirable, but on the other hand one would rather scan with the sides than the

top of the tip. The other possibility of avoiding this problem is using 'softer' cantilevers

with smaller lateral force constants. For one tip the slopes W!0] and WJOj varied only

slightly since the difference between the two facet angles is small. Despite these problems

it was possible to calibrate some cantilevers and determine absolute friction values for

different samples.

2.1.4 Probes

In SFM, forces acting on a small tip attached to a compliant cantilever are

measured. This requires cantilevers with high resonance frequencies that avoid coupling

with ambient noise and have small spring constants that lead to high sensitivity.

Microfabricated cantilevers with integrated tips are commercially available in a wide range

of materials, dimensions and spring constants. They arc manufactured using

photolithography. Standard cantilevers are V-shaped and made of silicon or silicon nitride

having a length of about 100 to 200 p.m. force constants between 0.01 and 1 N/m and

resonance frequencies between 10 and 100 kHz. They can be modified using chemical or

physical deposition methods (CVD and PVD) or chemically via gas or liquid phase. Tips

with chromium, aluminum or gold coatings and beads of silica, glass or polystyrene and
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various diameters attached to cantilevers are available. In order to attach proteins to the tip

or produce carboxyl- or methyl-terminated tips, for example, thiol- or silane-chemistry

can be used.

In the SFM experiments performed in the present work. V-shaped SLN4

cantilevers with an attached polystyrene bead of -3.8 or 1.02 pm radius (Bioforce

Laboratory, Inc., Santa Barbara. CA) as shown in the light micrograph of Figure 2.7,

and cantilevers with Si.N, and Si tips (Nano Probes. DI, Santa Barbara, CA) with a

radius of curvature between 30 and 250 nm (sec Figure 2.7) were used. The nominal

force constants ranged from 0.12 to 0.58 N/m.

Figure 2.7: Light micrograph of PS-bead with a radius of 3.8 pm.
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Figure 2.8: SEM of Si,N4 tip.

2.1.5 Tip-Radius Determination

Determining the tip shape before and after SFM measurements allows the selection

of a tip that produces images with minimal distortion as well as the observation of tip

modification (wear) due to scanning. In SFM images, the lateral dimensions of features

on the surface are overestimated, but if the tip shape is known, the trae topography of a

specimen can be extracted, since the SFM image is a convolution of the surface feature

and the tip shape [Xu93].

Different methods to determine the tip shape ha\e been suggested, for example by

scanning over gold particles [Xu93J. imaging an SFM tip of the same size and geometry

[Khu95], or scanning over the ridge formed on a SrTiO, single crystal. As described in

the chapter 2.1.3. the SrTiO, surface rccrystallizes into two facets which form straight

ridges that are 10 to 100 nm apart. The tops of the ridges are very sharp and produce an

image of the tip, allowing the determination of the tip radius as is shown m Figure 2.9

[Shc93].
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Figure 2.9: Scan over SrTiO, ridge and second-order fit (full line shows

the polynomal fit and the dashed line the corresponding radius).

By fitting the data with a polynomial of second order (y=ax2+bx+c), the radius of

the tip, r, can be determined according to equation 2.2 [Zei96j. The radius was

determined before and after the friction experiments with this method.

I

2a. (2.2)

2.1.6 Data Acquisition

Data were recorded with a maximum number of 512 samples per line. In the case

of a 100 or 500 nm scan, a maximum sampling distance of 0.2 or 1 nm/sample.

respectively, can be achieved. The data were flattened with a first-order polynomial that is

subtracted from each scan line to account for the effect of sample tilt. It is important to be

very careful with the fitting, since it influences the accurate quantification of images

[Kie97j. The data were then transformed into ASCII-files and evaluated with homemade

MATLAB programs. For friction-\ersus-applied-load plots, trace and retrace single-line

scans were recorded in order to visualize the friction loop width. To determine the

autocorrelation length, single line scans of height and friction, and images of different size
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were captured. Force curves were recorded to examine the tip-surface interaction and

determine the applied load.

2.2 Tribometer

2.2.1 Principle

For macroscopic friction experiments, two different tribomctcrs were used, a pin-

on-disc tribometer from CSEM S.A., Ncuchatel, Switzerland and a pin-on-disc

tribometer from CETR, Center for Tribology. Mountain View, CA, that allows the use of

lower scan velocities close to those in LFM experiments. In the CSEM tribometer the

normal force is applied with a static load, whereas in the CETR instrument it is controlled

by the response of the substrate via a feedback loop which ensures a constant applied

load. The CSEM and CETR instruments have a load range of 0.1 N to 10 N and 0.1 N to

60 N, respectively. The sliding velocity can be set to be between 0.6 mm/min and

L5m/min, and 0.08 mm/min and 8 m/min, respectively. We equipped our CSEM-

tribometer with an inlet for dry air to control the atmosphere. This allows the control of

humidity in the range of 10-75%. Moreover, we have interfaced a computer directly to the

tribometer, so that data acquisition and various mathematical operations can now be

performed more reliably. Previously, all data were plotted by an xy-recorder.

In both cases, the lateral forces are measured with strain-gauge sensors, which

have a resolution of 10 and 25 mN, respectively. The CSEM tribometer measures the

friction force and the CETR instrument records the lateral forces along the x and y axis as

well as the z displacement needed to maintain a constant load. In the case of the CSEM

tribometer, the force sensor is m the arm and the substrate rotates, whereas in the CETR

tribometer the force sensors are beneath the substrate and the pin or ball holder rotates.
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Figure 2.10: Schematic of CSEM tribometer.

2.2.2 Force Calibration

The calibration of the CSEM and CETR tribometer is performed by applying a

known lateral force and recording the output of the strain-gauge sensor and transforming

its units from Volts into Newtons. The calibrating lateral force can be applied by a spring-

balance or by a static load that hangs on a thread guided over a pulley and is fixed directly

to the measuring head or substrate holder. The normal load is applied via static calibrated

weights.

2.2.3 Probes

Different probes were used in our tribometer experiments: steel balls (CSEM

S.A., Neuchatek Switzerland), Si;N4 balls (Saphirwerk, Industrieprodukte AG, Brügg.

Switzerland) and teflon balls (Maag Technic AG, Diibendorf, Switzerland) with a

diameter of 6 mm. Steel and SEN
t
balls were gold-coated by evaporating an adhesion
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promoting layer of chromium (6 lira) and gold (140-200 nm). For some measurements,

square silicon pins and gold-coated silicon pins with a width of 3.5 mm and a height of

1.5 mm functioned as tribometer probes. Silicon wafers, gold-coated silicon wafers, and

steel discs were used as countersurfaces.

2.2.4 Data Acquisition

The differentially measured force values are fed through an analogue-to-digital

converter, which results in a discrete time series. Using scan velocities around 10 pm/sec

and a sampling rate between 1 and 10 samples/sec, a resolution of 0.1 pm/sample can be

achieved. The maximum sampling rate of the analogue-to-digital converter is 20'000

samples/sec, which would allow the use of higher sliding velocities, but only for a very

short time, since the memory is limited. The data were read out using a LabView

program, saved as ASCII-files and evaluated with MATLAB software. The average

friction force, standard deviation and autocorrelation length were determined.

2.2.5 Tribometcr-SFM Comparison

In general it is very difficult to compare data measured with two different

instruments that use completely different techniques. Furthermore, the scanning force

microscope and tribometer apply and measure forces of completely different magnitudes.

Therefore it is very important to characterize the pcrfomiance and parameters of the two

instruments. The following table lists the range of different parameters given by the two

instramental setups. In order to characterize the instruments and separate noise from the

friction signal, the vibrational characteristics of the two instruments were determined by

means of Fourier analysis.
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SFM Tribometer

Apparent

Contact Area

20-50x10"" nr 12.25xl0-6m2
"

0.4-8.7xl0"9nr"

Load 0-200xlO-9N 0.1-10 N

Pressure 0-400xJ07Pa 0.082-8.2x10'Pa
'

25-ll5xJ07Pa
*

Velocity 0.05-12 pm/sec 10 pm/sec-2.5xl0"' pm/sec

Table 2.1: Comparison of the two techniques Atomic Force Microscopy
and pin-on-disc tribometry ( JKR contact area for 30 nm tip radius at 10
and 200 nN, area covered by 3.5x3.5 mm pin. Hertz contact area for
6 mm steel ball at 0.1 and 10 N).

2.3 Sample Preparation

2.3.1 Gold Evaporation

Gold samples were prepared by evaporation of ca. 200 nm of gold (99.99%,

Balzers, Liechtenstein) with a deposition rate of ca. 2 nm/sec onto silicon wafers with

(100) orientation (Faselec). The wafers had previously been covered with ca. 6 nm of

chromium (99.99%, Balzers, Liechtenstein) as an adhesion promoter (sec Figure 2.11).

This procedure was carried out in a Balzers MED 010 coater. operating at a pressure of

ca. 10"' Pa and room temperature during evaporation. This preparation technique

produces gold grains which are 50 to 100 nm in diameter (see Figure 2.12).
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Figure 2.11: Preparation of epitaxial grown gold surfaces: 1. preparation
of silicon substrates, 2. evaporation of 6 nm chromium, 3. evaporation of

200 nm gold.
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Figure 2.12: SFM height image of epitaxial gold substrate.
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2.3.2 Preparation of Ultraflat Gold Samples

Different methods to prepare ultraflat gold surfaces have been suggested, e.g.

Elbel et al. use the deposition of epitaxial gold films on mica by direct current sputtering

[Elb95|. With this method atomically flat areas of about 150x150 nnr can be achieved at

optimum temperature and with oxygen pretreatment of the mica. The 'template-stripped'

method of Hegner et al. [FIeg93J and modification of this method by Wagner el al.

[Wag95, Wag96j and Zaugg et al. [Zau99] use the thermal evaporation of gold onto mica.

Figure 2.13: Preparation of template-stripped ultraflat gold surfaces: 1.

cleavage of muscovite mica, 2. deposition of 200 nm gold by thermal

evaporation, 3. covering with glue, 4. gluing onto a piece of silicon

wafer, 5. mechanically removing the mica.

In contrast to the thermal evaporation techniques of gold onto mica investigated

before [Chi88, Put89, Der91], the first gold layer facing the mica composes the first

experimental surface (see Figure 2.13). The advantages of this latter method are the
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resulting relatively large, atomically flat areas and the fact that samples can be freshly

prepared prior to use. Similar results can be achieved by thermal evaporation onto glass

slides [Woo95]. The ultraflat gold substrates we used were prepared by thermal

evaporation as described by Wagner et al. [Wag95]. Mica (Provac AG, Balzers,

Liechtenstein) was freshly cleaved and then outgassed at a temperature of 300°C for a

minimum of 12 h. The evaporation of 200 nm of gold (99.99%, Balzers, Liechtenstein)

onto mica was performed in two steps: First, a deposition of 30 nm at a rate of ca. 1

A/sec, then the evaporation of a 170-nm-fhick layer deposited at a rate of 1.7 A/sec (see

Figure 2.13).

Figure 2.14: SFM height image of ultraflat gold substrate.

This procedure was carried out in a BAE 370 Bal-Tec (Balzers, Liechtenstein)

vacuum coating system equipped with a thermal evaporator and a substrate heater at a

pressure of 5x10° mbar and at a temperature of 300°C. The gold surface was cut and

glued to pieces of silicon by applying 20 pi of epoxy glue, that had to be heated for 4

hours at 160°C The mica was mechanically cleaved off the gold/silicon sandwich
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immediately befoieuse with a shaip kmte With this method, atoinically flat aieas laigei

than 300x300 nirT weie pioduccd (see Figuie 2 14)

2 3 3 Self-AssembledMonola\eis

Sell-assembled monolayeis. SAMs, can be used to conliol and study adhesion,

wetting and inction Seveial studies, which weie mentioned 111 the mtioduction, have

shown that thiol-based SAMs form spontaneously wcll-oidcicd, stable and highly

oriented films by adsoiption fiom solution 01 gas phase onto gold, silvci 01 coppei by

chemisoiption, e g

RS-H + Au: RS'Au Au° + fL
"

0

(2 3)

The 01 game molecules have an anchonng group (sulfur) that chemisoibs onto the

noble suiface, a long hneai alkyl chain that is lesponsible foi the oidenng due to van dci

Waals foices and a head gioup that allows the suiface chemistiy to be modilied (see

Figure 2 15). Alkanethiols loim a hexagonal (^3 x V3) R 30° lattice on gold (111) and the

chains aie inclined at an angle of 30-35° to the suiface noimal

Terminal group

Inteicham van

dci Waals and

electiostatic

întei action s

Suiface active

headgroup

Figure 2.15: Schematic of alk>l-chain-based SAM defining the head

group, the alkyl chain, the terminal group, the substrate and the tilt angle.
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In this work, I to 5 millimolar solutions of Dodecanethiol (CH^CH^jSH.

pract., >97%, Fluka), Hcxadecanelhiol (CFL(CH:)1SSH, pract., -95%, Fluka) and

Hydroxyundecanethiol (Aldnch Chem. Co) in ethanol (p.a., >99.8%, Fluka) and

Carboxyundecanethiol (Aldnch Chem. Co) m dioxanc (HPLC. Fluka) were used. The

gold samples were immersed for 5 minutes, which is sufficient time for allowing the

formation of well-ordered films. Finally they were rinsed with ethanol and dioxane,

respectively, and dried with nitrogen.

2.3.4 Microcontact Printing

SAMs cannot only be formed via the liquid phase (immersion) but also via the

vapor phase using the microcontact printing (pCP) technique [Kum93. Kum94]. pCP

produces laterally patterned films of comparable order to conventional lithographic

methods, e.g. electron beam litograpby [Fis97. Lar96]. The features that can be stamped

are in the submicrometer range. pCP can be applied on flat and curved surfaces [Jac95j

which is, in addition to its straightforwardness and reproducibility, one of the most

important advantages compared to standard lithographic methods. Such patterned SAMs

have been used to produce etch-resistant layers [Kum94], biosensors [Che97, Ber98J,

microelectronic devices [Jac95j and even free-standing, three-dimensional, non-

cylindrically symmetrical microstructurcs [Jac98j.

In this work, a micropatterned, elastomeric stamp made of polydimethylsiloxane,

PDMS, was cleaned with ethanol m an ultrasonic bath and dried with nitrogen. The stamp

was inked with the hexadecane-, dodecane- or hydroxyundecanethiol using a cotton swab

that had been immersed in a 2 m\I solution of the thiol m ethanol. The inked stamp was

dried for 90 seconds and then brought into contact with the gold surface, avoiding air

bubbles in the contact region. For 30 seconds the stamp was pressed against the

substrate. The molecules are transferred and a SAM of alkanethiols forms where the

stamp and surface made contact. The gold substrates were immersed in a different thiol

solution, if the nonstamped area was to be filled, or they were directly rinsed with ethanol

and dried with nitrogen (see Figure 2.16).
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Figure 2.16: Preparation of a micropatterned surface by microcontact

printing: After the stamp has been inked it is brought into contact with the

gold substrate (A). A laterally patterned SAM forms (B). The

micropatterned structure can be filled with a thiol of different length or

different terminal group (C) and a chemically tailored two-dimensional

SAM can be formed (D).

2.3.5 Plasma Cleaning

Plasma surface treatment is used to clean, sterilize, oxidize or etch surfaces

[Sug85, Sug98, Pet97. Kor95. Ka(95]. A plasma is a collection of free charged particles

moving in random directions. The molecular processes in a plasma are very complex, e.g.

in a oxygen discharge O, O,, O,. 0\ 0-7. Of. Of. Of. 0~ and electrons are generated by

ionization, dissociative attachment, recombination, clastic scattering or charge transfer

[Lie94], There are four basic low-pressure plasma processes commonly used to remove

material from surfaces: sputtering (energetic ion bombardment), pure chemical etching

(gas phase etchant atoms or molecules react with the surface to form gas-phase products),

ion-energy-driven etching (combination of the first two) and ion-inhibitor etching (an

inhibitor precursor molecule forms a protective layer that is only etched where the ion-

bombarding flux is focused). In our commercial plasma cleaner (PDC-32G, Harrick
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Scientific Corporation, Ossining, New York) the sample is exposed to a gas discharge

(air, oxygen or nitrogen) applying 40, 60 or 100 Watt. For this experimental condition the

surface will be chemically etched: the gas reacts with hydrocarbon contamination to form

C02, FI20 and other volatile compounds that are pumped away. In this tubular shaped

reactor the plasma is sustained by inductively coupling an ac power supply through a coil

which surrounds the reactor. In this configuration ions are not accelerated, so ion

bombardment plays little role [Ros90].

In this work, silicon, gold-covered silicon samples, and SFM probes were cleaned

with plasma for approximately two minutes. Previously the vacuum chamber had to be

pumped for ca. 10 minutes. The plasma was produced mainly with oxygen at a pressure

of approximately 0.1 mbar applying 60 Watt. Finally the chamber was back-filled with

oxygen.

2.4 Contact Angle Measurements

A drop of liquid put on a solid will reach equilibrium between the solid, liquid and

vapour phase (Figure 2.17). On ideally smooth and homogeneous samples it is possible

to measure the equilibrium contact angle and determine the interfacial energies, y, using

Young's equation (eq. 3.12). Furthermore, the hysteresis between the maximum and

minimum (advancing and receding) contact angle can give insights into kinetics,

roughness and heterogeneity of the surface [Mor90b In this work, advancing contact

angles, which are characteristic values for the chemical state of the homogeneous

samples, e.g. hydrophilicity (low contact angles) or h\drophobicity (high contact angles)

arc reported. The advancing contact angle. 0u. was obtained by forming a 3 pi drop of

ultrapure water at the end of a blunt-ended needle attached to a syringe, lowering the

needle until the drop touches the surface and raising the needle. As the drop detaches from

the needle it advances over the surface. A second drop of the same size was added to the

first one. The angle was measured from the sessile drop aligning a tangent with the drop

profile at the point of contact with the solid surface using a telescope and a goniometer
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(Ramé-klart 100-00). The measurements were made at room temperature and ambient

humidity—conditions under which the contact angles remained stable for some minutes.

Figure 2.17: Liquid drop on solid: contact angle, 0g, and interfacial

energies, y. .

2.5 Ellipsometry

The amplitude and phase of polarised light reflected from a surface change if a

coating is present. In ellipsometry the linear relationship between these changes and

optical thickness is used to determine the thickness of the coating. Changes in the

polarisationof the reflected light can also be used to determine the reflective index of the

surface film.

Ellipsometric measurements were performed on a PLASMOS SD 2300

ellipsometcr. equipped with a He-Ne laser (À=632.8 nm). at an angle of incidence of 70°.

The beam diameter is ca. 1 mm. For each set of samples a bare gold sample was

measured as reference. Following determination of the optical constants of the substrate,

the layer thickness was measured once at 10 different points. The method for calculation

of film thickness is based on a three-phase ambient/film/gold model in which the film is

assumed to be homogeneous and isotropic and is assigned a scalar refractive index of
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1.45. The observed scatter in the data was typically ±3 Â, arising largely from differences

in the amount of adventitious material adsorbed on the bare gold substrates.

2.6 X-Ray Photoelectron Spectroscopy

In X-ray photoelectron spectroscopy (XPS), monoenergetic soft X-rays are used

to irradiate the sample. The kinetic energy, the shift of the kinetic energy and the intensity

of the emitted photoclectrons are measured to determine the quantity and chemical state of

the elements present at the surface.

X-ray photoelectron spectroscopy experiments were carried out using ESCA 5400

and ESCA 5700 instruments (Physical Electronics, Eden Prairie, MN), both of which arc

equipped with a Mg-Ka source, operating at 200 W. The take-off angle is 45°. The

aperture number 4 was used, which corresponds to a sampling area of ca. 1 mm in

diameter. The energy resolution during acquisition of single-region scans was

approximately 1 and 0.8 eV, on the 5400 and 5700 instruments, respectively. Electron

binding energies were calibrated using the Au 4f (84.0 eV) and C Is (284.6 eV) lines.

The base pressure in the chambers was better than 10^8 mbar. Collected data were fitted

with a least-squares-fit routine. Quantitative analysis was performed using a Shirley

background-subtraction method. C(ls). Au(4f). O(ls) and S(2p) levels were recorded.

No compensating flood gun was used in this study since all samples were conducting and

grounded to the spectrometer. Acquisition times were sufficiently short that X-ray-

induced damage was avoided. Angle-resolved (AR) XPS measurements were performed

on the 5700 system, while varying the angle between surface normal and analyzer from

15° to 75°.

The thicknesses of the SAMs were calculated from the intensities of the Au(4f)

and C(ls) signals. For the case of a homogeneous isotropic film with uniform thickness.

d, the intensity from the substrate, I. is exponentially attenuated by the adsorbate:
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I(cl) = I0ex"aa. (2.4)

where X is the inelastic mean free pathlength of the photoclectrons from the

substrate in the overlayer and a is the electron take-off angle. Considering the ratios of

adsorbate and substrate intensities of two samples eliminates instrumental influences and

acquisition parameters. The film thickness. d:. can be determined from equation 2.4 and

in combination with a reference sample with a film of known thickness. <7;, according to:

d2 = X * sin« * ln(l +
/: 'Jl

*
(exp(

J'
) - D) (2.5)

/," /1\ X * sin a

where d2 denotes the thickness of the SAM. d, the known thickness of a second

sample, I"/F the ratio of the carbon. C Is. signal intensity from the adsorbate of the first

or second sample and the gold. Au 4f, signal intensity from the substrate. The take-off

angle, a (= 45°), is the angle between the analyzer and the sample. X (= 37 Ä) is the

average inelastic mean free path length of the Au(4t) and C(ls) photoclectrons in an

organic adsorbate layer [Han92].
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3 Theory

3.1 Contact Area

Repulsive and attractive forces may result from the interaction between two atoms

or molecules. In respect to their range of interaction these forces can be devided into

short- and long-range forces, based on what is considered 'short' (<10~9 m) and 'long'

(>10~9 m) for SIM instrumentation. These forces include van der Waals attraction,

electrostatic repulsion and adhesion and give rise to a finite contact area between two

contacting bodies. The classical contact mechanics models presented in the following

sections describe the deformation resulting from a contact between two bodies and are

valid for contacts where the atomic structure is of little or no importance and,

correspondingly, continuum mechanics can be applied. These models are derived for

static equilibrium conditions but are also valid for sliding conditions at moderate

velocities. The main assumptions are that the materials are elastic and isotropic, that the

contact geometiy is axisymmetric and that no shear forces are present. In an SFM

experiment, the last two assumptions are rarely achieved, due to the tilt of the cantilever,

the lateral motion of the tip when the cantilever bends and the torque upon contact if the

tip is not located on the symmetry axis of the cantilever [Unc99]. Nevertheless, such

experiments help to improve the understanding of contact geometry and the mechanism of

friction. The first investigation of contact mechanics was carried out by Hertz [Her82] m

1882. Subsequently, contact theories have taken into account roughness, waviness

[Arc53, Grc66], wear [Gal761. inelasticity |Joh87], adhesion [Bra32. Joh.71, Der75] and

discrete multiple contacts [Gor98].

3.1.1 Hertz Model

In 1882 Hertz [Her82] investigated stresses in the contact of two solid elastic

bodies, assuming that
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- the contacting bodies arc elastic, homogeneous and isotropic.

- the strains are small.

- the surfaces are smooth and non-conforming,

- the surface shape does not change m time, and

- the contact is fnctionless.

In the most simple case of two contacting spheres, the equation for the contact

radius, a. as a function of the loading force. L, is given as:

,
RL

tf =
. (3.1)

where R is the combined curvature radius of two contacting spheres of radius R,

and R2, respectively,

R=
] 2

. (3.2)
R+R,

K is the combined elastic Young's modulus of the materials involved, given by the

relation

4 ^1-v,2 -v->
K =

1
+

3
v A E: j

(3.3)

where E!P and v,,: are the respective Young modulus and Poisson ratios of the

two solids in contact. In this model, the contact radius, a
,
and the critical load, Lr (pull-

off force) at which the surfaces separate are zero. The combined curvature radius remains

unchanged for a single sphere of radius. R. on a flat surface ( Rz -> » and R[ -> R). In

this work, R will denote the radius of a single sphere on a flat sample, since the contact in

the tribometer and SFM experiment can be modeled in this way.
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3.1.2 Johnson-Kendall-Roberts Model

The JKR theory by Johnson, Kendall and Roberts [Joh71] accounts for adhesion,

i.e. tensile and compressive stress distributions, in the contact area. As a result, a neck is

formed between the two contacting bodies and the contact area is finite at zero load. The

JKR-theory gives the radius, a, of the contact area of two adhesive surfaces under the

load, L, according to:

a3 =R(l + 6kRy+ llrcRyL + ^Ryfy (3.4)

R is the radius of the undeformed sphere, and y the surface energy of the solid

which is assumed to be half the adhesion energy, W (W=2y) in case of the same surface

energy and W=y/+y2-y12 in case of two different surface energies of the two contacting

bodies. This model predicts a finite contact area at zero load with a radius. a0, and a

critical load, L(, (pull-off force) at which the surfaces separate when being pulled apart:

'l27qR2^n
K

(3.5)

L =-37tyR. (3.6)

3.1.3 Derjaguin-Muller-Toporov Model

In contrast to the JKR theory, the DMT model by Derjaguin, Mullcr and Toporov

also includes long-range forces outside the contact area [Der75], For example, this model

considers the effect of capillary forces which are the dominant attractive forces under

ambient conditions. The effect of these forces is small for materials of high radius of

curvature and low elastic modulus. The calculations of the original DMT theory contained

errors [MulSOj, which were further studied by Pashlcy [Pas84j. but the assumptions
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discussed are still referred to as the DMT theory. This model also predicts a finite contact

area at zero load with radius a0 and a critical load, Lr (pull-off force) at which the

surfaces separate when being pulled apart. It implies that the solids only separate when

the contact area has reduced to zero. The relations between the radius of the contact area,

a, and the applied load, L, the finite contact radius, a,, and the pull-off force, Zv are as

following:

a' = R(L + 47tyR). (3.7)

a0 =

UnyR2^n
K

and (3.8)

Lc=~47tyR. (3.9)

If adhesion arising from attractive forces cannot be neglected, one has to choose

between the two extreme cases of JKR or DMT:

- when the surface forces are short range in comparison to the elastic deformations

(i.e. compliant materials, strong adhesive forces, large tip radii), the contact area is

well described with the JKR model, and

- at the opposite limit (i.e. stiff materials, weak adhesion forces, small tip radii) the

DMT model better describes the contact area.

Variables to distinguish between these two cases, combinations of the two models

with transition parameters and generalized models have been developed [Tab77, Mul80,

Mul83. Fog90, Mau92, Joh96, Joh97. Gre97. Bar98. Car99], The following table

(Tabic 3.1) summarizes the three continuum mechanics models described in the previous

sections. The differences between these three models are further illustrated in Figure 3.1,

where the respective relations between contact area and load, both m nondimensional
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units, are plotted for comparison. Both the JKR and DMT model approach the Hertz

model in the limit of y —> 0 (no adhesion).

Model Hertz JKR DMT

Assumptions no surface forces short range forces

inside contact area

long range forces

outside contact area

Shape under

compression

r i ;>-<; ^ J
f ^

Shape under

zero load H H r\
Pull-off force 0

-37tvR -4TtyR

Table 3.1: Summary of assumptions, shapes and pull-off forces in the

Hertz, JKR and DMT contact theories [Hor87].

'0 -'5L0
~ -

100
- -

-r^ 200

Applied Load [n\]

Figure 3.1: Contact area versus load as predicted by the Hertz, DMT and

JKR continuum mechanics models.
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3.1.4 From Single Asperity to Amontons' Law

For macroscopic contacts, it was first assumed that the asperities deform

plastically, since the contact stresses are very high [Bow50]. However, Archard has

shown that after an initial plastic deformation, the contact is elastic. In this case, friction is

proportional to the true area of contact. Figure 3.2 illustrates the difference between

apparent and real/effective area of contact, that was first mentioned by Bowdcn et al.

[Bow50]. Whether or not this proportionality is linear depends on the surface topography

[Arc57]. Elastic deformation at an individual contact implies a nonlinear increase in area

with load (according to Hertzian theory), which will be compensated by the increasing

number of contacts. A similar tendency was also proven for real surfaces with random

topography [Gre66, Gre67. Oni73]: the friction force is proportional to the applied load-

provided that the friction force is proportional to the real contact area and that the surface

exhibits a random structure, i.e. the plastic and clastic deformation assumptions are

consistent with Amontons' law of friction for surfaces yvith Gaussian asperity height

distributions.

apparent contât area

real contact area

Figure 3.2: Apparent versus real area of contact between two contacting
bodies.

When damage occurs m a friction experiment, there is a transition from

'interfacial' to 'normal' friction in which sliding occurs, and the surfaces are separated by

wear debris. At the transition, the fnction falls abruptly and obeys Amontons" layv of

friction [Hom89. Hom90]. "Third bodies' including wear debris, lubricants, adsorbed

layers of water and hydrocarbons, pinning, ploughing and dclamination have also been
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discussed as the origin of the difference between macroscopic and microscopic friction

[Rob96, Koi96, Lfu98|. In addition, the velocity independence for macroscopic sliding at

low velocities can be explained: rapid processes occur somewhere in the system, even if

the center of mass moves slow ly relative to the substrate [Tom29]. If a linear friction law

is observed in nanoscopic experiments, either the contact is not a single asperity [Gre66.

Gre67, Oni73, Ful75], the contact is not wearless [Hom89, Hom90. Kim91], or the

shear strength is load dependent [Sch95]. Another explanation for a linear friction-load

relationship is given by Berman et al. LBer98|. For smooth, non-adhering surfaces the

observed linear friction law is associated with a molecular Cobblestone model. On a

macroscopic scale Coulomb explained Amontons' linear friction layv with a Cobblestone

model: the friction force F arises from the force needed to climb asperities of the mean

slope, 6, and consequently, p=F/L=tan6==constant, Analogous to Coulomb's

Cobblestone model, the friction force can be correlated to compression and

decompression cycles where the entropie energy is released irreversibly as heat at the

molecular level. The 'molecular' friction coefficient is then a function of the sliding

velocity and topography, but independent of the area of contact, as it is true for

Amontons' coefficient of friction.

3.2 Roughness

Even at the atomic level, surfaces have imperfections, and random features on a

macroscopic scale determine the roughness of a surface. There are different statistical

means to describe surface roughness, e.g.:

J L.
The central line average roughness (CLA or R): Ra- ) z dx <md (3.10)

L o

the root mean square roughness, (RMS or R ): R = jz2d\, (3.11)
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where L denotes the sampling length and c the height of the profile along the x-

axis. The autocorrelation function is used to describe the spatial arrangement of a surface

and will be discussed in the section 3.5. Surface roughness limits the contact to very few

micro-contacts so that the real or true contact area is much smaller than the apparent

contact area (Fig. 3.2). The real contact area is a result of deformation of the high points

of the contacting surfaces, the asperities. As we have seen m the discussion about contact

models, the true area of contact is very important, and the models of Greenwood and

Williamson [Gre661 and Whitehouse and Archard [Whi701 take into account the

randomness of surface profiles and the wide spectrum of asperity curvature. Adhesion is

reduced dramatically with increasing roughness, as will be discussed in the following

chapter.

3.3 Adhesion

Adhesion plays a major role in both macroscopic and nanoscopic friction, wear

and lubrication phenomena. In the case of adhesion, negative loads have to be applied to

separate two materials in contact. If one of the materials is weaker than the interface,

plastic deformation and fracture will occur in the weaker of the two materials. Adhesive

bonds have to be broken in order to move the tyvo materials relative to each other. This

may lead to transfer films due to adhesive wear [Gla93, Ded98]. The forces affecting

adhesion depend on the intermolecular distance: long-range forces are responsible for an

overall attractive force and short-range forces are mainly responsible for the coalescence

of small-scale asperities as they come into contact [I)Ur96].

A common way to look at adhesion is to express the interaction energy in terms of

surface free energies. The relationship between the contact angle, 0. the surface energy of

the solid, ys, the surface energy of the liquid, yL. and the intcrfacial energy, ySL, is given

by the Young equation for equilibrium at the solid-liquid interface (see Figure 2.17)

risr92]:
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ySL+ypcosO = ys. (3.12)

The work of adhesion. W. between the two adjacent phases can be expressed in

the Young-Dupré equation as [lsr92J:

(\ + cos8)yL = W. (3.13)

Furthermore, according to the DMT-theory. for example, the force necessary to

separate a sphere from a flat surface of the same material in vacuum, Lc. is correlated to

the surface energy. %. by:

LL=4nRy, (3.14)

Therefore, the force at separation, the so called pull-off force. L
,

is a measure of

the work of adhesion (more general expressions for the pull-off force arc discussed in

references [Fog90, S11941). The sensitivity of the adhesion force to the surface energies of

the materials in contact has been demonstrated in several experiments, although the SFM

experiment to record the pull-off force does not fulfill equilibrium conditions [Man94,

Ber95, Eas961.

Hysteresis effects are commonly observed in wetting/dewetting phenomena, e.g.

the advancing contact angle, 0P is generally larger than the receding angle. 9R. Since the

contact angle is related to the surface energy by the Young equation (eq. 3.12), contact

angle hysteresis implies adhesion hysteresis. Only in the case of ideally smooth and

immobile surfaces is ytVtkailun,, = Yiwjm<* = Ysoi.j observed. In most realistic cases, adhesion

hysteresis occurs. In this case, the dissipated energy is AW=(WR-WJ=2(YR-Y\)>0.

Adhesion hysteresis can be due to the irreversibility associated with the

bonding/debonding, the loading/unloading, and the molecular rearrangements of

interdigitations at the contact interface. It is this adhesion hysteresis rather than the

adhesion force itself that is correlated to kinetic friction [lsr92, Isr94. Yos93].
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In macroscopic systems, adhesion is suppressed by contaminant layers of oxygen,

oxides, water or oil. and it is reduced by surface roughness. Only in ultrahigh vacuum,

where the contaminant layers can be removed, can strong adhesion—especially between

two contacting metals—be observed. Adhesive wear and transfer films result from

adhesion and sliding motion in macroscopic contact, and can be prevented yvith

contaminant layers formed by surface oxidation, bulk impurities, lubricants and favorable

combinations of sliding materials [Sta93]. Still, the major part of adhesion reduction

comes from surface roughness. With increasing surface roughness, adhesion is reduced

due to view asperities that break the adhesion at lower asperities: i.e. adhesion diminishes

when there is a high mean deviation of the asperity heights and a low average radius of

the asperity tips [Ful75. Tab77. Bri98|. In agreement yvith this, experiments have shown

that using only the mean asperity radius rather than the sphere radius in eq. 3.14 leads to

adhesion forces comparable with measured values [Sae95].

Adhesion plays a crucial role in friction, but it is difficult to study the influence of

adhesion on friction since many other factors are involved in energy dissipation [Che91.

Dcd98k Molecular dynamics simulations give further insight into the deformation of tip

and/or surface upon contact, the formation of necks, the stresses and the atomic

configuration due to adhesive forces [Lan90, Lan93].

3.4 The Influence of Humidity

For several systems, the influence of humidity has been studied on a nanoscopic
scale. There arc different mechanisms responsible for an increase or decrease of the

friction force with a change m humidity. For mica and an octadccyltriethoxysilane self-

assembled monolayer on mica, the effect is just the opposite: yvater reduces friction for

bare mica and increases the friction for the silane layer by weakening the interface and

deteriorating the quality of the film [Hom89, Tia991. In addition, for a physisorbed,

ordered amphiphilic monolayer on mica, water incorporation at the monolayer-mica

interface and destruction of the film was observed LMàc98]. On hydrophilic (e.g. clean

silicon oxide) surfaces, Binggeli found a decrease in both the coefficient of friction and
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the adhesive forces with increasing humidity (>75%). This effect is due to the increasing

water partial pressure pushing unbound water molecules into the micro-asperity contact

zones, thus reducing the shear strength of the junctions [Bin94, Bin95"|. Further studies

on clean and originally dry silicon surfaces showed that, depending on the thickness of

the water layer, the friction mechanism changed from stick-slip to sliding without stick-

slip. The friction and adhesive force increased with increasing humidity on bare silicon,

whereas hydrophobic covered parts were insensitive to changes of humidity [Sch98,

Fuj96J. For monolayer-covered surfaces, the friction can either increase or decrease with

increasing humidity, depending on the state of the monolayer coating or the mechanism

involved [Yos93].

The effect of the relative humidity is two-fold. On the one hand, a film of

thickness d forms:

J =
{ av ' r,
{CirvkT ln(x))

where A is the Hamaker constant of the tip-sample system, v the molar volume

(v=M/nN0), n the density of the liquid. AT the thermal energy and x the relative humidity

[Isr9J ]. Water condenses on the tip as well as on the sample. Therefore, a liquid

meniscus of radius rk is formed around the tip-sample contact.

yv 1

rk=
ï

. (3.16)
RT ln(v)

where rk is the Kelvin radius, and /is the surface energy of the liquid (ywa|a=72

mJ/m at T=20°C, which gives the parameter yv/RT=0.54nm) [Isr91], For typical ambient

conditions (x=50%), this results in a film thickness of 0.4 nm and a Kelvin radius of

about 2 nm. The formation of a liquid neck between probe and sample has been observed

in SFM [Col98, Bin94] and surface forces apparatus (SFA) measurements [Mäc98]. If a

neck forms around the tip. the effective load is the sum of the applied load, the van der

Waals force and the capillary force as indicated in Figure 3.3 [Eas96, Fuj96].



3 Theorv 60

LCaniilcvci

e:

Water Film

Substrate

'

L'Capillaiy

Figure 3.3: Capillary forces as a component of the effective load if a neck

forms around the SFM tip.

Using the Young equation teq. 3.12) the Laplace pressure contribution to the

adhesion force, Fn, is given by [Isr92]

Fa - ArcRy, cos9. (3.17)

Including the solid-solid contact adhesion force inside the liquid bridge, the

adhesion force for a meniscus is F=4nRySP In the absence of any condensing water, this

adhesion force reduces to Fd=4nRy<. (eq. 3.14). Since Ys>Ysv tne adhesion force should

always be less in a vapor than in a vacuum. However, the adhesion force in ambient may

still increase with relative humidity' if ySNa (moist air) > ySVb (dry air) [Tsr92]. Analogous

formulae to eq. 3.17 were derived for deformable spheres and non-spherical contacts as

well [Fog90, Gao97].

Moreover, for macroscopic experiments the influence of wettability has been

investigated, and it was found that hydrostatic lifting due to the adhesion of water

molecules to hydrophobic and hydrophilic surfaces can reduce friction and wear [Bor98b

Furthermore, as was already discussed m chapter 3.3, a water layer can reduce adhesion

in macroscopic systems.
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3.5 Autocorrelation

The autocovariance function, the autocorrelation function (ACF, its normalized

form), and the power spectral density (PSD, its Fourier transform), were developed to

describe time series and used in communication engineering for signal processing

fGal68]. Furthermore, the systematic description of surface textures requires the

quantification of not only the variations in amplitude but also the variation of the relief.

This is accomplished by investigating the correlation between pairs of points on a profile.

Pcklenik was the first to introduce a surface description using the characteristic decay of

the ACF [Pek67]. STM and SFM height pictures are analyzed by means of the ACF to

compare different surface treatments [Niw92. Aoy93. Ekl93]. to follow roughening in an

oxidation process [Yos94, Yos95k to quantify tip geometry and image artifacts [Kie97],

to investigate domain sizes in polymer gels [Suz97J and surface rearrangements [Til92j

and to study the influence of roughness and topography on friction [Whi70. Hir74,

Whi78, Poo92, Foi-93, Ara93, Whi94, Hon95, Koi97. Chi98, Tho99].

Rabinowicz analyzed friction traces statistically to determine the size and number

of the junctions present in the contact area diameter in contrast to the ACE of topography

discussed earlier [Rab55, Rab56. Rab95j. The underlying assumptions are that each of

the junctions formed has a shear stress that is likely to be different from the shear strength

of other junctions and that this strength is maintained during the life of the junction. As

sliding continues, the friction will fluctuate as the junction population varies. If all the

junctions at any instant are strong, it will take an appreciable distance of sliding before all

the junctions are broken, a new set of junctions is formed, and the strength is expected to

drop again. Rabinowicz showed that the autocorrelation function can be used to deduce

this sliding distance from the friction force fluctuations. He determined the average

junction size from the distance where the autocorrelation function of simulated and

measured friction traces has dropped to a certain value. The ACE drops to zero at a

distance where the autocorrelation length (ACL) is greater than the base length of the

contact. In summary, the ACF can be used to gain information on the rate at which

friction force is changing with distance, i.e. on the characteristic length scales at which the

friction force is changing during sliding. This, in turn, can give information about the

contact and the mechanism that causes the friction.
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Other studies of fluctuations in friction forces mainly focus on the stick-slip

behavior. Investigations of confined liquids with a surface forces apparatus showed

fluctuations in the shear stress m addition to stick-slip spikes [Dem96]. The elastic

coherence length separates a sliding block into 'correlated volumes' which behave

elasticaUy independent and are pinned individually [Per98]. Furthermore, some models

for multi asperity contact introduce screening and memory lengths describing the

transition from static to dynamic behavior [Car98. Bau97]. Describing fluctuations in

macroscopic experiments not due to stick-slip can provide additional information on the

stability of sliding conditions and the uniformity of lubrication [God95]. In geological

studies the critical slip length is used to determine the transition in the stick-slip instability

of frictional sliding of rock in relation to earthquakes and faulting [Sch90].

The autocorrelation function. ACF(d), of a random process, F(s). is defined as a

function of the separation distance, d. between a pair of points and is essentially the

average or expectation value of the product F(s)F(s+d) jNew93]:

ACF(d) = jF{s + d)-F(s)ds, (3.18)

where F(s) = F{s) - Fmuill. (3.19)

The ACF is normalized by the following division:

ACF(d)

ACF{0)
ACFid) , ;= L'rw, (3.20)

The ACF is independent of the absolute time, s, and will depend only on the

separation, d. Furthermore, if the separation distance, d, is zero then the ACF(d=0) is just
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the mean square value of the process. The normalized ACF can never be greater than the

mean square value (+1). The ACF is computed using the Fourier transform: with a

function h(t), its corresponding Fourier transform //(/) is defined by [Pre921:

H(f)=°jh(t)e2m"dt (3.21)

Using the 'Correlation" and 'Wiener-Kliintchin' theorems [Pre92j, the correlation

of a function with itself, the autocorrelation (see equation 3.18) can be expressed as

Corr(h,h)^>H(f)If(f)^ 7/(/V. (3.22)

where the asterisk (H (/'Ddenotes complex conjugation of the Fourier transform

H(f). Equation 3.22 shoyvs that multiplying the Fourier transform of the function by the

complex conjugate of the same function gives the Fourier transform of their correlation.

For a discrete time series. Fn=F(nA) with n=...,-2,-1,0.1.2,3,..., the fast Fourier

transform (FFT) algorithm can be applied. The ACF is calculated by FFT of the data set.

the multiplication of the resulting transform by the complex conjugate of the transform,

and inverse transform (JFFT) of the product according to equation 3.22:

ACF(d) = IFFt(fFT(F( sV) • FFT(F(s)) Y (3.23)

Regarding discrete time series it is important to sample two times faster than the

highest frequency present to avoid aliasing (sampling theorem), i.e. faster than the

Nyquist critical frequency, given bv / = and to avoid end effects by zero padding
2A

[Pre92].

In the case of the evaluation of surface topography by means of the autocorrelation

function, the characteristic value to describe the surface, which is extracted from the ACF,
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is the suilace con elation length 01 autoconelation length (ACL) Seveial definitions loi

the ACL aie given Pcklcmk, foi example, defines the ACL as the length ovei which the

con elation does not become less than 0 05 [Pek671 Often, the ACL is defined as a

function of the decay late ol an exponential oi gaussian autoconelation function [Wlu70]
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Figure 3.4: A constant, sinusoidal and random function (a), the

corresponding autocorrelation function (ACF) (b), a friction signal (c) and
the ACF with the characteristic autocorrelation length (ACL) (d).

In this woik, the distance at which the ACT diops to zeio foi the tust time is

called the autoconelation length (ACL) figuie 14 shows the ACFs ot a constant, a

sinusoidal and a landoni tunction as well as the ACF of a fnction tiace with a

chaiactcnstic ACL The shape of the ACF and the ACI will be used to desenbe fnction

fluctuations (see chaptei 4 1)
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4 Results and Discussion

4.1 Nanotribology

4.1.1 Characterization of the Instrument and Probes

In a SFM several sources for noise exist. Noise can result from the statistics of

photons incident on the detector, resistor noise from the photodetector amplifier, laser

intensity noise from spontaneous emission and thermally induced lever noise. F7or the

optical deflection system used in our instrument, noise from the laser and photodetector

can be neglected, but the system is very sensitive to thermal and mechanical drift [Sar94].

In fact, it takes approximately two hours until the instrument has reached equilibrium.

Thermal drift can be minimized in this way, but, together with mechanical drift remains

the main problem when accurate measurements are required.

0.1 0.2 0.3

Frequency [FIz]
0.4 0.5

Figure 4.1: Fourier spectrum of the lateral signal arising from a tip in

contact at zero (dashed line) and finite (solid line) scan width.
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In order to distinguish fluctuations due to noise from those that arise from friction

measurements, the lateral signal of a tip in contact at zero and finite scan length was

examined. For zero scan width the lateral signal fluctuations arc due to noise, whereas for

a finite scan width the lateral signal fluctuations are not only due to noise, but are also

characteristic for the friction force. The tyvo signals can be clearly distinguished from their

density spectrum and autocorrelation function as can be seen in Figure 4.1 and Figure

4.2.
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Figure 4.2: The lateral signal arising from a tip in contact at zero scan

width and its autocorrelation function (top) and he lateral (friction) signal
arising from a tip in contact at finite scan width and its autocorrelation
function (bottom).

A further aspect of instrumentation that might influence the measured friction force

lies in the settings for the gams, which control the feedback for the piezo height. The

feedback loop tries to keep the deflection signal constant by adjusting the height of the

piezo tube in the constant force mode. As discussed in chapter 2.1.1, the displacement of
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the tip is recorded while the height of the sample is kept constant in the constant height

mode. In the constant force mode, the movement of the piezo, which keeps the deflection

of the cantilever constant, is recorded. To measure in the constant height mode with the

DI instrument, the gains are relatively low, whereas in the constant force mode the gains

arc relatively high, allowing the feedback loop to adjust the height of the piezo. We tested

the influence of the gams on the fnction force while recording friction loops with a SEN,

tip on SrTiO, and thiol-covered gold samples as a function of the gam values. Figure 4.3

shows the height and friction signal, recorded while scanning over two facets of a SrTiO,

sample. In the constant force mode (black) the height line shows clearly the two facets,

whereas in the constant height mode (gray) the height signal is constant, as expected not

detecting the cantilever deflection signal. The gains do not seem to have an effect on the

friction force: the friction loops look very similar in both modes.
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Figure 4.3: Height and friction signal in the constant force (black) and
constant height mode (gray) from a Si3N4 tip sliding on SrTKX,.

As described in the experimental part, it is important to determine the shape of the

probes used in SFM experiments. Once the radius of the tip is known, the true lateral

dimension of topographical features and—more importantly for this work—the contact
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radius between tip and sample can be estimated. Most of the tip radii were determined

before and after the friction experiments according to the method described in chapter

2.1.5. These data show that gold coatings tn particular can easily wear off tips if the

applied load is too high (see Figure 4.4). Wear and broadening was also observed for

Si,N4 tips, as has already been reported by other groups [Khu95. Lan97].

50

Scan Size [nm]

Figure 4.4: Scanning over a SrTiO, ridge with gold-coated Si3N4 tips
showing broadening of the tip (R=120 nm (a) => R=180 nm (b)) and wear

of a tip (c => d).

This method, however, cannot be applied to polystyrene beads attached to

cantilevers, since their nominal radu of 3.5 and 1.02 urn are too large compared to the

spacing between the ridges of the SrTiO, crystal, which are on the order of 10 to 100 nm

(sec Figure 2.5 and 2.6). However, scanning oyer the ridge of a grating with a spacing of

3 pm between the ridges and an edge radius of 10 nm (ultrasharp silicon grating from
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NT-MDT) produces an image of the bead (see Figure 4.5). The scan shows that the PS

beads arc quite rough and have multiple asperities.
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Figure 4.5: Scanning over silicon grating ridge with PS beads with a

radius of 3.5 and 1.02 pm, respectively.

The effect of tip broadening due to wear can in principle also be observed in force-

distance curves: According to chapter 2.1.2 the pull-off force can be obtained by

measuring a force-distance curve. Figure 4.6 shows three force-distance curves recorded

with a Si,N4 tip on a dodecanethiol-coated gold sample before (a), during (b) and after (c)

a series of friction experiments. Hie tip radius, determined from a scan over a SrTiO,

ridge, increased from 150 to 200 nm. The increase of the pull-off force (12 to 68 to 176

nN) cannot solely be explained with the observed increase of the tip radius, since the pull-

off force, F, should be directly proportional to the tip radius. R, according to equations

(3.6) and (3.9): F~Ry. The increase of the pull-off force is approximately ten times higher

than expected from the increase of the tip radius, which suggests that also the surface free

energy, y. has increased during the time of measurement. This could be explained with a
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change in the chemical composition of the sample surface since the pull-off force

measurements were performed under ambient conditions.
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Figure 4.6: Force-distance curves recorded with a Si3N4 tip on a thiol-
covered gold sample before (a), during (b) and after (c) friction

measurements.

The correlation between pull-off force and radius was also examined by

comparing the force-distance curves recorded with PS beads of radius 1.02 and 3.8 pm

on a silicon sample. The sample was not plasma-cleaned before-hand, in order to ensure a

stable layer of contaminants and water on the surface. Under these conditions, the surface

free energy should be stable and a capillary will form. To improve the statistics, 256 force

curves were recorded on the same spot. A non-zero slope or sinusoidal oscillation in the

non-contact region of the force curve can be caused by misalignments of cantilever or

laser. Therefore, the baseline is corrected with a linear fit and all pull-on and pull-off

forces are referenced to this corrected baseline. Figure 4,7 shows the mean force-distance

curves recorded with the two PS-beads and the corresponding distribution of the pull-off

forces. The average pull-off forces are 25l±4 nN and 685±78 nN for the 1.02 and 3.8



77 Nanotrtbology

pm bead, respectively. The increase of the radius by a factor of 3.7 corresponds fairly

well to the increase of the pull-off force by a factor of approximately 3 in this case.
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Figure 4.7: Mean force-distance curves recorded with PS beads of radius

1.02 pm (1) and 3.8 pm (2) on silicon and the corresponding histograms,
showing the number of times that a given pull-off force was observed in

repetitive measurements.

4.1.2 Friction Experiment with Different Material Combinations of Gold and Silicon

In this work, silicon and gold were used as model substrates for oxide and

nonoxide materials, respectively. Thev are of great interest in semiconductor, MEMS,

and lubrication technologies. Although gold is inert, the surface is nevertheless of high

surface free energy and, under ambient conditions, covered with a phvsisorbed layer of

water, hydrocarbons, and other organic compounds. This layer of contamination was

observed yvith XPS. Furthermore, within minutes of exposure to the laboratory
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atmosphere, the clean, hydrophilic gold surface becomes hydrophobic by adsorption of

contaminants, which can be observed by contact angle measurements. Clean silicon is

hydrophilic: thin native oxide layers are always present on silicon surfaces, whenever the

surfaces are exposed to air. and it is a key characteristic of the siloxane (SiOSi) surface of

SiO, that it reacts with water, so that at ambient temperature the surface becomes covered

with silanol (SiOFI) groups. Therefore, on the gold and silicon surface, a water layer is

expected. The contact angle measurements on gold (40°) and plasma-cleaned silicon

(<10°) indicate that the silicon surface will be covered with a water film. All

measurements were performed in an ambient atmosphere. The scanning velocity was set

to 0.4 pm /sec, the scan size to 100 nm and the sampling rate to 2.56 samplcs/nm. For

the following measurements, the lateral signal was calibrated according to the method

described in chapter 2.1.3. which allows one to determine the coefficient of friction.

Figure 4.8 and Table 4.1 showr the friction forces and coefficients of friction for different

material combinations. The friction force and the coefficients of friction arc larger on the

silicon sample compared to the gold, regardless of whether the tip was gold-coated or

not. The gold-coated tip produces a decreased coefficient of friction on gold, and a

slightly increased coefficient of friction on silicon. The pull-off forces and break-free

length are larger on the silicon compared to the gold substrate. The values reported here

are for 'as recieved' samples. Plasma cleaning resulted in increased coefficients of friction

and adhesion forces. The error for the pull-off forces and break-free length lies in the

range of 10% for five repeated measurements.

Tip Substrate Coefficient of

friction

Pull-off

force

Break-free

length

Au-coated Si^N4-tip Gold 0.01 J2nN 35 nm

Silicon 0.05 32 nN 90 nm

Si3N4-tip Gold 0.03 17 nN 60 nm

Silicon 0.05 30 nN 100 nm

Table 4.1: Coefficient of friction, pull-off forces and break-free length
for different material combinations.
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Figure 4.8: Calibrated friction forces as a function of applied load for a

Si3N4 tip on gold and silicon.

The larger friction forces and coefficients of friction on silicon compared to the

values measured on the gold substrate can be attributed to the enhanced capillary

condensation on the silicon oxide surface due to a water layer. On gold the coefficient of

friction decreases if the Si,N4 tip is gold-coated, while on silicon the coating does not

have a large effect. This might be attributed to the fact that on the silicon surface the

friction behavior is dominated by the hydrodynamic effect of water and the large capillary

force that is present on silicon. Furthermore, the lubricating effect of hydrocarbons might

be stronger on gold compared to the silicon surface. This aspect is also discussed in the

following chapter on macrotribology. The values of the coefficient of friction are in the

same range as reported by Koinkar et al., but we observe lower values for the coefficient

of friction on the gold substrate [Koi96]. Anyway, the coefficient of friction depends

strongly on the humidity as will be shown in chapter 4.1.4. A further difficulty for

comparison of the coefficient of friction measured with different probes is the tip radius,

since the microscopic friction coefficient will depend on the contact area, according to the

JKR theory. The coating of the Si,N4 tip with a 150-nm-thick gold layer increases the tip

radius. From the force curves it can be seen that the adhesion force is much higher for the
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contact with the silicon substrate. This is due to the water and contaminant layer present

on the hydrophilic silicon surface at ambient conditions. Pull-off forces and break-free

lengths for the SLNt tip and the gold-coated tip arc similar on the silicon substrate, which

is again attributed to a water layer on the hydrophilic silicon, which has a thickness of 3-4

nm at a relative humidity around 50c/c [Col98, Bin96]. The pull-off force correlates

directly with the friction force and the coefficient of friction. Since water seems to play an

important role in adhesion and friction measurements on gold and silicon, we tried to

perform tribological studies on better-defined samples (sec chapter 4.1.3) and under

controlled atmosphere (see chapter 4.1.4 and 4.1.5). In the following chapters the

influence of surface chemistry and humidity will be discussed in more detail.

4.1.3 Friction Experiment on Thiol-Covered Gold Substrates and with Modified Tips

In order to study the effect of surface chemistry on adhesion and friction in more

detail and on well-defined surfaces, we prepared thin organic films with different

chemical characteristics. Self-assembled monolayers, SAMs, are easy to prepare and

spontaneously form molecularly ordered and robust films. Their thickness can be

controlled very precisely by the length of their constituent molecules and the surface

properties can be controlled through tailoring of exposed surface functional groups

(headgroups). These properties make them ideal surfaces for tribological studies.

Patterned surfaces are of great interest and microcontact printing is an alternative

patterning technique to LTV-, e-beam. Ion beam and scanning probe lithographies. We

used thiols that self assemble on gold, with -CH,, -OH and -COOH as headgroups, in

order to study the influence of the film termination on tribological properties.

The SAMs were prepared by immersion in a 1 mM solution of dodecancthiol

(CH,(CH2),,SH, pract.. >979L Fluka), hexadecanethiol (CH,(CH7)]SSPI, pract.. =95%.

Fluka) and hydroxyundecanethiol (HS(CH,)nOH, Aldrich Chem. Co.) in ethanol (p.a.,

>99.8%, Fluka) for 25 hours. XPS was used to confirm the presence of thiols on the

gold surfaces and to identify any adventitious contamination. The presence of thiols can

be qualitatively verified by the S 2p signal. The atomic concentration ratios of three major

elements (C, S and O) are calculated from normalized photoelectron counts, and

compared to theoretical values. Electron binding energies were calibrated using the Au 4f
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(84.9 eV) and C Is (284.6 eV) lines. The binding energies of carbon, sulfur and oxygen

are close to or at the expected positions of 284.6, 162.0 and 533.0 eV, respectively.

Substrate/SAM Expected chemical

composition

Observed chemical

composition

% C % S %o % C % S %0

Au/S(CH2)„OH 84.6 7.7 7.7 88.6 2.7 8.7

Au/S(CH2)UCH3 92.3 7.7 - 94.8 3.2 2

Au/S(CH2)]SCH, 94.1 5.9 - 89.6 1.8 8.7

Table 4.2: Expected and observed chemical composition of thiol films

from XPS analysis.

The values for the expected and observed atomic concentrations agree well

quantitatively and even though a homogeneous layer is assumed if the sensitivity factors

are used in this way. However, the amount of sulfur is ahvays smaller and the amount of

oxygen is always larger than the values expected theoretically (see Table 4.2). This

deviation is caused by the attenuation of photoelectron s originating from the sulfur atoms

that pass through the alkyl layer. The amount of oxygen will also be enhanced relative to

the amount of carbon and sulfur for the same reason and also due to contaminants.

Furthermore, the excess of carbon indicates the presence of few contaminants.

The presence of a stable and densely packed thiol film can also be confirmed by

imaging the periodicity of the thiol layer with SFM. The molecularly resolved imaging

measurements were performed m air using an ultrasharp Si,N\ tip yvith a tip radius of 60

nm. which was determined from scanning o\er a SrTiO, ridge. The freshly cleaved,

ultraflat gold sample was immersed in a 2 mM CH,(CH7)10SH solution for five minutes

and rinsed with ethanol. Both topographic and corresponding frictional force images were

recorded and showed molecular resolution. The contrast is better in the frictional force

images, which are shown in Figure 4.9.
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Figure 4.9: Frictional force image, 3\3 nm, of self-assembled monolayer
of CH,(CH2)10S on gold. The load during scanning is 80 (a), 300 (b) and

80 nN (c). The images are corrected for background. Insets are images of
these frames after Fourier filtering as a guide to the eye to discern the

periodicity. The second row shows the corresponding 2D Fourier

transforms (d-f).

Fiom the images and the Founei tiansfonn of the images (sec Figute 4 9a and d)

it can be seen that the thiol stiuctuie is hexagonal and has a neaiest neighboi distance of

5+0 3 A Diffraction and micioscopv analyses ha\e shown that thiol films foim a

commensin ate (V3xV3) R 30° stiuctuie on gold (111) [Fcn94 Ulm9L Uhn98] Oui

îesults confum these findings Foi a quite long lange of applied loads tins penodicity can

be imaged Howevei, when the load was mcicased fuithei to 300 nN, a dilleicnt

penodicity was obsened, which is totated by 30° against the thiol lattice and has a lattice

constant of 2 9+0 3 A (sec Figuie 4 9b and c) Such a penodicity conesponds to the

(lxl) stiucturc of gold Once the load is teduced, the thiol stiuctuie can be imaged again,

indicating that the thiols mo\e back to the scanned aiea (see Figuie 4 9c and f) This has

fust been shown by Liu et al and disoidenng ot a thiol film unclei the piessme nom a

shaip tip yvas also piedicted b\ luppei et al using moleculai dynamic simulations
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[Liu94, Tup94]. Salmeron et al. report a critical load of transition of 250-300 nN for tips

with a radius of 70-100 nm [Sal93]. This is in good agreement with our experiment,

which resulted in a critical load oï 300 nN for a tip with a radius of 60 nm. For these

dimensions the Hertzian contact area between a tip and a flat substrate is 56 nur.

Therefore, the critical contact pressure at which the transition from the thiol overlayer to

the gold substrate periodicity was observed, is 5.4 GPa. This is close to the pressure of

2.3 GPa reported by Lio et. al [Lio97]. The difference in critical pressure might be

attributed to the larger tip size (70 versus 15 nm) and to the different thiol film

preparation. We used thiols of smaller chain length (CH,(CH2)!0SH versus

CH,(CH2))7SH) and a shorter immersion time (5 minutes versus 36 hours), yvhich might

result in films of different mechanical properties, which is likely due to different domain

size distributions [Fis97],

SAMs cannot only be formed via the liquid phase (immersion) but also by using

the microcontact printing (pCP) technique as discussed in chapter 2.3.4. pCP allows one

to deposit thiols with chemically distinct head groups onto the same sample. This

facilitates the comparison of friction and adhesion between gold and thiols and between

thiols of different terminal groups. pCP produces laterally patterned films as shown in

Figure 4.10. In the left image—the height image—the bright lines show the self-

assembled monolayer of CH,(CPl,)l5S deposited with a PDMS stamp onto the ultra-fiat

gold sample. The corresponding friction image (right) actually shows the friction loop

width, i.e. the trace and retrace images were subtracted from each other. Since the two

pictures are subtracted from each other and the piezo drifts during scanning of large

distances, the outer lines of the friction image are not sharp. The radius of the Si,N+ tip

used was determined before and after the friction experiments to be 70 nm.
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10 pm

Figure 4.10: Height and friction image, 50x50 pm, of microcontact

printed self-assembled monolayer of CH,(CH,)15S thiol on ultraflat gold.

The height difference between the gold substrate and the hexadecanethiol film as

determined from the height image with SFM is approximately 2 nm. This agrees well

with the height of 2 nm of the tilted hexadecanethiol film on gold determined by

ellipsometry. From the friction image it is clear that the friction is higher on the gold

substrate than on the thiol film. Figure 4.11 shows two fnction loops at low (dashed line)

and high (solid line) loads, which correspond to a 10 pm segment in Figure 4.10.

Not only the friction force, but also the coefficient of friction and adhesion are

higher on the gold substrate compared to the thiol film. Since gold is a high-energy

surface, it is covered with a layer of yvater and contaminants m ambient conditions.

Thiols, on the other hand, are known to 'remove' or replace contaminants. Furthermore,

the hexadecanethiol film is hydrophobic, since the molecules are CH,-termmated.

Therefore, capillary forces are expected to be larger on the gold compared to the thiol.

This is also evident from the force cunes. which show higher pull-off forces and break-

free lengths on the gold compared to the thiol film. These chemical differences are

responsible for the distinct dilfcrence m the frictional behavior.
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Figure 4.11: Friction loops at low (clashed line) and high (solid line)
loads over a 10 pm distance on a microcontact printed sample. High
friction is observed on the gold substrate and low friction on the self-

assembled monolayer of microcontact printed CH,(CH2)t5S thiol.

In order to extend the study beyond the different friction behaviour of gold and

SAM, a microcontact printed sample was immersed in a second thiol solution in order to

cover the empty spaces. In this way. microcontact printed samples were also used to

study the influence of different terminal groups of thiol layers. Dodecancthiols were

stamped on ultraflat gold substrates and immersed in hydroxyundecanethiol and

carboxyundecane-thiol solutions. The radius of the Si,N4 tip used yvas 60 nm and the

radius of the hexadecanethiol-terminated tip 120 nm. Both tips show lower adhesion,

friction and pull-off forces on the CH, terminated thiol films compared to the OH- and

COOH-terminated SAMs. The error for the pull-off forces, break-free length and

minimum applied loads is in the range of 10% for fiye repeated measurements. The

contact angles on the CH,-terminated part are >90°. and on the OH-terminated films <30°.
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Tip Thiol

termination

Pull-off

force

Break-free

length
L0

Si3N4 CH, 16 nN 45 nm -18nN

OH 58 nN 158 nm -50 nN

CH3-terminated CH, 84 nN 109 nm -52 nN

OH 160 nN 300 nm -150 nN

CH3-terminated CH, 60 nN 110 nm -65 nN

COOH 120 nN 220 nm -120 nN

Table 4.3: Pull-off forces, break-free length and minimum applied load

determined from force curves between Si,N4 tips and CH3-terminated tips
on CH,-, OH- and COOH-terminated thiol films on gold.

The smaller pull-off forces obtained with the Si,N4 tip compared to the CH,-

tcrminated tip have to be attributed to the smaller tip radius of 60 nm compared to 120

nm, since the pull-off force scales directly with the tip radius (sec equation 3.6). From the

pull-off forces and break-free lengths it becomes clear that the difference in hydrophilicity

of the CH,-, OH- and COOH-terminated thiols is mapped, which is also demonstrated

with the contact angle measurements. The capillary condensation emphasizes the relative

degree of wettability and thus can be used to discriminate between hydrophilic and

hydrophobic groups under ambient conditions, but it does not allow chemical interactions

to be studied—regardless whether the tip is coated or not, since capillaiy forces forces,

which will arise due to a water layer on the films, are usually one to two orders of

magnitude higher than specific chemical interactions [Noy97, Isr91, Wil95]. The

minimum load that can be applied before jump-off correlates well with the pull-off force.

In contrast to these results, the experiments in nitrogen, respectively water saturated air

and in aqueous media (see chapter 4,1.4 and 4.1.5) allow the interaction between the

terminal groups to be studied.

The friction forces show the same trend as the pull-off forces. The friction forces

arc higher on the hydrophilic terminated thiols compared to the hydrophobic terminated

SAMs. Furthermore, the coefficient of friction is higher on the hydrophilic terminated

films, which might be attnbuted to the larger capillary force as yvell. Liu ct al. describe the
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difference in friction between a hydrophilic COOH- and hydrophobic CFL-terminated

surfactants on mica as two-fold [Liu96J: the hydroxy groups introduce a supplementary

rigidity by hydrogen bonding thus making the monolayer less compliant. The other

contribution comes from the adhesion term. The hydroxy group results in a higher

surface energy as compared to the methyl-terminated monolayer. Thus, the adhesion that

is contributing to the friction force is larger on the hydrophilic surface. In agreement with

our results, lower friction on CH,- compared to COOH-terminated thiols in ambient

conditions was also reported by Wilbur et al. and Zhou et al. [Wil95, Zho98]. The

inverse friction behavior in air and water has to be considered for imaging. It has been

reported that the image contrast of patterned thiol regions can even be reversed if the

sample is exposed and contaminated relative to fresh or cleaned samples [Bar97]. In the

following chapter, friction experiments on gold, silicon, and thiol films were performed

for different relative humidities to study the effect of water on adhesion and friction in

more detail.
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Figure 4.12: Friction force as a function of applied load for a Si,N4 tip on

CH3- and OH-terminated SAMs (a), and for a CH,-terminated tip sliding
on CH,- and OH- (b) and CH,- and COOH-terminated SAMs (c) at ambient

conditions.
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4.1.4 Friction Experiments as a Function of Humidity

As discussed in chapter 3.4. it is known that water exercises a profound effect on

adhesion and friction. In some cases, water reduces adhesion and friction by acting as an

effective lubricant. In other systems, water can increase the adhesion and friction by

strong capillary forces. The effect of a water la\er on friction was studied by changing the

humidity from ambient to dry or humid. In order to achieve this the AFM yvas put in a

chamber that was flooded with nitrogen (=>10% to 11% RH) or water-saturated air

(=»56% to 76% RH). Friction and adhesion measurements were performed yvith Si,N4

tips and PS beads on silicon, gold and mellrvl- (CH,) or carboxylic acid- (COOFI)

terminated thiol films on gold. The coefficient of friction corresponds to the slope of a

linear fit (according to p=AF/AL), although the lateral forces were not calibrated. Thus,

the values for the coefficient of friction and for the friction force are only useful to

compare results qualitatively within one set of measurements.

In this work, friction experiments for a Si,N+ tip sliding on silicon show that the

friction coefficient is almost constant or slightly decreasing at high humidities. On the

other hand, the friction force itself increases steadily with increasing humidity (see Figure

4.13). The radius of the tip was examined before and after the experiments showing an

initial tip radius of about 100 nm and severe damage and blunting after the three sets of

measurements. For the PS bead with a radius of 1.02 pm sliding on silicon a steady

increase of the coefficient of friction and the friction force with increasing humidity could

be observed (see Figure 4.13). As expected, the pull-off forces for the bead in the range

of 230-280 nN were substantially larger than those for the tip. which were in the range of

70-100 nN. But neither the pull-off forces nor the break-free lengths show a clear

tendency with increasing humidity.
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Figure 4.13: Coefficient of friction (circles) and friction force (squares)
as a function of humidity for a Si,N4 tip and a PS bead sliding on silicon.

Silicon is hydrophilic, thus a layer of water and contaminants will fonn

spontaneously if it is exposed to ambient conditions. Therefore, a large meniscus between

probe and sample is formed, which is evident from the long break-free lengths in the

force curve upon retraction for the Si(N4 tip (250-400 nm) and the PS bead (900-1050

nm). Since the silicon samples were not plasma-cleaned prior to use, the silicon is

probably covered with a layer of water and hydrocarbons beforehand, which might

change the effect of the humiditi. Considering the lubricating effect of a water film, it is

not clear whether the contaminants will enhance the lubricating effect or increase the

shear-strength. The almost constant coefficient of friction might be due to the reduction of

shearing forces by unbound water. On the other hand, the steady increase of the friction

force itself with increasing humidity suggests that the contact area increases due to

increasing capillary forces. For the tip the effect of the increased capillary force and hence

increased contact area cannot be separated from an additional increase in the tip radius due

to wear. In case of the PS bead the increase in the friction force and coefficient of friction
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suggests that due to the increase in humidity more asperities get into contact with the

surface and the cavities get filled. Thus, an increase of fnction force with humidity is due

to more asperities contributing to the overall meniscus force by forming menisci bridges

(see Figure 4.14). The stable or even decreasing coefficient of friction with further

increasing humidity for the tip is attributed to the fact that at higher humidify, the

adsorbed water film on the surface acts as a lubricant between the two surfaces. Thus, the

interface is changed at higher humidity, resulting m lower shear-strength and hence lower

friction force and coefficient of friction. For the PS bead this effect is probably not as

strong as the increase m contact area due to an increased number of contacting asperities.

As calculated in chapter 3.4. the water layer for 40% RH is around 0.4 nm and even for

90% RH it is below 1 nm (see eq. 3.16), which is much smaller than the radius of the

probes used. Thus, even at high relative humidity the friction and adhesion behavior

cannot be compared to the measurements performed in yvater. In literature, many different

trends for the adhesion and friction force as a function of humidity are described, which

strongly depend on the range of humidity, the surface preparation and tip size: Fujihira et

al. observed an increase of adhesion and friction force with increasing humidity (10% to

60% RH) on silicon [Fuj96]. Scherge et al. observed the same tendency but pointed out

the sensitivity to temperature [Sch99]. Binggeli et al. observed little effect on the adhesion

and friction force for a humidity below 75% RH. but above 75% RH the break-free

length increased rapidly on hydrophilic silicon and the adhesion force and coefficient of

friction decreased. For hydrophobic, perfluoropolyether-covered silicon all three entities

varied only little [Bin94, Bin95, Bin96], These results are confirmed in surface force

apparatus experiments which showed that at a humidity higher than 75% RH, entrapped

water lenses can be formed. These water lenses decrease the friction due to a decrease in

the true area of contact and the shear-strength [Hom89]. This could also be relevant for

SFM experiments using tips with large radii. Fraiuka investigated pull-off forces and

friction coefficients as a function of applied normal load and relative humidity (J% to

70% RH) on silicon and found an increase due to capillary forces with increasing

humidity [Fra96]. The contradiction to results b\ Binggeli is explained with the difference

in tip radius. The large tip radius of 100 nm compared to their radius of 10 nm may

promote hydrodynamic effects at high humidity. Bushan et al. observed an increase of the

coefficient of friction up to a relative humidity of 60% and a decrease at higher humidity

[Bus98], For a tip sliding on silicon, a slight drop in the coefficient of friction at high

relative humidity is observed m this work and by other investigators mentioned before.

This drop might be explained by hydrodynamic and lubricating effects and a reduction of
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the sheai-stiength The mciease in the fnction loice itself might be due to an increase m

the contact aiea due to moie contilbutmg aspentics The same aiguments aie used to

explain why a sand castle can onl\ be built using humid sand, but not with diy oi wet

sand The same consideiattons appl> foi a macioscopic contact (sec chapter 4 2 4)

Figure 4.14: Schematic diagram of a rough surface in contact with a liquid
film on a smooth surface and meniscus bridges forming around contacting
(A) and noncontacting asperities (B).

The coefficient ot fnction foi a Si N\ tip sliding on fieshly cleaved gold does not

change if the îelative humidity mcieases fiom 11% to 22%, but chops if the humidity is

mcieased to 76% The fnction toicc shoyvs the same tendency as the coefficient of

fnction (see Figuie 4 15) The pull-oft foice, the minimum negative applied load dunng

sliding and the bieak-fice length \aiy onlv slightly with changes m humidity The ladius

of the tip was m the lange of 100 nm and it did not bioaden dunng the expciiments Foi

the polystyiene bead with a ladius of 3 8 pm sliding on freshly cleaved gold the

coefficient of fnction is almost constant The fnction foice increases with increasing

humidity (see Figuie 4 15) The pull-off force and bieak-fiee length aie substantially

laigei foi 76% RH (225 nN and 1200 nm) than fot 20% and 11% RH (ca 70 nN and

225 nm)

Gold is ahigh-eneig} suiface that contaminates quickly undet ambient laboiatory

conditions Although, once contaminated, it is not hydiophihc the behavioi as a function

of humidity is quite simulai to that ol silicon This is piobabK due to a layei ol

contaminants and watei present on the smlaee At high humidity the dectease m

coefficient of fnction and friction foice is due to h\diod\nannc effects and a ieduction m

sheai sticss In the case of the tip. the contact area mcieases only slightly due to the

capillaiy tonnatton Foi the PS bead the same effects aie obsened and, m addition, an

mcieasc m fnction foice is observed, due to an mciease in contact aiea as the numbei of
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contacting asperities increases (see Figure 4.14). Very few investigations have been made

on gold, which allow the results to be compared to literature values. Koinkar et al.

observed a very small increase in the coefficient of friction (0.073-0.08) if the humidity

was raised from 5% to 50% RFI [Koi96], but in this range of humidity no pronounced

effects arc expected.
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Figure 4.15: Coefficient of friction (circles) and friction force (squares)
as a function of humidity for a Si3N4 tip and a PS bead sliding on gold.

Flaving studied the effects of humidity for silicon and gold samples, we also

wanted to observe the effect of humidity on the better-defined thiol films. The friction

force for a Si,N4 tip sliding on hydrophobic CFL- and hydrophilic COOH-terminated

thiol films on gold was measured as a function of load at 11%, 31% and 67% relative

humidity. Minimum negative applied loads, pull-off forces and break-free lengths

recorded with a Si,N4 tip and a PS bead with a radius of 3.8 pm are higher on the CH,-
tenninatcd film compared to the COOH-terminated thiol film at any humidity. The
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coefficient of friction for the Si Nt tip sliding on the CH,-terminated SAM film increases

with increasing humidity. The friction force is almost constant (see Figure 4.16). The

pull-off force and break-free length correlate with the friction force. For the polystyrene

bead sliding on the same methyl-terminated film, the coefficient of friction is small for

11% relative humidity, then increases as the humidity is raised to 30% RH and decreases

if the humidity increases further to 60% RII. The friction force slightly increases with

increasing humidity (sec Figure 4.16). The pull-off force and break-free length are

relatively constant for any humidity.

Figure 4.16: Coefficient of friction (circles) and friction force (squares)
as a function of humidity for a Si,N4 tip and a PS bead sliding on a CH3-
terminated thiol film.

On the COOFI-terminatcd film the humidity does not change the coefficient of

friction for the Si,N, tip, but increasing humidity increases the coefficient of friction for

the PS bead (see Figure 4.17). The friction force, pull-off force and break-free length arc

almost constant with increasing humidity for the Si,N4 tip and the PS bead on the
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carboxylic acid terminated thiol film. The tip radius is 70 nm, but wear occurs during the

measurements.
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Figure 4.17: Coefficient of friction (circles) and friction force (squares)
as a function of humidity for a Si3N4 tip and a PS bead sliding on a

COOH-terminated thiol film.

The carboxylic acid terminated thiols generate a high-energy surface, which, like

gold, contaminates quickly in ambient laboratory conditions. The higher pull-off force on

the hydrophobic CH,-terminated film can be explained according to the surface free

energy considerations, which will be discussed in more detail in chapter 4.1.5, assuming

that the Si,N4 tip and PS bead are not forming hydrogen bonds. Hydrophobic, methyl-

terminated probes exhibit higher adhesion forces, friction forces and coefficients of

friction on methyl-terminated thiol films than on carboxylic acid terminated SAMs as has

been shown in several other experiments [Veg97. Fro96]. The higher friction force on the

methyl-terminated surface indicates that the tip is rather hydrophobic, since the interfacial

interaction forces order as carboxyl-carboxyl > methyl-methyl > methyl-carboxyl
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[Noy97, Fro96], The almost constant friction force and constant coefficient of friction of

the Si,N4 tip on the COOH-terminated film indicate that even at low humidity a water

layer is present on the surface. On the hydrophobic surface the lubricating effect of water

is not that effective since presumably a homogeneous yvater film is not formed and the

increase in friction is due to an increase in capillary condensation at higher humidity. In

contradiction to these results. Liu el al. observe a slight increase of the coefficient of

friction and friction force with increasing humidity on hydrophobic SAMs and significant

decrease on hydrophilic SAMs [Liu96]. Undefined probes, yvhich arc not made

chemically homogeneous by functionalization. measurements under ambient conditions,

and a varying contact geometry all make it very difficult to interpret and compare

interaction forces between probe and sample. Either the chemical state, or—as discussed

before—the size of the tip, might explain the difference in the friction behavior with

changing humidity. For the PS bead on both thiol films the same explanations can be

applied as for the silicon and gold samples since the effect of humidity will be a

combination of increased contact area by an increasing amount of contacting asperities

and hydrodynamic effects due to the water layer.

The described experiments that investigated the effect of humidity under ambient

conditions are difficult to interpret, since the chemical state of the probes was not well

defined and the tip geometry has a big influence on the expected friction behavior with

humidity. Furthermore, the lubricating effect of the yvater film will depend on its

thickness and the amount of contaminants. Nevertheless, the results show the dramatic

effect of changes in humidity. It has been reported that even the mechanism of friction can

change between liquid-like friction (without stick slip) and solid-like friction (with stick

slip) as a function of the thickness of the yvater layer [Sch99]. Special care has to be taken

for imaging, since for special cases the contrast in fnction could be inverted due to a

change in humidity and contamination [Bar97]. The results of this and the previous

chapters make it clear that true interaction forces determined solely by solid-surface free

energies can only be studied between well-defined probes and samples in vacuum. Even

in dry inert gas atmosphere the presence of adsorbed vapor on high-energy surfaces

cannot be excluded and under controlled humidity it is not clear how to account for the

adsorbed water layer. The capillary effect can be eliminated by conducting experiments in

liquid.
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4.1.5 Friction Experiments in Different Media

As we have seen in chapters 4.1.2. 4.1.3 and 4.1.4. interaction forces between tip

and sample are mostly dominated by capillary forces under ambient conditions. To avoid

capillary effects and study 'true' chemical interactions it is useful to measure either in

vacuum or in liquid. In contrast to experiments performed in vacuum, where interactions

solely due to solid free energies are probed, in liquid we arc measuring the interactions

between surface free energies of solvated functional groups. Our AFM is equipped with a

closed liquid cell which allows one to immerse the tip-sample assembly in a fluid and to

exchange it continuously. Deionized water, an aqueous NaCl solution, ethanol and

isopropanol are the liquids that were used to study the interaction between probe and

sample by measuring friction forces as a function of applied load and force curves. Water

was deionized with a Barnstead NANOpure II filtration unit to 18 Mßcm resistivity. To

prepare the aqueous 1 mM sodiumchloride solution. NaCl p.a. (Siegfried AG, Zofingen)

was dissolved in deionized water. Ethanol p.a. (Fluka) and isopropanol p.a. (Riedel-dc

Haën) were used as received.

Adhesion and friction forces under different media were studied for a PS bead in

contact with silicon. From Table 4.4, Figure 4.19 and Figure 4.18 it can be seen that

water and the aqueous NaCl solution have a very similar effect. These two media lower

the coefficient of friction and adhesion force compared to the measurements in ambient.

Furthermore, the force curves show a repulsive interaction on approach. Negative loads

can be applied in all media during sliding, i.e. a finite contact area exists at zero applied

load. The coefficient of friction, the pull-off force and the negative load that can be

applied are maximum for the measurements that were performed in ambient atmosphere.

The pull-off force extracted from the force curve (see Figure 4.19) and the maximum

negative load, L(), that can be applied during sliding (see Figure 4.18) compare quite well,

except for the friction experiment in isopropanol. Furthermore, pull-off forces and

absolute friction forces indicate qualitatively a direct relationship between friction and

adhesion. The values for maximum negative loads, pull-on and -off forces are very

stable; the error is not larger than 5% for five repeated measurements.
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PS bead on

silicon in

Friction

Force [a.u.J

it

La.u.]
L„
[nN]

Pu 11-off

force [nN]

Pull-on force

[nN]

Ambient 6.2 0.12 -80 250 4.5 nN (attractive)

Water 0.4 0.09 -40 7 repulsive

NaCl 0 6 0.10 -40 1 repulsive

Isopropanol 2.7 0.06 -20 16 3 nN (attractive)

Table 4.4: Interaction forces between PS bead and silicon in different

media.

In this study, adhesion forces measured in ambient atmosphere are one to two

orders of magnitude higher than those in liquids, as wc expected. This effect is due to the

strong capillary force that dominates the interaction forces in the contact regime under

ambient conditions. In particular, since silicon is hydrophilic. a large capillary is formed,

yvhich is also evident from the long break-free length in the force curve upon retraction

(>1500 nm in air versus 30 nm in yvater). Furthermore, the gradual release of the bead

from the surface indicates the presence of a contamination layer. The repulsion observed

in the force curves recorded in water and aqueous NaCl solution indicates electrostatic

repulsive interactions. The silicon surface will be negatively charged in these media at a

pH value of 6, since its isoelectric point is at a pH value of 2.5 to 3.5 [Häh97]. From

potential analyses of PS films it is known that PS has a net negative surface charge in

contact with aqueous electrolytes. This is explained by the specific adsorption of ions

from solution: the smaller, more polanzable and less hydrated anions in an aqueous

solution have a greater tendency to partition at an interface, especially when the polymer

is hydrophobic [Wag8l]. In water, the hydroxyl ions adsorb on the hydrophobic parts of

the PS surface and in aqueous NaCl solution additional negative chloride ions adsorb

[Ma80]. This might be one reason why repulsion is observed m aqueous media between

polystyrene and silicon. The differences in adhesion forces measured in water and

aqueous NaCl solution can be explained by the change m the Debye length. The salt

concentration reduces the characteristic length scale—the Debye length-—for the

electrostatic interaction to only 9.6 nm \ersiis 960 nm in pure water. An increase in ionic

strength (i.e. smaller Debye lengths) will increase the double-layer repulsion and this

should result in a lower adhesion force. In our experiments performed in water and

aqueous NaCl solution, the decrease of the Debye length actually does reduce the
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adhesion force and the force curve on approach is more repulsive in the aqueous NaCl

solution. As expected for a nonaqueous solution no repulsion is observed in isopropanol.

Polystyrene has a rather polar surface, dominated by basic sites, and also silicon, with its

hydroxyl groups on the surface, could be considered as a relatively polar surface. In

contrast, isopropanol is less polar than water or the aqueous NaCl solution. Chemical

similarity of solvent and surface groups influences the adhesion force: if solvent and

surface are chemically different, the force to separate tip and surface arc large compared to

the case of 'chemical similarity' (e.g. polar solvent and polar groups). This might explain

the larger pull-off force in isopropanol compared to the aqueous solvents. On the other

hand, the relatively large break-free length of 700 nm and the gradual release of the bead

instead of a jump out of contact indicates the presence of a contaminant layer.

With a radius of 3.8 pm for the PS bead and a work of adhesion between

polystyrene and silicon of 0.72 ,1/nr [Rim90], the theoretical adhesion force is 13 pN

according to JKR theory (see eq. 3.6). The much smaller experimental values of this

study indicate that the contact is not established by the theoretical contact area, but rather a

few contacting asperities. Furthermore, electrostatic repulsion will decrease the magnitude

of the pull-off force compared to that predicted by the JKR theory.

Figure 4.18: Friction versus applied load for a PS bead sliding on silicon
in different media.
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In this work, the magnitude of the fnction force seems to be directly correlated to

the adhesion force in all media. The coefficient of friction correlates with the adhesion

force as well, although for the fnction measurements m isopropanol it is relatively low

compared to the amount of adhesion and friction force. The force curves in isopropanol

already indicated the presence of contaminant layers, which are known to have good

lubricating properties in some cases. This might be the reason for the low coefficient of

friction in isopropanol compared to the relatively high friction force. These experimental

results show that the absolute friction force is directly related to the adhesion force. Some

SFA studies demonstrate that the friction force correlates directly with the adhesion

hysteresis rather than with the amount of adhesion [Isr92, lsr94, Yos93]. Lieber et al.

propose that friction and adhesion forces between structurally similar but chemically

distinct phases correlate directly with each other, because both forces originate from the

breaking of bonds [Fri94, Noy95]. Several other groups found a direct relation between

the adhesion and friction force [Veg97, Vez97, Liu96, Yos94, Noy97], In this case, the

relationship between the friction force (F) and the load (7.) is best expressed as

F=A(L)+jlL, where A is the adhesion term and jl is the coefficient of friction.
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Figure 4.19: Force curves recorded with a PS bead on silicon in different
media (the curves for isopropanol, aqueous NaCl solution and water are

shifted by 20 nN each for clarity).
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As already obscved for the PS bead on silicon, the interaction forces between a

Si,N4 tip and a silicon surface measured in liquid are one to two orders of magnitude

smaller than the one obtained in ambient atmosphere (sec Table 4.5 and Figure 4.20).

Correspondingly, the absolute friction force is smaller in liquids as well. The smallest

applied load, L0, that can be used dunng sliding before jump-off is negative if measured

under ambient conditions, but in water and aqueous NaCl solution L0 is around zero. The

coefficient of friction on the other hand is higher in liquids. The behavior in the aqueous

NaCl solution is very similar to the one in water. Again, the values for maximum negative

loads, pull-on and -off forces are very stable and the error is not larger than 5% for five

repeated measurements.
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Figure 4.20: Force curves recorded with a Si,N4 tip on silicon in different
media (black: ambient, gray: water, dashed: aqueous NaCl solution).

As for the PS bead on silicon, in air a large meniscus of water is formed and the

adhesion force is dominated by the capillary force. The repulsion observed in the force

curves recorded in water and aqueous NaCl solution indicate the presence of electrostatic

repulsive forces. These are due to the negative charge on both materials. The Si,N4 tip

and the silicon surface will be negatively charged in aqueous media with a pH value of 6,
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since their isoelectric points are at a pH value of around 5.5 and 2.5 to 3.5 for Si,N4 and

SiO,, respectively [Häh97]. The effect of the decreased Debye length by increasing the

ionic strength with NaCl can be observed as well: in the aqueous NaCl solution the

adhesion force is smaller than in water. Furthermore, the adhesion force shows the same

trend as the friction force. The coefficient of friction, on the other hand, is lower for the

friction measurement in air, although the adhesion and friction force arc high compared to

the measurements in liquid. This might be due to the boundary lubricating effect of a

water layer on the silicon wafer [Bm94].

Si3N4 tip on

silicon in

Friction

Force [a.u.] [a.u.]
L0
[nN]

Pull-off

force [nN]

Pull-on force

[nN]

Ambient 2.4 0.05 -170 50/250 3/12 (attractive)

Water 0.1 0.19 10 0.5 0 (repulsive)

NaCl 0.6 0.26 0 0 0 (repulsive)

Table 4.5: Interaction forces between Si3N4 tip (r=150 nm) and silicon in

different media.

To complete these studies on well-defined surfaces, several measurements were

performed with tips and substrates that were modified yvith SAMs terminating in distinct

functional groups (see Table 4.6). The modification of the tips involves coating with

chromium and gold and immersion in a hexadecanethiol solution. Coating the cantilever

with gold on both sides prevents its bending. Under these conditions stable films can be

formed. Ultraflat gold samples were covered with SAMs that had -COOH and -CH, as

head groups. The friction and force measurements were performed in a liquid cell filled

with water and ethanol. The force curves in water show extremely low pull-on (0.2-4

nN) and pull-off forces (0.5-12 nN). No negative loads can be applied during the friction

experiments, i.e. no strong adhesion is present. In ethanol the effects are similar, with

even lower pull-off forces. The adhesive interaction forces between the tip/sample

functional group CH,/CH, are larger than between the tip/sample functional group

CH,/COOFI in both media. Similar observations were made by Noy et al. [Noy97],

Vezenov et al. [Vez,97J, Vegte et al. [Veg97] and Smniah et al. [Sin96]. Again, the values

for maximum negative loads, pull-on and -off forces arc very stable and the error is not
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larger than 5% for five repeated measurements. The friction forces and coefficients of

friction could not be compared to each other, since the lateral forces were not calibrated

and the laser position on the cantilever had to be changed from one measurement to an

other.

-CH, functionalized

tip on

Medium Lo Pull-off

force

Pull-on force

-CH3 water 30 nN 12 nN 4nN

-COOH water 8nN 1 nN 0.5 nN (repulsive)

-CH3 EtOH OnN 0.8 nN 0.2 nN

-COOH EtOH OnN 0.5 nN 0.5 nN

Table 4.6: Interaction forces between CH,-functionalized tip and CH3- and

COOH-terminated SAMs in yvater and ethanol.

Water does not wet the hydrophobic methyl-tenninated surface, and a large pull-

off force is needed to break the tip-sample contact. On the other hand water easily wets

the hydrophilic surfaces and much smaller pull-off forces suffice to break the tip-sample

adhesion. With ethanol this effect is much smaller but has the same trend: smaller

adhesion forces are measured on the hydrophilic sample. The effect of the solvent can be

explained by the smaller contact angles with ethanol compared to water: on the

hydrophobic methyl-tenninated surface contact angles of 6H20=112° are measured

whereas the contact angle with ethanol is only 9noH=40°. On the hydrophilic sample the

contact angles are very small, but the same trend can be observed (0IPO=<10°, 8nOH=<5,

[Sin96]). The lower contact angles indicate that ethanol wets the hydrophilic and

hydrophobic thiol films better than water and therefore smaller pull-off forces arc needed

to overcome the tip sample adhesion in ethanol. The effect of the solvent can also be

explained by chemical considerations: when the solvent is chemically similar to the

terminal functional groups, e.g. COOFI in ethanol (both are polar), the forces to separate

the tip and the surface arc small. When the solvent is immiscible with (he functional group

that terminates the SAM, the adhesive forces are large, e.g. CH, (apolar) in H,0 (polar).

In water, the adhesion force between CH,-ternunated SAMs is one order of magnitude

larger than the adhesion force observed between the CH/COOH tip/sample assembly.



103 Nanotribology

Van der Waals and hydrophobic interactions are responsible for this. Furthermore, the

higher interaction forces are also due to the large contact area that occurs between

hydrophobic surfaces. According to Vczenov et al. the friction force per methyl group is

actually smaller than the friction force per carboxyl group if scaled by the contact area

[Vez97]. The observed repulsion on the COOH-terminated sample in water can be

attributed to electrostatic repulsion, since carboxylic acids are ionized and form negatively

charged carboxylatc groups in aqueous solutions.

The fact that the interaction forces between the CH7CFI, tip/sample combination

are larger than between CH./COOH one (in water and ethanol) can be explained

considering the surface free energies: according to the 1KR theory (see chapter 3.1.2) the

adhesion force is proportional to the radius and the work of adhesion. The work of

adhesion can be expressed as W=y+ yl-yl, where y and y are the surface free energies of

the sample and tip, respectively, and yt is the interfacial free energy of the two contacting

bodies. For the sample and tip combination that have the same surface free energy

(CFI,/CH,) the work of adhesion reduces to W=2y since y=y and y=0. Since yt is

relatively large compared to y and y for the CFI,/COOFI system, this fact explains why

we observe larger interaction forces between the CR/CH, tip/sample assembly than

between the tip/sample functional groups CH,/COOH (see Table 4.7).

Knowing the tip radius and the surface free energy, the experimental results can

also be compared to the theoretical values using the JKR theory (see chapter 3.1.2). The

JKR theory is a good model for the contact mechanism in aqueous media, but an

additional force term related to the free energy of a double layer has to be added to the

adhesion force in the presence of long-range electrostatic forces [Noy97]. Since for the

tip/sample combination CH,/CFI, in water and ethanol and for the tip/sample combination

CFL/COOH in ethanol no electrostatic repulsion is expected, the adhesion force Fm, to

separate a tip of radius R from a planar surface at pull-off can be expressed according to

equation 3.6: Fatl=-1.5ïïRWy.. where 1V\, is the work of adhesion for separating tip and

sample. As described before, the work of adhesion can be estimated by Wu=y+ y~yt or

Ws,=2yin case of same material for sample and tip. Using a tip radius of 100 nm and the

surface free energies listed in Table 4.7 adhesion forces of 1 8 nN for the CH,/CFI,

system in water, 1.9 nN for the same system in ethanol and 0.6 nN for the CR/COOH
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tip/sample combination in ethanol are calculated. The measured pull-off forces (12 nN.

0.8 nN and 0.5 nN) are found to agree quite well with the predictions of JKR theory and

thus show that the observed interactions correlate with the surface free energies.

Terminal

group

Medium Surface free

energy

Interfacial

free energy

Reference

CH3 water 19 mJ/m2 [BaiS9]

COOH water 50 mJ/nr

55 mJ/nr

[Bai89]

[Sin961

CH3 ethanol 2.5 m.T/m2 [Noy95, Vcg97]

COOH ethanol 4.5 mJ/nr [Noy95, Veg97]

CH/COOH ethanol 5.8 mJ/m2

4.8 m.I/m2

[Noy95]

[Veg97]

Table 4.7: Literature values for surface and interfacial free energies

To sum up, the results of this chapter show that "true' interaction forces between

probe and sample (in the absence of a UFIV SFM) can only reasonably be studied in

liquid. Nevertheless, the data presented in chapter 4.1.2. 4.1.3 and 4.1.4 have shown

that interaction forces between tip and sample are mostly dominated by capillary forces

under ambient conditions and have demonstrated that control of the sufacc chemistry and

atmosphere is crucial for SFM adhesion and friction measurements.
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4.2 Macrotribology

4.2.1 Characterization of the Instrument and Probes

The characterization of the tribometer is very important, since solid friction is not

only considered as a fundamental property of two contacting materials but also as a

tribosystem-related property. Blau showed that friction values varied for three different

tribometers: friction values were a function of the stiffness of the instrument [Bla92], The

importance of the system stiffness especially on friction vibrations has been pointed out

as well by Aronov et. al [Aro84], If not indicated differently, all the measurements and

tests in the present work were performed with the CSEM tribometer described in chapter

2.2. Since fluctuations are of interest m the data evaluation of this work, it is important to

distinguish between fluctuations arising from machine noise and fluctuations due to

friction. To study the instrument behavior. Fourier analysis of the lateral signal was

performed. Applying different masses and exciting the holder the cigenfrequency of the

probe holder of the CSEM tribometer changes from 135 Hz at 0 N to 45 Hz at 5 N and 29

Hz at ION. The lateral signal of the holder in its rest position is dominated by a 50/100

Flz power line noise. The lateral signal yvas recorded yvith a sampling rate of 20000

samples/sec, allowing frequencies up to 10 kHz to be probed. Figure 4.21 shows the

frequency shift due to an increase in the static mass.

From the shifts of the resonance frequency, the lateral force constant of the pin

holder can be calculated since the relation between the frequency, f the mass, m0, and the

force constant, k, is given as:

/'= • (4.1)
2k m0

From the observed frequency shifts, the lateral force constant of the CSEM

tribometer is determined to be m the range of 8 to 11 kN/m.
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Figure 4.21: Fourier spectrum of lateral signal resulting from excited

probe holder with an applied load of 10 N (dashed line) and 0 N (solid
line).

In contrast to the CSEM tribometer, which uses static loads, the CETR tribometer

allows one to control the applied load by pressing the ball against the substrate.

Therefore, the normal force constant can be determined by moving the holder against the

sample and recording the force as a function of the distance. Since k=AF/Ax (Ax=l pm

and zlF=l N) the normal force constant is 1x10' kN/m. The highest sampling rate is 50

samples/sec which allows a frequency analysis up to 25 Hz only. The lateral force is

measured beneath the sample holder. Therefore, the resonance frequency could not be

measured as a function of load, i.e. mass, and the lateral force constant could not be

determined. Still, the resonance frequencies for a lateral excitement are in the range of 20

Hz at zero load, which is considerably lower than the corresponding resonance frequency

of 135 Hz of the CSEM tribometer. Therefore, the stiffness of the CETR tribometer is

much lower (k~f2) than that of the CSEM tribometer. For the CSEM tribometer, the

amplitude of the lateral force fluctuations. AF, at zero scan is ±0.03 N, i.e. the lateral

displacement, Ax, due to fluctuations comprises ca. ±3 pm. The fluctuations increase

with increasing static load as shown in Table 4.8.
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Load Amplitude of fluctuations

ON 0.03 N

5N 0.06 N

5 N (with rotating disc) 0.08 N

ION 0.1 N

Table 4.8: Increase of force fluctuation amplitude with increasing load

measured with the CSEM tribometer.

The normal vibrations were not taken into account for these investigations, since

the normal load is applied via a static weight and cannot be controlled. Nevertheless, in

friction experiments, the friction noise is usually attributed to a combination of surface-

structure-induced normal oscillations, stick-slip and test-machine harmonics. The friction

noise is known to increase with increasing normal load, sliding velocity, contact area,

elastic modulus and wear.

The adjustable gain for the CSEM tribometer allows one to control the conversion

of the voltage output to Newtons. For the best setting of the gain the difference between

measured Volts and corresponding Newtons amounts to 2%. Therefore, the gain was

kept constant throughout all experiments. In the CETR instrument the gains have a large

influence since they determine the response time of the load control. They have to be

optimized for each setting in order to avoid retardation in the load control or instabilities.

The effect of wear of probes was investigated with atomic force microscopy and

light microscopy images and will be discussed in the corresponding chapters. Probes and

samples were also characterized prior to and following friction experiments with XPS to

detect chemical changes due to trtbochemieal reactions. For a silicon pin and sample.

XPS elemental analyses, yvhich are summarized in Table 4.9, show that the substrate-to-

adsorbate (silicon to carbon) ratio decreases on the worn surface, compared to the

reference surface, i.e. the adsorbate layer increases. The dry friction experiment was

performed at a velocity of ca. 0.3 mm/sec and loads up to 5 N. The silicon-to-oxygen

ratio remains almost constant, indicating that the oxygen peak is mainly due to the silicon
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oxide. The fact that the oxygen-to-carbon ratio decreases can be attributed to an increased

adsorbate layer of carbon contaminants on the worn surface as well. The Si 2p peak at

103 eV and O Is peak at 533 eV can be attributed to silicon and oxygen in SiO,, the peak

at 99 eV to silicon and the peak at 53 I eV to oxygen in water and contaminants. From the

different ratios and distributions of these two elements it becomes clear that the silicon pin

is more contaminated than the silicon sample and the amount of silicon oxide is increased

during the friction experiment. In contrast to this, the oxide fraction on the silicon sample

has decreased after the friction experiment. A different trend in the pin and sample surface

is not surprising, since the pm experiences a greater sliding distance and probably higher

contact temperatures compared to the sample in a pin on rotating disc configuration.

Similar trends were observed by Rice et al. who investigated different pin/sample

combinations and their reversals [Ric83].

Si/C O/C Si/O Si 2p O Is

Peak position f03eV 99 eV 533 eV 531 eV

Pin 0.29 1.28 0.23 49% 51 % 66% 34%

Pin worn 0.065 0.25 0.25 88% 12% 80% 20%

Sample 1.58 7.42 0.21 79% 21 % 100%

Sample worn 0.037 0.18 0.2 56% 44% 90% 10%

Table 4.9: XPS results for worn and unworn silicon pin, gold-coated
silicon pin and silicon substrate.

For a flat, gold-coated silicon pin sliding on a gold-coated sample at a velocity of

ca. 0.3 mm/sec and without lubrication, the XPS analysis shows the same trend as for the

silicon pin and sample: the substrate-to-adsorbate ratio, i.e. Au/C, and the oxygen-to-

carbon ratio decreases on the worn pin compared to the one prior to use indicating an

increase of carbon contamination after the friction experiment. The silicon pin was coated

with an adhesion-promoting chromium layer of 6 nm and with 60 nm of gold. Although

silicon wear scars were visible if the ioad yvas increased to 1.5 N, no silicon or chromium

traces were detected in the XPS analysis of the pin. The XPS results for a Si,N4 ball prior
to use show that the ball surface consists of Si,N, and SiO,. The ratio of the silicon peak
associated with Si,N4 to the silicon peak associated with Si02 is 9 and decreases to 4 after



109 Macrotribology

plasma cleaning under oxygen for two minutes, indicating that the amount of Si02 has

increased. Furthermore, the balls are covered with a contaminant layer, which can be

partly removed by plasma cleaning. Si,Nt balls were coated similarly to the silicon pins

with an adhesion-promoting layer of 6 nm of chromium and with 250 nm of gold. With

XPS no chromium or silicon could be detected.

4.2.2 Infi uence of Roughness on Friction

The sample roughness plays a crucial role in macrotribology. In nanotribology a

single asperity slides on the surface and determines the contact area, whereas in a

macrotribological friction experiment the surface roughness determines the amount of

asperities in the contact area and the asperity curvature. The influence of roughness was

investigated by analyzing friction and wear for a steel - steel combination. A steel ball was

sliding at ambient condition on different steel plates at a velocity of 18 pm/sec. The lateral

signal was recorded during 30 minutes of sliding with a resolution of 100 samples/sec

and an applied load of 0.5 N. The steel plates were polished with abrasive paper of

different grit size (P120, P320, P800 and P1200). This results in surfaces of different

roughness with values for R, of 103, 83, 41 and 35 nm, respectively, which were

determined by profilometer measurements. Rt is the central-line-average roughness (see

equation 3.10).

Roughness
(Ra) [nm]

Friction

force [N]

Standard

deviation [N]

O wear scar on

ball [pm]

0 wear scar on

disc [pm]

103 0.25 0.058 85 -

83 0.20 0.041 153 52

41 0.31 0.025 148 73

35 0.11 0.035 213 38

Table 4.10: Friction forces, fluctuations and diameter of wear area on

steel ball and sample as a function of roughness.
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The geneial tiend is decieasmg fnction foices and fnction fluctuations with

decieasing toughness The diametei of the abiasrve aiea on the steel ball seems to

mciease with decieasmg loughness wheieas the diametei ol the weai scai on the sample

seems to decieasc Figuie 4 22 gives an example ot a typical weai aiea on a steel disc

(R.=41 nm) and the coiiespondmg counteiface of the steel ball Again, since the ball

exhibits longei sliding distances, the laigei weai aiea on the ball is not suiptismg The

mciease m weai with decieasmg roughness could be explained yvith moie contacting

aspenties coiitnbutmg to the abiasne weai mechanism The decieasc m diction is not as

obvious The most significant decieasc is observed foi the smoothest sample, which has

at the same time by fai the laigest weai area In this case, weai debris in the contact aiea

might contnbute to the low coefficient of fnction by lolling fnction mechanism Anothei

explanation might be that adhesion is not the mam contnbution to fnction and a leduction

in the numbei of contacting aspenties does not îeduce fnction by decieasmg adhesion

The dominant friction mechanism might be îathei latcheting oi rnteilocking ol aspenties

This mechanism would result m highei friction values for higher aspenties In geneial,

loughness will have an effect on the picssuie distiibution m the contact zone, on the

numbei of contact points, and on the size of the contact aiea

Figure 4.22: Light micrographs of the wear area on a steel disc with

R^=41 nm (left) after sliding for 30 minutes on a steel ball (right) at a

load of 0.5 N.
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Similar considerations have to be kept in mind for friction measurements on gold

and silicon. Although both substrates are extremely smooth from an engineering point of

view, their topography differs. Gold is rougher compared to silicon, due to the formation

of gold grains during the evaporation of the gold layer. Figure 4.23 shows the Ra value as

a function of scan iength determined from SFM height images. A similar trend is seen on

the tribo counterfaccs: the gold-coated SEN, ball has a roughness. R„ of 2.4 nm and the

SEN, ball an R, value of 0.97 nm determined from SFM height images scanning 1 um.
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Figure 4.23: Roughness of gold and silicon substrate as a function of

scan length determined from SFM height images.

4.2.3 Friction Experiments on Silicon and Gold

In accordance yvith nanotribological experiments on gold and silicon, we

performed friction tests with a tribometer on these model samples using Si,N4 balls and

gold-coated balls to compare friction behavior in the nano and macro regime. The friction

tests were performed under ambient conditions (40% and 55% relative humidity), and
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substrates were sliding at 0.06 RPM. which corresponds to a velocity of 16 pm/sec. The

load, L, was kept constant with a static weight of 0.5 N. The coefficient of friction was

determined according to Amontons' layv of friction (see chapter 1.1) as ji=F/L. The errors

correspond to the amplitude of fluctuations. For the gold-coated ball sliding on gold,

wear was always present. Flakes of gold were visible on the ball and on the sample after

sliding and in the wear scar the silicon or chromium sublayer became visible. Only if the

applied load is reduced to 0.1 N wear scars become undetectable by the naked eye.

Coefficients of friction and fluctuations decreased after the running-in process (several

rotations). Similar measurements performed with the CETR tribometer resulted m a

coefficient of friction of 0.2 for an applied load of 0.5 N, which is comparable to the later

CSEM measurement, but p increased up to 0.6 for further friction measurements on the

same sample. For a Si,N4 ball sliding on silicon, we observe an opposite trend: the

coefficient of friction decreases after the running-in process. For the second measurement

on silicon, the same Si,N, ball as in the first friction test was used. In accordance with

these results, measurements performed with the CETR tribometer resulted in a coefficient

of friction of 0.1, which increased to 0.25, and for higher loads (1 and 1.5 N) the

coefficient of friction rose to 0.51. The friction coefficients measured in this work fall

within the wide range of reported literature values [Gla92. Flut92, Bla92].

Pin - disc material Humidity Coefficient

of friction

Coefficient of friction

after running-in process

gold - gold 40% 0.08±0.02 0.06+0.01

55% 0.28±0.04 0.19+0.01

Si,N4 - silicon 63% 0.10+0.02 0.15+0.03

63% 0.19+0.01 0.26+0.01

Table 4.11: Coefficient of friction for gold-gold and Si,N4-silicon tribo

pairs measured with the CSEM tribometer. The errors correspond to the

fluctuations of the friction force yvith time, i.e. distance.

The experimentally determined values for the macroscopic coefficient of friction

show several variations. The \ allies are not consistent if measured with two different

tribometers, they are not close within one tribopair for repeated measurements at slightly

different conditions, and the} are not constant yvith time.
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The first observation—different coefficients of friction with different

tribometers—has already been discussed in the first chapter and is probably due to the

fact that the CSEM and CETR tribometers have a different machine stiffness.

Furthermore, the mechanism to apply load is very different, the CSEM instrument applies

a static load. This implies that the ball might 'jump' and not always be in contact with the

substrate. The CETR uses a feedback loop to control the applied load. In this case, the

stability of the applied load is theoretically better, but it varies a lot with the settings of the

gains and the set-up of the instrument is not specifically made for small loads, which we

are interested in using. Nevertheless, both experiments give coefficients of friction that

are in the same range and comparable to literature values.

The difference from one measurement to another with the same instrament and the

same iribopair might be explained with the difference in humidity and in contact area. The

effect of water is crucial m nanotribological experiments as discussed in chapter 4.1.4,

but it is of comparable importance in macrotribology as we will see later. A water film

that is certainly present on both substrates at humidities between 40% and 63% RH,

might act as either a lubricating film reducing friction (hydrodynamic effect) or—on the

other extreme—enhance adhesion and friction by increasing the contact area (more

contacting asperities). Although Amontons" friction law states that friction is independent

of the apparent contact area, the real contact area between an unworn and a worn ball will

differ a lot. The apparent area might have changed only slightly, but the asperity

distribution and curvature will change with wear and therefore, the real contact area

between the ball and substrate will change. Presumably the real contact area increases,

since high asperities are worn off and more contact points are generated, which could

explain the increase in the coefficient of friction. Although coefficients of friction scatter a

lot, they are comparable to the variety of values reported in the literature: for unlubricated

metal-metal contacts a coefficient of friction of 0.8 is generally observed, which reduces

to 0.2 in the presence of a good lubricant. For nonmetal-nonmetal contact the coefficients

are 0.5 and 0.15 and for nomnctal-metai contact they arc 0.24 and 0.09 [Rab95].

Comparison with our results suggests that we are rather having a lubricated sliding

situation than a dry metal-metal or nonmetal-nonmetal contact, which give rise to

substantially higher coefficients of friction than those measured. In the case of the gold-

gold tribopafr, we are not probing a pure metal-metal contact, since wear occurs and the

contact might be a mixture of silicon or chromium oxide and gold, with both oxide and
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gold wear debris being trapped in the contact area. In the mN regime, coefficients of

friction between 0.2 and 0.3 are measured on silicon and values between 0.14 and 0.3 on

gold [Koi96]. Sliding a diamond on silicon m the pN regime resulted in coefficients of

friction of 0.1 (and 0.3 for a smaller tip radius) on silicon and 0.38 on gold [Jia95J.

The time dependence of the coefficient of friction can be attributed to the running-

in process. The changes that occur during this process in order to adjust to an equilibrium

sliding condition are a combination of many things, such as shape changes, changes in

the surface roughness, and the equalizing of various mechanical and chemical properties

between moving surfaces, such as the formation of oxide aud other boundary layers

[Whi94, Hir56J. The main surface effect is the smoothing out of asperities. The

coefficient of friction for the gold-gold contact decreases slightly after the running-in

process, whereas the coefficient of friction for the Si,Nrsilicon contact increases. In the

case of the gold-gold contact, the decrease of the coefficient of friction might be due to the

removal of the gold wear debris and a reduction of the scuffing component. On the other

hand, gold wear debris could also reduce the coefficient of friction due to the low shear-

strength of gold (solid-lubrication effect) and an enhanced rolling friction component. The

increase of the coefficient of friction with time in the silicon system can be explained with

an increase in the real area of contact due to the smoothing out of asperities.

In addition to the forces responsible for friction in the nano regime, the

macroscopic friction force will be generated by plowing of surfaces by wear particles,

asperity deformation and adhesion. In contrast to nanotnbology, plowing of the surfaces

by wear debris is the most important factor in most macroscopic sliding situations and

even for extremely smooth surfaces permanent damage is present following most friction

tests. We always observed wear in the macrotribological experiments. The wear scars can

be seen by eye and were examined using SFM. Figure 4.24 shows one wear scar after

the friction experiment with a gold ball sliding on gold. The depth of the trace of 180 nm

corresponds to the thickness of the gold coating. The greatest portion of wear debris is

wiped out of the contact zone, forming heaps of debris at both sides of the wear scar. We

believe the differing amounts of damage due to wear and plowing to be responsible for

the high and varying friction forces that were observed m the macroscopic case.
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Figure 4.24: SFM height image of one wear track after gold ball sliding
on gold.

The wear mechanisms for gold and silicon (non-oxide and oxide materials) are

certainly very different, but for our sliding conditions gold will not act as a solid

lubricant, since it is worn off immediately. A thick, compact and stable oxide layer can

result in low friction and insignificant wear. On the other hand, disrupture of the surface

oxide layer might result in higher friction and severe wear depending on the sliding

conditions [Kom86]. In the latter case, the oxide and metallic wear debris is entrapped at

the interface and plowing and microcutting of the surfaces occurs. As we have seen in

chapter 4.2.2, the amount of wear is proportional to the distance slid, which explains

why the wear scar is larger on the ball than on the substrate m the CSEM tribometer

configuration. In addition, the amount of wear is directly proportional to the load and

inversely proportional to the hardness. This is the reason why we observe severe wear on

gold with a very low hardness (see Table 4.12). As pointed out in the introduction, for

plastic deformations the coefficient of fnction. /li. is a function of the shear-strength,

(7<hein, and yield strength, puPJ (ii-=o%hi[n/p^ihl ~ shear-strength/indentation hardness).

Comparing the mechanical properties of Si,Nt, silicon and gold (sec Table 4.12), it

becomes evident that the coefficient of friction should be highest for gold, followed by

Si,N4 and silicon. Si,N4 has a higher fracture toughness than SiO, (4 versus 0.6

MPani"2). Therefore, the silicon oxide film will be worn by the Si,N; ball. These

considerations explain why we always observe wear and no consistent difference in the

coefficient of friction.
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Material Elastic

Modulus

Shear

Modulus

Yield Strength,

P\UU

Indentation

Hardness

Si3N4 210-320 GPa 126 GPa 700-2750 MPa 10-18 GPa

Si02 72 GPa - 700-1400 MPa 8 GPa

Si 190 GPa 67 GPa - 14 GPa

Au 80 GPa 27 GPa 210 MPa 0.2-0.8 GPa

Table 4.12: Mechanical Properties of Si,N4, silicon and gold [Blu92,
Gla92].

Furthermore, the friction and wear behavior of non-oxide (Si,N4) and oxide

materials (Si02) is very different. For non-oxide ceramics microfracture and tribo-

chemistry govern the tribological behavior, whereas for oxide ceramics stress corrosion

cracking is the dominant wear mechanism. Humidity generally increases wear of oxides

and decreases that of nitrides and carbides. For tough zirconia (oxide ceramic), it was

reported that the wear rate is lowest in dry nitrogen, despite the fact that the friction

coefficient, and therefore the mechanical stresses acting on the material, was the highest

[Fis88|. In the case of Si,N4, the increase in humidity accelerates a tribochemical reaction

of SEN
t
with water, resulting in the formation of reaction products, Si02 and SiO,»xH00

[Fis85]. The hydrated silicon oxide film can reduce the coefficient of friction by forming

a smooth surface, but on the other hand it can also cause a high wear rate [Sas89].

Adsorption of H20 molecules on SiO, surfaces can induce stress corrosion. It is also

known that Si02 dissolves slowly in yvater to form a silicic acid H2SiOv The dissolution

and reaction rates on Si,Nt and SiO-, are very slow, but friction can accelerate the

chemical reaction rates [Tom86]. In general, the presence of water or yvater vapor may

often reduce the coefficient of friction but can have conflicting effects on the wear rate. As

we are sliding a Si,Nt ball on silicon, it is not clear which mechanism will govern the

tribological behavior. Therefore, in order to gain a better understanding of the friction

mechanism, it is important to compare the friction data of our mixed tribo pair with

measurements of SEN
t sliding on Si,Nt and silicon sliding on silicon.
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Similarly to the nanotribological measurements performed in ambient atmosphere,

the influence of humidity is also crucial for the discussed macroscopic experiments. In

order to get reliable results, it is necessary to control humidity or to measure in liquid as

we have seen in the nanotribological part. Therefore, we equipped the CSEM tribometer

with an inlet for dry air to control humidity and performed measurements in liquid.

Furthermore, we used silicon-silicon as sliding countcrfaces in order to separate the

conflicting tribological behavior of oxide and non-oxide ceramics.

4.2.4 Friction Experiments in Different Media and Humidities

As discussed in the previous chapter and in the nanotribology section, it is

important to control the atmosphere in tribological experiments. For controlled friction

experiments a silicon pin yvas slid on a silicon wafer and a gold-coated silicon pin slid on

a gold-covered silicon substrate in dry (12% H) and ambient (26% H) atmospheres, as

well as in liquid (hexadecane). The sliding velocity was 0.3 mm/sec and the load was

increased from 0.1 to 5 N. At this low sliding speed, hydrodynamic lubrication cannot set

in, and therefore, we will be in the mixed lubrication regime. The coefficient of friction

was determined from the slope of the friction force values as a function of applied load.

Figure 4.25 shows the friction force as a function of the applied load for a silicon pin

sliding against a silicon wafer at ambient condition and immersed in hexadecane.

For both tribo pairs the coefficient of friction is highest in ambient, with a value of

approximately 0.25, which is comparable to the coefficient of fnction measured with balls

(see Table 4.1 I and Table 4.13). In dry and liquid sliding conditions, the coefficient of

friction is decreased to ca. 0.1. As a complementary study yve tested the boundary

lubrication capability of a hexadecanethiol monolayer on gold at a load of 0.5 N. A steel

ball and a silicon wafer were gold-coated and immersed in a 5 mM hexadecanethiol

solution for 18 hours. The coefficient of friction is 0.24, which is comparable to the

values measured in ambient without lubrication.
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Figure 4.25: Friction force as a function of applied load for a silicon pin
sliding against a silicon sample in ambient and lubricated (hexadecane)
sliding conditions.

As we have already discussed in the previous chapter and seen in Figure 4.24 the

gold-coating is worn away immediately, even for the mildest sliding conditions.

Therefore, the gold-gold tribo pair will also exhibit a silicon-silicon contact. This explains

why we observe similar values of coefficients of friction for the gold-gold and silicon-

silicon sliding pairs. Nevertheless, the wear debris will be different for the two systems

and in case of dry friction, where the wear debris is not removed from the contact area,

we do see a difference between the two sliding pairs. Why the coefficient of friction is

higher for gold-gold than for silicon-silicon for dry sliding is not obvious. Possibly, the

surface smoothening effect of the silicon wear particles is suppressed by the 'soft' gold

wear debris.
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Pin-disc Material Condition Coefficient of friction

gold-gold dry 0.16

ambient 0.24

hexadecane 0 09

silicon-silicon dix 0.09

ambient 0 08

ambient, plasmacleaned 0.25

hexadecane 0.11

hexadecane, plasmacleaned 0.09

Table 4.13: Coefficient of friction for the gold/gold and silicon/silicon

combination at different sliding conditions.

The cleaning procedure has a significant influence on the coefficient of friction.

Plasma cleaning removes hydrocarbon contaminants and makes the silicon surface

extremely hydrophilic. Therefore, under ambient laboratory conditions, a water film will

form on silicon immediately. The higher coefficient of friction on the cleaned silicon

surface could therefore be due to a combination of the missing lubricating capability of a

layer of contaminants and an increased contact area due to the formation of liquid bridges

between contacting and noncontacting asperities as already discussed in chapter 4.1.1

(see Figure 4.14). The low coefficient of friction in dry air might also be due to a residual

layer of contaminants, since literature values for coefficients of friction for silicon sliding

on itself are normally in the range of 0.3 to 0.8. depending on the cleaning procedure and

sliding conditions.

The silicon surface will be covered with SiO, and the wear debris will be oxidized

in both dry and ambient oxygen atmospheres. The dominant wear mechanism on silicon

is wear by stress corrosion cracking, and spading of SiO,. Flunudity has a large influence

on the wear rate, but not necessarily the same effect on the coefficient of friction. In the

literature, contradicting mechanisms are reported: Rabinowicz observed an increased wear

rate with increasing humidity, explained by the flushing away of wear debris [Rab95],
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Zanoria et. al reported an decrease of the coefficient of friction due to the formation of

cylindrical shaped wear debris ('rolls") [Zan93], Gardos observed a decrease of friction

due to lubricating interactions of low partial pressures of hydrogen, yvater vapor and

oxygen with silicon [Gar99] and Klaffke saw a decrease of the coefficient of friction for

steel only at an humidity higher than 60% RFI [Kla95J. The effect of humidity seems to

depend on the sliding conditions as well, such as the material combination and the wear

mechanism. Since for our experimental setup the difference in humidity is only small

(12% and 26% RH) the influence of humidity on friction is less dominant than the effect

of the cleaning procedure. Actually wc do not see a difference between the uncleaned

silicon m dry and ambient atmosphere, but only between the cleaned and uncleaned

silicon. This indicates that the contaminant layer has good lubricating properties—actually

similar to hexadecane.

Different lubrication regimes exist, e.g. in the hydrodynamic lubrication regime,

the lubricant separates the two surfaces more or less completely. When the two surfaces

are separated by a very thin film, the lubrication type is called boundary lubrication. In

general, lubrication greatly decreases normal vibrations and load fluctuations and may

reduce wear by also reducing dynamic loading [Soo83]. In addition, lower friction

fluctuations in a good lubricant will also decrease the wear rate [God95]. Furthermore,

the wear debris is removed from the contact area by the lubricant. Non-polar

hydrocarbons such as hexadecane are known to be good lubricants for ceramics, reducing

both friction and wear. Under our experimental conditions, the sliding speed is too slow

and the load too high to be in the hydrodynamic lubrication regime. So probably we are in

the boundary lubrication regime, where asperities are still in contact, but the lubricant is

decreasing the coefficient of friction and the wear rate anyway. On the other hand, a

monolayer of hexadecanethiol on gold cannot act as a boundary lubricant for the given

tribo conditions, it is worn off yvith the gold coating and leads to a coefficient of friction

similar to that obtaining while sliding m ambient without lubrication.

4.2.5 Comparison with Nanotribological Results

As discussed in chapter 2.2.5, where characteristic scales were compared for the

tribometer and the SFM (see Table 2.1). contact pressures are m a similar range for the
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contact between a nanometer-sized SFM tip and a substrate and between a tribometer ball

and a flat substrate (0-4 GPa). Nevertheless, even for comparable contact stresses the

coefficient of friction is higher on the macro scale than on the nano scale (see Table 4.14).

Furthermore, we ahvays observed wear in our macrotribological studies, whereas the

nanocontact is weaticss for small applied loads in the nanonewton regime.

Tip or ball

material

Substrate

material

Nano coefficient

of friction

Macro coefficient

of friction

An An 0.01-0.02 0.1-0.3

SEN4 Si 0.03-0.07 0.1-0.25

Table 4.14: Coefficients of friction for gold-gold and Si,N4-siIicon
contact in the nano and macro regime.

Several explanations for the different friction mechanism in the nano and macro

regime exist. First of all, it has to be borne in mind that the coefficient of friction is not

only a materials property. In nano as well as macrotribological experiments friction

depends largely on the sliding conditions, such as velocity, load, and humidity as we

have seen in our nano and macrotnbological experiments. Nevertheless, the coefficient of

friction remains the most powerful parameter for describing friction, especially since

Amontons' linear friction law describes the majority of rubbing surfaces including both

dry and lubricated, and non-adhering surfaces in particular.

One explanation for the different friction mechanism in the two regimes is the

higher indentation hardness and clastic modulus of surfaces on the micro scale. Higher

hardness and elastic modulus will result in a decreased contact area and miniruized

plowing contribution to fnction. Furthermore, the small apparent contact area reduces the

number of particles that can be trapped at the interface and thus minimizes the plowing

contribution to the friction force as well [Bus96]. Third bodies are the most often cited

reason for the difference in nano and macrotribology [Rob96, Rob98, Sin98. Liu98].

Third bodies include both the films formed on the counterfaces and the particles

recirculating between them. The third body concept is also used to explain why we

observe a static coefficient of friction in macroscopic sliding, but not for ideal surfaces.
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There is no elastic energy coupling in the third bodies that prevents them from rearranging

to lock into the asperities of the two surfaces. Therefore, the two surfaces are in a local

energy minimum that needs to be overcome for sliding—the static coefficient of friction.

The composition, amount and properties of third bodies can vary widely for different

materials and sliding conditions, e.g. different tribo reactions as a function of

temperature, load, and environment. This leads to a correspondingly wide range of

friction behavior and coefficients of friction. Furthermore, adhesion plays a minor role

between macroscopic solids. This can be demonstrated comparing the contact radius for a

macroscopic and nanoscopic SE,N4 sphere on a flat silicon substrate with adhesion (JKR

theory) and without adhesion (Hertz theory). According to the equations 3.1 and 3.4. the

contact radius for a Si,N; ball with a radius of 6 mm on silicon at a load of 10 N is 0.93

pm according to JKR theory and 0.92 pm according to Flertz theory. Therefore, the

difference in contact area, which is proportional to friction, amounts to only about 2%. In

contrast to this, the contact radius for a sphere with a radius of 60 nm, at an applied load

of 10 nN is 4.7 nm according to IKR theory and 1.9 nm according to Hertz theory. In

this nanoscopic case, the difference in contact area is 80%. Furthermore, according to

JKR theory, the pull-off force, which corresponds to the adhesion force (see equation

3.6), is about 0.05 N in this macroscopic contact, and 500 nN in the nanometer-sized

contact, whereas the corresponding friction forces will be in the Newton range for the

macroscopic contact and in the nanonewton range for the nanometer-sized contact. This

shows clearly that adhesion rs an effect that is important for small and light-load contacts.

Even considering the multi-asperity contact of rough surfaces, adhesion plays a minor

role. In multi-asperity contact, during unloading, the higher asperities progressively break

the lower adhesive junctions until there arc only a few junctions left and the final 'snap-

off or pull-off force is negligible.

With or without adhesion, the friction force is going to be determined by the force

required to deform the interfering asperities. Since the coefficient of friction is the same

for small and high loads in both the nano and macrotribological regime in the case of a

linear friction-load relationship, a similar mechanism should be responsible for the

friction. The relative contributions of adhesion, roughness, interlocking of asperities,
elastic and plastic deformation, and interatomic forces in friction are still not clear.

Nevertheless, on both the macroscopic and molecular level, friction involves the

dissipation of energy. Two energy-dissipation processes that have been proposed are
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phonon generation and electronic excitation. Phonons are atomic vibrations or sound

waves. Sliding at an interface can excite these vibrations, and the energy spent in exciting

them is ultimately transformed into heat [Rob98). More channels of energy dissipation

result in higher friction (higher friction on disordered SAMs due to short chains or large

terminal groups) [Har98]. In macroscopic sliding, besides phonon and electron

dissipation, the dislocation generation and motion, microstructure nucleation and

evolution, mechanical mixing arc important energy dissipation mechanisms. If sliding

conditions lead to plastic deformations, the associated energy dissipation represents an

important contribution to frictional losses [Rig98]. The intermediate length scale of 0.01-

1 pm, the scale of dislocations interaction distances and separations, grain sizes, defect

structures, average asperity sizes, and microstructure has to be considered as both a micro

and macro energy-dissipation mechanism.

The gap between macroscopic tribology and nanotribology is large and

considerable effort has to be undertaken to bridge it. AFM provides a unique opportunity

to probe single-asperity contacts, which is useful information for modeling more

complicated contacts. However, the small size and high aspect ratio are not representative

for all common interfacial asperities at surfaces. It is not generally clear how the

knowledge gained in these experiments can be extrapolated to engineering tribological

contacts operating in air, with lubricating films, contamination, and wear debris involved.

As mentioned before, the coefficient of friction is not a materials property. Wear, on the

other hand, concerns the loss of material and can be characterized by materials properties.

Therefore, in order to really bridge the gap between nano and macrotribology, wear, wear

debris, and wear mechanism all have to be studied m more detail, since they are mainly

responsible for the friction behavior. An important step is to obtain quantitative friction

data with in situ calibration oï cantilevers, knowing the tip geometry and chemical

composition, as applied in this work. For the macroscopic experiments, surface

characterization both chemical and topographical, as we have done it, is crucial. Our nano

and macrotribological experiments clarify the different friction mechanism and point out

the importance of the sliding conditions in both regimes. In order to get more insight into

the friction mechanism on both length scales, we decided to study the fluctuations of the

friction force. From these fluctuations one may gam information on the nature of the

junctions at the interface of the two sliding bodies, as already discussed in chapter 3.5.
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4.3 Autocorrelation

4.3.1 Characteristics of the Autocorrelation Function

As discussed in chapter 3.5, the autocorrelation function, ACF, can be used to

gain information on the rate at yvhich friction force is changing with distance, i.e. on the

characteristic length scales at which the friction force is changing during sliding (sec

chapter 3.5). The assumption is that the autocorrelation at constant load goes to zero

when the sliding distance becomes great enough so that a 'new set of junctions' is

invoived [Rab56], Therefore, the ACF can give information about the contact and the

mechanism that causes the friction. The study of friction fluctuations by means of the

autocorrelation function might help to bridge the gap between nano and macrotribology

addressed in the previous chapter, since the coefficient of friction on its own does not

give insights into the fundamental mechanism of friction. The ACF is defined in equation

3.18 and in this work, the distance at which the ACF drops to zero for the first time is

called the autocorrelation length. ACL, which is proportional to the size of the junction

according to the calculations in the work of Rabinowicz [Rab56].

To be sure that the autocorrelation function is not determined from fluctuations

due to noise, the lateral signals of an SFM cantilever and a tribometer pin in rest position

and in motion were analyzed. For zero scan width the lateral signal fluctuations are due to

noise, whereas for a finite scan width the lateral signal fluctuations are not only due to

noise, but are also characteristic for the friction force. The tyvo signals can be clearly

distinguished via their density spectra and autocorrelation functions as we have seen in

chapter 4.1.1 and 4.2.1 discussing the characterization of the SFM and tribometer

instruments.

Fluctuations in the friction force, i.e. changes in the lateral force signal for

constant load, can be due to chemical inhomogeneitics but may also be due to

topographical features. As discussed in chapter 2.1.2, in lateral force microscopy friction

loops are recorded and the difference between forward and backward scan is taken in

order to separate the lateral signal that is due to friction from the lateral signal that is due

to topography, resulting in the pure friction force [Ove93]. The signal from the lateral
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bending of the cantilever that is caused by topographical features is eliminated by this

procedure. When studying the fluctuations in friction traces, however, this recipe is not

applicable. Furthermore, the lateral signal recorded with the tribometer does not allow one

to account for topographical effects. In order to avoid any contribution from topography

we have chosen ultraflat substrates for our experiments. Here we report on measurements

that were performed on silicon oxide wafers, gold-covered silicon oxide wafers, and

ultraflat gold substrates. Fluctuations in the friction force on such surfaces should be

dominated by the chemical properties of the contact between probe and surface. Hence,

from these fluctuations one may gam information on the nature of the junctions at the

interface of the two sliding bodies, thus improving our knowledge of friction phenomena.

In order to ensure the independence of the determined lateral ACLs from topographical

features in SFM, the ACLs of simultaneously recorded height scans (i.e. topography)

were also derived and were found to be different. Also, the velocity during scanning was

high enough to be out of stick-slip range in the SFM measurements.

In order to interpret autocorrelation functions it has to be ensured that the data are

truly reflecting the phenomenon investigated and are being probed with a sampling rate

that allows its detection. In theory, the Nyquist criterion states that sampling itself causes

no information loss if the sampling interval is smaller than one half of the smallest

wavelength found in a data signal. The used sampling rate (0.2 nm) allows us to detect

critical lengths > 0.4 nm and is much smaller than the generally observed correlation

lengths. We believe this to be the reason why we do not notice a dependency between the

correlation length and the sampling rate, e.g. sampling interval. In the case of the lowest

sampling rate, i.e. largest sampling interval, the autocorrelation function falls off to zero

immediately. It has been reported in the literature that an increasing correlation length was

observed with increasing scan length, i.e. increasing sampling interval, for AFM height

data on silicon [Koi97]. We do not observe a dependence of the correlation length on the

sampling interval in the range of 0.2 to 4 nm. neither for the friction nor for the height

data, provided that the data have been base-line corrected. Figure 4.26 shows the

autocorrelation functions of friction traces recorded with a Si,N t tip on gold sliding over a

distance of 0.5, 1 and 2 pm. These scan widths correspond to sampling rates of 1.024,

0.512. and 0.256 samples/nm at the maximum sampling number of 512 data points per

trace.
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Figure 4.26: Effect of scan width, i.e. sampling rate, on the ACF (square:
2000 nm, crosses: 1000 nm, circles: 500 nm) for a Si,N4 tip sliding on

gold.

The base-line correction mentioned before is a postacquisition modification

procedure that removes a linear slope from the data accounting for the sample tilt in height

data and drift of the load in friction data. A possible linear slope underlying the height

data would result in such an observation as described in [Koi97]. The influence of

postacquisition modification procedures on the quantification of topographic structures

via correlation analysis measured by scanning probe microscopy is also discussed in

[Kie97], Figure 4.27 illustrates the dramatic effect of a linear slope added to a random

signal on the autocorrelation function. In our work, all friction traces were base-line

corrected.
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Figure 4.27: Effect of a linear slope added to a random signal on the

ACF.

The friction force between two contacting bodies is determined by the real contact

area, A. between them and the shear-strength, <r. F,lt=(jA (see chapter 1.1). During

sliding at constant load the real area of contact remains constant for homogeneous

samples. The shear-strength, however, may show some spatial variation due to chemical

inhomogeneities, such as contaminants or oxide layers. In order to get independent

information on friction mechanisms, we have studied the fluctuations in friction traces

recorded with a lateral force microscope with tips of different sizes, i.e. different contact

areas (see chapter 4.3.2) and for different materials and environments, i.e. different shear

stress (see chapter 4.3.3).
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4.3.2 Effect of the Size of Contact Area

According to the work of Rabinowicz [Rab56] and our model that will be

discussed later, the autocorrelation length, ACL, is related to the size of the junction. To

investigate the effect of the probe radius, and hence the contact area, we performed

measurements using Si,N4 tips with a radius of ca. 100 to 200 nm and polystyrene beads

with a radius of 3.8 pm. Friction traces were recorded on silicon and gold over a range of

500 nm. The step size during these measurements was ca. 1 nm. Structural information

down to twice the step size, i.e. 2 nm. can be extracted from this data according to the

sampling theorem [New93]. The first steep increase in the trace itself (which is due to the

initial bending of the tip) yvas cut-off for the determination of the autocorrelation function.

The latter only depends on the fluctuations and is independent from the average value of

the trace, i.e. the friction force itself. A silicon substrate was used as-received without

any sophisticated cleaning procedure. A water contact angle of 70° was determined,

indicating the presence of a significant amount of contamination. For this experiment, we

decided to perform measurements on these surfaces without cleaning, since they are

stable, i.e. chemically inert, and hence better defined than freshly cleaned ones. The latter

often change contact angle values in ambient over short periods of time, making reliable

measurements difficult, as already discussed in the previous chapters on nanotribology.

In addition, difficulties due to charges that are present on cleaned SiOo surfaces are

reduced on the non-treated ones. The gold surface was used immediately after cleaving

from the mica. The water contact angle on such surfaces was 40° and was found to

persist for a sufficient period, i.e. such a surface is chemically stable for some time.

Freshly prepared gold surfaces are very reactive and are known to adsorb contaminants

rapidly, similar to cleaned SiO, surfaces. The lower water contact angle compared to our

SiO, surfaces indicates, however, a higher hydrophilicity and that less contaminants are

present.

First, we recorded friction loops with a Sn,Nt tip on a SiO? substrate for an

applied load of ca. 28 nN. The trace, i.e. the forward scan of a loop, is displayed in

Figure 4.28. The employed tip had a radius of curvature of approximately 120 nm, as

determined by scanning the tip over the ridges of a SrTiO-, single crystal. The

autocorrelation function of the friction trace is also displayed in Figure 4.28. An

autocorrelation length, ACL, of 29+8 nm was deduced as an average value of several
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(16) friction loops. The observed value is independent from the step size, scanning

velocity and force constant of the cantilever over a certain range, supporting the

hypothesis that it is due to the chemical properties of the contact under investigation and

not to the mechanical properties of the system. The polystyrene bead was attached to a

cantilever with a nominal force constant of 0.12 N/m. Figure 4.28 shows a friction trace

recorded with the bead on a SiO?. substrate for an applied load of ca. 26 nN. A significant

increase in the correlation length to approximately 60+10 nm compared to the SE,N4 tip

can be observed and was found as an average value of 16 measurements.

vWHnA)
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0 100 200 300 400

Distance fnm]

Figure 4.28: Friction trace and ACF for a Si,N4 tip (a) and a polystyrene
bead (b) sliding on SiO,.

Since both the contact area and the chemistry of the interface between probe and

substrate have some influence on the observed friction trace, measurements were also

performed on a gold substrate. The radius of curvature of the used Si,N, tip was 250 nm.

A typical trace and its autocorrelation function recorded with a load of ca. 56 nN is shown

in Figure 4.29. The observed ACL value is similar to that observed for the Si02 surface

(27+6 nm). However, a slight difference in the shape of the autocorrelation curve itself

can be seen. A slightly smoother decay at small length scales and a generally slightly

smoother function are observed and were consistently found for all autocorrelation
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functions determined from traces on gold. The corresponding measurement with the bead

on the ultraflat gold surface resulted m similar observations as those obtained for the Si02

substrate, namely the correlation length increases significantly in comparison to the Si-,N4

tip to 124+2 nm (Figure 4.29), while the first decrease of the con-elation function itself is

much steeper in the case of the Si02 substrate, as was also found for the Si,Nt tips. The

functions themselves are consistently much smoother than those obtained for SiO,.

0 100 200 300 400

Distance [nm]
0 100 200 300 400

Distance [nm]

Figure 4.29: Friction trace and ACF for a Si,N4 tip (a) and a polystyrene
bead (b) sliding on gold.

In order to compare autocorrelation lengths with contact diameters, we performed

calculations based on the classical contact models discussed in chapter 3.1. Based on the

JKR model (sec equation 3.4) a contact diameter of ca. 13 nm is expected for an applied

load of ca. 50 nN, a radius of curvature of 120 nm and an adhesion energy W=40 mJ

between the SEN4 tip and the Si02 surface. The adhesion energy was determined from

the pull-off force of force-versus-distance curves [Isr92], The experimentally determined

ACL value was ca. 29 nm. For the bead a contact diameter of ca. 140 nm is calculated

(applied load=50 nN. rbcad=3.8 pm. Wlx.ad.s,o=2 mJ). The corresponding experimentally

determined value in this case was ca. 60 nm. JKR model predictions for a gold substrate
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result in 23 nm (applied load=50 nN, r„p=250 nm, W„p.„okpl00 mJ) for the tip and 140

nm (applied load=50 nN. rbc4[p3.8 pm, Wbea(J_sokl=6 mJ) for the bead, compared to the

experimental values of ca. 27 and ca. 124 nm, respectively, i.e. they are m very good

agreement. Table 4.15 summarized theoretical contact diameters calculated according to

the JKR theory and experimentally determined autocorrelation lengths.

Substrate Probe Theoretical contact

diameter from JKR model
Experimental contact

diameter from ACL

Gold Si3N4 tip 23 nm 27 nm

PS bead 140nm 124 nm

Silicon Si3N4 tip 13 nm 29 nm

PS bead 140 nm 60 nm

Table 4.15: Diameter of contact area calculated from JKR theory and

autocorrelation length, ACL, for a Si,N4 tip and a PS bead on gold and

silicon.

The better agreement between experimental and theoretical values for the gold

surface can be understood in terms of the chemical homogeneity of the samples. Since

capillary forces are likely to play a dominant role here this is in accordance with the

hydrophilicity of the surfaces. The untreated silicon oxide surfaces showed a water

contact angle of 70°, while the gold that was used immediately after clcaving-off from the

mica displayed a value of 40°. The interface, i.e. junctions and cavities, between probe

and surface determine the observed resulting friction force. In the case of a probe and the

Si02 surface the contact interface is likely to have some cavities filled with water and

hydrocarbon contaminants. Therefore, when calculating the contact area between the two

contacting bodies, the physical properties of these materials have to be taken into account.

It has to be borne in mind, however, that the calculation is based on theoretical values for

elasticity moduli and Poisson's ratios for pure SLNt. Si and polystyrene, since the exact

composition of the interface is not known. The values for the pure materials are likely to

have some deviation from the exact values, which is consequently reflected when

comparing experiment and calculation for the Si02 substrate. The freshly prepared gold,

however-, resembles much better an ideal surface, since less contamination is present. It
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also has a higher hydrophilicity, which leads to a more homogeneous yvater layer on the

surface. Therefore, the theoretical values employed for elasticity moduli and Poisson's

ratios are likely to be closer to the real ones, resulting in a better agreement between

theory and experiments. The influence of water vapor on friction on the nanometer scale

has been already discussed in chapter 4.1.4.

Considering the experimentally determined ACL values in combination with the

contact model calculations, it becomes evident that information about the nominal contact

area between probe and surface can be extracted from an autocorrelation analysis of

friction traces. The load dependence of the lateral force in nanotribological experiments

can often be well described by the JKR model (see chapter 3.1.2). This model accounts

for the increase of contact area with load and if the data follows this model it indicates that

the increase in friction force is due to the increase in contact area while the shear-strength

is constant. Flowever, a linear dependence between friction force and load is also

observed in some cases. For contacts on a macroscopic scale it is known that the overall

resulting friction-forcc-versus-load dependence is linear for multi-asperity contacts

[Gre66, Gre67]. Putman et al. have shown that a similar behavior is observed in lateral

force measurements on a submicroscopic scale and can also be attributed to a multi-

asperity contact depending on the state of the probe and the chemical properties of the

contact [Put95, Put96], Such a non-JKR behavior may, however, also occur for a single-

asperity contact, if both area and shear-strength display some variation with changing

load. In order to investigate the load dependence of the friction force and the

autocorrelation length wc recorded friction traces—as described before—as a function of

load.

The dependence of the friction force on the applied load for a Si,N4 tip and a

polystyrene bead sliding on silicon is shown in Figure 4.30. As expected from contact

mechanics models, an increase of lateral force with applied load can be observed. The

increase can be modeled by both a straight line and the JKR-model. The increase of the

lateral force for the tip amounts to a factor of ca. 3.4 in the load range between 0 and 100

nN as was determined by fitting a straight line to the data. For the bead, the maximum

value observed for a load of 50 nN is approximately 1.5 times larger than the value

observed for 0 nN. An overall increase by a factor of 1.4 is also found for the ACL with

increasing load in the range between 0 and 50 nN. Figure 4.30 also displays a plot of the
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corresponding ACL depending on the applied load. The values might increase slightly

with load, however, taking into account the error bars as determined from the standard

deviation of 16 measurements, no significant variation with changing load is observable.
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Figure 4.30: Friction force and ACL as a function of applied load for a

Si3N4 tip and a PS bead sliding on silicon.

The load dependence of the friction force for a SEN4 tip and a polystyrene bead on

gold shown in Figure 4.3 I is similar to that observed for a silicon surface, this time

clearly revealing a more linear relation. The increase for the tip sliding on gold amounts to

a factor of ca. 1.7 in the load range between 0 and 150 nN. For the ACL also an increase

with load by a factor of ca. 2 is found. The friction force between PS bead and gold

increases only very moderate in the investigated load range and the figure reveals that the

ACL first increased up to a load of approximately 50 nN and then dropped abruptly. It

docs not show a unique trend over the whole load range in this case.
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Figure 4.31: Friction force and ACL as a function of applied load for a

Si3N4 tip and a PS bead sliding on gold.

For the data presented here, both the JKR model as well as straight lines may be

used to fit the measured friction-versus-load dependence. The (nearly) linear dependence

between friction force and load observed in our experiments supports the assumption of

multi-asperity contacts and hence the presence of 'contact points', indicating that the ideal

single-asperity contact is not very likely under the conditions employed. The expected

increase in contact area in the load range 0-100 nN between probe and Si02 substrate

surface based on the JKR model amounts to approximately a factor of 1.4 for the tip,

compared to the experimentally observed value of ca. 3.4. In the case of the bead the

corresponding values are 1.3 and 2 derived from calculation and experiment,

respectively. For the gold surface the experimentally determined values for the increase of

the friction force are 1.4 for the tip and 1.1 for the bead. The theoretical values based on

the JKR-model are both 1.3. Again we find a better agreement between experiment and

theory for the gold surface and the same argument as mentioned above may be applied,

namely the real contact between probe and surface is determined by the properties of the

junctions and cavities, where more hydrocarbon and water contaminants are likely to be

present in the contact region for Si02, causing a significant deviation from the ideal case

of a clean surface. In the case of the bead and the gold the ACL dropped suddenly after an

initial slight increase. This drop for loads higher than 60 nN might be due to the wear

limit of polystyrene. The beads are of varying quality and their shape on a microscopic
scale is likely to show some variation. The surface may, for example, be 'rough' due to
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fibers. This would result in contacts with local pressures above the yield limit of

polystyrene. Since this material is brittle, wear ma\ occur.

The ACL value yields information about the nominal contact diameter, and hence

is an inherently one-dimensional entity. Therefore, the increase oï this entity with applied

load is expected to be lower than that of the (nominal) area, since it is proportional to the

square root of the latter. Furthermore, we do extract the nominal contact diameter by

autocorrelation analysis while the friction signal is determined by the real contact area (the

real contact area is smaller than the nominal one). Considering these arguments and the

large error bars it is difficult to determine a clear trend in the ACL versus load

relationship. For several systems we did not observe an increase of the ACL with

increasing applied load. The autocorrelation function of real friction traces might be too

sensitive to effects such as humidity, capillary condensation and postaquisition

procedures. The expected increase in the contact area for an increase of the applied load of

100 nN amounts to only a factor of 1.3 or 1.4 (see above). This change might be too

small to be detected by means of the autocorrelation length considering the large error

bars. Another reason for a rather constant ACL with load might be a change in the shear-

strength. Based on calculations and our experiments a variation of the shear-strength with

load should be indicated when dividing the overall observed friction force by the square

of the ACL, since the latter should, for an ideal single-asperity contact, be proportional to

the real contact area and cj(Fn)=Flat(FnyA(Fn). From the data we obtained, however, it

appears that within the error bars the shear-strength is independent from the load in the

investigated range and for the systems employed. However, as has been mentioned

earlier, there is some indication that wc do not have single-asperity contacts in our

experiment. To investigate the behauor of a relatively large multi-asperity contact we

examined the autocorrelation of macroscopic friction forces.

In order to study the use of the autocorrelation function for macrotribological

experiments with multi-asperity contacts and large contact areas compared to the contact

of an SFM tip on a surface, wc examined friction traces recorded with the CSEM

tribometer. Measuring with a completely different instrument and on a different length

scale, several new aspects have to be considered regarding machine fluctuations and

friction mechanisms. In macrotnbological experiments with classical tribometers there arc
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three types of friction-induced fluctuations: Stick-slip is caused by the change of the

coefficient of friction with relative sliding velocity. These vibrations occur when the

sliding speed is sufficiently low. Normal vibration introduced by random surface

irregularities occurs at relatively low loads. Quasiharmonic oscillations of nearly

sinusoidal waveform are produced when the normal load and sliding speed are

sufficiently high. The amplitudes of these normal and frictional fluctuations depend on

normal load, velocity, mechanical and thermo-mechanical properties, surface roughness

of contact area, and lubrication [0th95. Bro67. Soo83. God95, Gar99, Ric97]. Since the

friction measurements presented in chapter 4.2 arc performed at relatively low loads and

velocities the fluctuations depend mainly on stick-slip events, surface roughness, load,

and wear behavior. One difficult) m determining the influence of chemistry on the friction

force is to exclude mechanical contributions to the friction force. In the case of

nanotribological experiments performed with SFM this was achieved using extremely flat

samples (silicon and ultraflat gold). Although we can use the same samples in the

tribometer, substrates cannot be mounted completely planar and mechanical contributions

due to the non-ideal sample setup are always present. Large repetitive variations of the

friction force can be attributed to the effect of the non-planarity. The frequency of these

changes corresponds to one revolution of the rotating disc. Having discussed the

influence of a linear slope on the autocorrelation function in the first chapter it becomes

clear that the determination of an autocorrelation length for macrotribological experiments

is very difficult. Furthermore, the fluctuations vary dramatically with the applied load (see

Figure 4.32) and seem to be dominated by machine harmonics. The following figure

shows the friction force and the corresponding autocorrelation function recorded with a

Si,N4 ball sliding on a Teflon disc at 0.5 and 2 N in ambient. The friction force and the

amplitude of fluctuations increase as expected when the applied load is increased. The

increase of the amplitude of force fluctuations with applied load yvas also discussed in

chapter 4.2.1 in connection with the characterization of the tribometer instrument. The

autocorrelation length can hardly be determined with our instrumental set-up: the sliding

velocities cannot be set low enough, the load cannot be controlled in a feedback loop and

the sample cannot be mounted parallel to the pm. Furthermore, it is not clear, how wear

and wear debris would influence the autocorrelation function. Still, theoretically it should

be possible to determine the junction size from the autocorrelation function, as has been

shown by Rabinowicz [Rab56j.
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Figure 4.32: Friction force and autocorrelation function recorded with a

CSEM tribometer using a Si,N4 ball sliding on Teflon at an applied load of
0.5 and 2 N at a sliding velocity of 10 mm/sec during 300 sec, i.e. 3 mm.

4.3.3 Effect of Substrate Material, Humidity and Media

In the case of nanotribological experiments with SFM, we also investigated the

influence of chemistry. Since both the contact area and the chemistry of the interface

between probe and substrate, have some influence on the observed friction trace,

measurements were performed not only with probes of different sizes but also on

different substrates and under varying environmental conditions. The influence of

chemistiy has already been mentioned m the previous chapter when comparing

measurements on silicon and gold substrates.

The autocorrelation functions of the lateral signals recorded on gold and silicon

have different shapes (see Figure 4.30 and Figure 4.31 ). We observe a slightly smoother

decay at small length scales and a generally slightly smoother function on the gold

substrate compared to the silicon substrate. This shape was consistently found for all

autocorrelation functions determined from traces on gold. Furthermore, the better

agreement between experimental and theoretical values for the gold surface (see Table
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4.15) can be understood in terms of the chemical homogeneity of the samples. As we

have already discussed in chapter 4.1.4. capillary forces are likely to play a dominant role

for the friction mechanism.

As-received and plasma-cleaned silicon substrates arc samples which have

different surface chemistry but the same topography. The autocorrelation length of the

lateral signal measured on the cleaned surface is bigger compared to the as-received

silicon sample. On the as-received silicon surface we measure water contact angles of 70°

while on the plasma-cleaned surface the angles are < 5°. The plasma cleaning removes

hydrocarbon contamination from the silicon surface and the silanol groups make the

surface hydrophilic. Figure 4.33 shows friction traces and the corresponding

autocorrelation function for a gold-coated Si,N4 tip sliding on as-received and plasma-

cleaned silicon.
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Figure 4.33: Friction trace and ACF for a gold-coated Si,N4 tip sliding on

as-received (a) and plasma-cleaned (b) silicon.

The difference in the autocorrelation function is not due to a mechanical but to a

chemical contribution to the friction mechanism. The chemical difference of the two
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surfaces is demonstrated by the water contact angle. The hydrophilicity of a surface is

found to favor the formation of water capillaries which dominate the interaction between

tip and substrate as discussed before. Considering the effect of water capillaries on the

friction mechanism, one would expect a relationship between autocorrelation length and

humidity. The changes observed between the experiments carried out under dry (11%

RFI) and ambient (30% RH) conditions arc very small, however. In both cases, residual

water and hydrocarbon contamination remain on the surface. Bingelli et. al. LBin96,

Bin94] observed substantially capillary formation only at humidities greater than 75%

RH. In agreement with the observed differences in the autocorrelation function between

gold and silicon and between as-received and plasma-cleaned silicon, we found generally

a higher autocorrelation length on OH- and COOFI-tcrminated thiol films compared to

CHrterminated films (see Figure 4,34). Again, this difference can be understood in

terms of the chemical homogeneity of the water film present on the hydrophilic surfaces.

20 40 60 80

Distance [nm)

20 40 60 80

Distance [nm]

Figure 4.34: Friction trace and ACF for a CH3-terminated tip sliding on

CH,-terminated (a) and COOH-terminated (b) ultraflat gold sample.
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4.3.4 Simulation Model and Calculations

The previous chapters have shown that correlation analysis of friction traces

seems to allow information about the nominal contact area between probe and surface to

be extracted on a nanometer scale by determination of the ACL. Additionally, in order to

sec information that may be obtained by a correlation analysis, it is also of interest to

carry out a theoretical analysis based on a simple model. Calculations using a one-

dimensional model as displayed m Figure 4.35 have been performed.

Figure 4.35: One-dimensional contact model.

Topographically flat probe and sample surfaces arc assumed in our model.

Chemical inhomogeneities are represented by a (statistical) distribution of contact points

and/or shear-strength values assigned to the asperities at the substrate and/or tip surface.

The friction force is calculated by determining the real contact between probe and surface,

i.e. by the junctions that arc established via the contact points, and the corresponding

shear-strength values. In fact, it is the interface between the probe and the surface that is

being modeled by assigning shear-strength \ allies to the contact points of probe and

surface. The iiominal' contact area between probe and surface is determined by the

'width' of the probe. The 'real' contact is represented by a (statistical) distribution of

'contact points' or junctions on the tip or countersurface. They can be interpreted as

asperities, single molecules or atoms. Related to the contact points are shear-strength

values. The distribution function of the shear-strength values represents the chemical
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homogeneity ol the tip or surface. Our simple model does not create a statistically rough

surface or investigate the contact area between a smooth or rough countersurface, but

looks directly at the interaction force. The modeled contact area is not load dependent and

does not account for elastic or plastic response, but is extremely sensitive to the probe

width and the chemical homogeneity in the contact area. For real rough surfaces,

contacting asperities undergo indentation and new peaks start to contact, if the load is

increased. Therefore, the net effect of increasing the load is to increase the mean contact

area. An increased tip size in our model would also result in an increased friction force

due to a higher mean contact area and the increased number of contact points. A two-

dimensional model would not give more insights, but would result in better statistics,

since one would average over several one-dimensional line scans. The autocorrelation

length itself, however, would be identical, since it is an inherently one-dimensional

entity. Figure 4.36 and Figure 4.37 show the resulting friction traces and autocorrelation

functions for two probes of different width. In the case of statistically distributed

asperities (contact points) at the probe with statistically distributed shear-strength values

between 0 and 1, the resulting auto-correlation function drops quite fast over a very small

distance and then shows some fluctuations before crossing the base line at zero at a length

corresponding to the width of the probe (see Figure 4.37). If the interval of shear-

strength values was restricted to 0.5-1 or kept constant, however, the decay was found to

be much smoother, i.e. a higher chemical homogeneity leads to a 'smoother'

autocorrelation function (see Figure 4.36). Generally, the friction traces and

corresponding autocorrelation functions are more sensitive to the parameters used to

describe the probe while those of the surface had much less influence.

In summary, our model calculations show that the nominal contact diameter (i.e.

the width, corresponding to the area that carries the contact points) can be extracted from

the distance where the autocorrelation becomes zero. i.e. the autocorrelation length, in an

idela case. Furthermore, different shear-strength distributions détermine the 'smoothness'

of the autocorrelation function. Nevertheless, the limitations of our model have to be kept
in mind: it is one-dimensional and models ideal contact properties in equilibrium; it does

not account for vibrations due to mechanical properties of the apparatus; the model

surfaces do not account for roughness; the properties of the contact asperities do not

change under pressure: it is not capable of simulating stick-slip events: and it is not

velocity dependent. However, a second dimension w ould only improve the statistics and



4 Results and Discussion 142

the suggested model gives insights into the contributions to fluctuations that are due to the

properties of the contact interface.

0 200 400 600 800
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0 20 40 60 80 100
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Figure 4.36: Interaction force and corresponding ACF for two different

tip widths of a) 15 and b) 50 with a constant shear-strength distribution.
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Figure 4.37: Interaction force and corresponding ACF for two different

tip widths of a) 15 and b) 50 yvith a statistical shear-strength distribution.
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4.3.5 Comparison of Simulated Data with Experimental Data

In general, the frictional force and force fluctuations between contacting bodies arc

controlled by the amount and nature of junctions. From our model calculations it is

evident that the nominal contact diameter can be extracted from the distance where the

autocorrelation becomes zero, i.e. the autocorrelation length. By systematically varying

the parameters of our model it was also found that the shape (decrease at very small

length scales, 'smoothness') of the resulting autocorrelation function depends crucially on

the underlying 'mechanism of friction', which results from the distribution of contact

points and the shear-strength values involved, determining the junctions and their

chemical properties in the contact interface region. Experimentally observed fluctuations

arise from the statistical nature of the surface contact and film uniformity. We examined

friction traces recorded yvith tips and beads on different substrates by means of the

autocorrelation function. In agreement with the model calculations, the experimental

results suggest that information about the contact diameter can be gained from the

autocorrelation length and the chemical homogeneity of the surface has some influence on

the shape of the autocorrelation function. Figure 4.38 compares the autocorrelation

functions determined from friction traces recorded with Si,Nj tips and PS beads on gold

(a) and silicon (b) yvith the autocorrelation function determined from model calculations

with different tip width and constant (c) and random (d) shear-strength distributions. The

autocorrelation function of measured and simulated friction forces seem to agree quite

well. A larger tip width in the model calculation results in an increased autocorrelation

length. The same tendency was obsened for the ACL of the friction force recorded yvith a

Si,N4 tip compared to the ACL of the friction force recorded with a PS bead of larger

radius. In addition, the change from constant to random shear-strength values in the

model changes the shape of the autocorrelation function. A constant shear-strength in the

model produces an auto-correlation function similar to the autocorrelation functions

recorded on gold. On the other hand, a random shear-strength distribution results in an

autocorrelation function similar to the one measured on silicon. This effect was attributed

to the chemical homogeneity of the gold surface compared to the silicon surface.

Nevertheless, it has to be kept in mind that the experimental values scatter a lot.

Furthermore, our model is a one-dimensional one that does not produce stick slip or

account for surface roughness or clastic properties.
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Figure 4.38: Comparison between ACFs resulting from experiments (a, b)
and simulations (c, d).

In summary, it seems that the autocorrelation function allows one to study force

fluctuations, while the shape of the autocorrelation function and the autocorrelation length

allow the contact area between a probe and a sample to be further characterized. It has to

be realized that friction is not a single number (mostly represented by the coefficient of

friction). In nano- as well as macrotnbological experiments, the friction force is always

accompanied by fluctuations. Their nature can be determined and they can, in principle,

provide information on the nature and size of the contact area.
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5 Conclusions and Outlook

5.1 Conclusions

Friction is one of the most common physical phenomena that we experience in

everyday life. Friction enables us to walk, dri\c. grip objects in our hands, and it

produces the sound of a violin. On the other hand, it also causes earthquakes and it has

been estimated that about 1.6% of the gross national products of developed countries is

wasted on energetic and mechanical losses due to friction and wear. Regardless, still little

is known about the fundamentals of friction. Friction between two apparently flat,

macroscopic, and solid surfaces reflects the collective behavior of a multitude of contacts.

In contrast, the atomic force microscope allows one to study friction involving a single

contacting asperity. We examined friction phenomena on both length scales on gold and

silicon surfaces, materials which are of great technological importance. In addition, we

studied the importance of sliding conditions such as surface termination yvith self-

assembled monolayers, sample preparation, medium, humidity, and roughness using a

tribometer and an atomic force microscope. In order to gain more insight into the friction

mechanism on both macro and nanotribological regimes, wc decided to study the

fluctuations of the friction force.

The tip shape was determined by scanning over a ridge of a SrTiO, single crystal.

It could be shown that SFM tips can broaden and wear-away even under relatively mild

sliding conditions. The calibration of the lateral forces m SFM is a very difficult, but

nevertheless a necessary task m order to get quantitatne results. We have calibrated some

SFM probes according to the method described by Ogletree et al. [Ogl96] in order to

directly compare nanoscopic and macroscopic coefficients of friction. Furthermore, we

put a lot of effort into the characterization of the instruments and only the preparation of

ultraflat gold substrates and the use of the mici'ocontact printing tcclmique allowed us to

separate chemical from mechanical contributions to the friction force. Wc investigated

nanotribological phenomena by recording friction forces as a function of applied load and
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force-distance curves and by analyzing friction forces, coefficients of friction, pull-off

and pull-on forces, break-free lengths and minimum applied loads before jump-off. The

results have shown that 'true" interaction forces between probe and sample (in the

absence of an UHV SFM) can only reasonably be studied in liquid. Nevertheless, the

data presented have shown that interaction forces between tip and sample arc mostly

dominated by capillary forces under ambient conditions and have demonstrated that

control of the surface chemistry, e.g. with thiol termination, and surroundings, e.g. by

measuring in liquid, is crucial for SFM adhesion and friction measurements. The same is

trae for tribometer measurements. It could be shown that the coefficient of friction is a

function of humidity and medium, although different mechanisms apply in a macroscopic

contact. Adhesion plays a minor role in macrotribology, but roughness, ploughing, wear

debris, and running-in processes contribute to the complexity of a multi-asperity contact.

The gap between macroscopic tribology and nanotribology is large and a lot of

effort is needed to bridge it. SFM provides a unique opportunity for probing single

asperity contacts, which is useful information for modeling more complicated contacts.

However, the small size and high aspect ratio are not representative for all common

interfacial asperities at surfaces. It is not generally clear how the knowledge gained in

these experiments can be extrapolated to engineering tribological contacts operating in air,

with lubricating films, contamination, and wear debris involved. Our nano and

macrotribological experiments clarify the difference in both friction mechanisms and

pointed out the importance of the sliding conditions in both regimes. In order to get more

insight into the friction mechanism on both length scales, wc studied the fluctuations of

the friction force. Force fluctuations can be studies by means of the autocorrelation

function. From these fluctuations one may gain information on the nature of the junctions

at the interface of the two sliding bodies. Model calculations and experimental results

indicate that the contact diameter can be extracted from the autocorrelation length and the

chemical homogeneity of the surface determines the shape of the autocorrelation function.
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5.2 Outlook

This thesis has focused on several nano- and macrotribological phenomena and

much information was obtained on friction mechanisms and the influence of

environmental conditions, but at the same time, many questions still remain: What kind of

concept other than the coefficient of friction can be used to describe friction on both the

nano- and macroscale? Are friction phenomena that are studied with different kinds of

instruments really comparable? Can the behavior of a single asperity contact be

extrapolated to the phenomena occurring in a multi-asperity contact? Can continuum

mechanics parameters be used to obtain quantitative information about nanometer-scale

properties? What is the main mechanism of energy dissipation during friction?

Wc have proposed the autocorrelation function as a tool to characterize nano- and

macroscopic friction phenomena. The one-dimensional model that we presented suggests

that the autocorrelation provides information on the size of the contact area and the shear

strength distribution—properties that arc not accessible yvith conventional friction data

analysis. To demonstrate the general validity of this idea more friction data arc necessary.

Firstly, statistics have to be improved and secondly, topographical contributions have to

be excluded [Dem96J. To achieve this, the evaluation of friction data recorded with a

surface forces apparatus would be helpful. Furthermore, improved statistics and less

instrument drift should allow the observation of a load and velocity dependence of the

friction force and its autocorrelation function. If the accuracy of the autocorrelation length

could be improved, it would be interesting to study the influence of a 'rest' time or stick

time before sliding, since the contact area should increase with time. Furthermore, this

would allow the contribution of the shear strength to be separated from the contribution of

the contact area to the friction force. More realistic models that produce stick-slip [Ric97,

Roz96] or show a dependence on the sliding velocity [Bau971 would give further insight

into the possibilities of the autocorrelation as a friction characterization tool. Furthermore,

macroscopic models should include the statistics of the surface roughness, the shearing of

junctions, and the elastic or plastic behavior [Sto94. Ogi91].

As pointed out in this work, the coefficient of friction is not a materials property

only. Wear, on the other hand, concerns the loss of material and can be characterized by
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materials properties. Therefore, wear, wear debris, and wear mechanisms should be

studied in more detail, since they are mainly responsible for the friction behavior in

macroscopic contacts. As obsened in our SFM experiments, wear of the probe has to be

considered in a nanoscopic contact as well. In the absence of an UFIV SFM and in order

to get reliable data that are not dominated by capillary forces, further friction and adhesion

studies on both the nano and macroscale should be performed in a humidity chamber or in

liquid.
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