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Chapter 1 

 

Introduction 
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Tribology - the study of friction, wear and lubrication of contacting materials 

- is a relatively new scientific discipline that has existed for only about 50 years. By 

contrast, the phenomenon of friction establishes one of the oldest engineering 

problems with roots dating back many thousands of years: first attempts to sledge 

on snow (10000 BC), the concept of the wheel (3500 BC), the transportation of 

massive pyramid stones by the Egyptians (2000 BC), etcetera. It has always 

remained a challenge to reduce that resistance of motion (friction) when one object 

rubs against another. Over time people have put much effort in understanding the 

nature of friction forces [1]. In particular, simple models were set up and 

phenomenological laws were derived [2], based on observations and 

measurements of friction forces for dry and lubricated interfaces. This has made it 

possible to provide a description of the behavior of simple mechanical systems on 

a practical level and to estimate the frictional energy losses. The experimental 

efforts got strengthened significantly by progress in microscopy techniques [3], 

which enabled research of the contacting surfaces down to the atomic scale and 

shed more light on the more microscopic aspects of the mechanisms of solid-solid 

interaction and lubrication. In turn, progress in the field of tribology contributes 

greatly to progress in many modern mechanical systems: wind turbines, brakes, 

hard-drives, valves, transmissions, wheels and others.  

In the era of present-day technology, hand in hand with the development of 

nano- and microelectromechanical systems (NEMS/MEMS) [4] and other high-tech 

devices, the demand is increasing for a truly microscopic understanding and 

control of friction and wear. New, revolutionary approaches are called for at the 

nano- and microscale. On these small scales, most conventional lubricants (e.g. oil-

based) fail to reduce friction for several reasons. Liquids introduce enormous 

capillary forces, while they bring in the risk of a variety of chemical reactions and 

they can add to the generation of wear debris [5]. 

In this PhD Thesis we demonstrate our first steps towards the reduction and 

control of dry, unlubricated friction on various geometrical scales, with solutions 

that have the promise to satisfy the boundary conditions set by some of the most 

pressing modern technological challenges. In Chapter 2 we describe the first stage 

of an experiment aimed at making the friction-lowering phenomenon of 

thermolubricity [6] active on the macroscopic scale. Our approach is based on earlier 

studies of friction, conducted in our research group with a Friction Force 
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Microscope (FFM). In these studies, it was shown that random thermal fluctuations 

change the familiar, atomic stick-slip motion of the atomically sharp tip of such a 

microscope into a thermal drifting motion, when these fluctuations are strong 

enough with respect to the barriers in the energy landscape. These excitations are 

concentrated in the last nanometers of the tip, because of the extremely small mass 

and the flexibility of the tip apex. Figure 1.1 shows a calculated dependence of the 

mean friction force on the true potential corrugation of the contact between the 

FFM tip and the substrate. The potential corrugation can be varied by adjusting the 

normal force on the contact [6]. Due to the thermal fluctuations of the tip apex 

there is a significant increase of the normal force required to see the friction force 

start increasing (Fig. 1.1). 

 

 
Figure 1.1. Mean friction force as a function of the corrugation of the interaction potential between the 

substrate and the AFM cantilever [6]. Note that the true potential corrugation is proportional to the actual normal 

load on the contact. Reprinted with permission from the authors [6]. 

 

To achieve similar behavior in a macroscopic contact with an area well 

beyond that of the very specific tip-surface geometry of an FFM, we have shaped 

one of the two, macroscopic contacting surfaces in the form of a micro-fabricated 

array of silicon nanopillars, each with a well-defined spring coefficient, similar to 

that of a standard FFM tip. This pattern can be regarded as a large multitude of 

FFM-like tips, each one exhibiting the thermal fluctuations that we identified as 



4 

lubricating the single-tip motion in an FFM. We discuss our friction experiments 

with these fabricated patterns and address the role of the elasticity of the Si 

nanopillars, the specific choice of the counter-surface, the influence of humidity 

and that of the normal load. The fabrication process of the Si nanopillar arrays is 

discussed in detail in Chapter 3 and in ref. [7].  

As the second approach to tackle the problem of dry, unlubricated friction at 

the macroscopic scale, we use a monolayer graphene coating in an attempt to 

observe the effect of the phenomenon, known as superlubricity, on the macroscopic 

scale. In previous experiments, our group has demonstrated that graphite can 

bring down friction in nanometer-scale contacts by orders of magnitude [8]. 

Superlubricity is based on the incommensurability of two contacting crystal lattices 

that are rotated out of registry. On the nanoscale this can render the friction forces 

almost negligible. Figure 1.2 demonstrates the average friction force acting at the 

interface between a graphite nanoflake and an extended graphite surface as a 

function of the rotational angle between their lattices. Chapter 6 describes our 

exploration of the potential of superlubricity in a practical context; the grand 

challenge is to evoke this lattice-mismatch behavior on the macroscopic scale. To 

this end, we use centimeter-scale, flat surfaces covered with a specially grown, 

high-quality, single-orientation, single monolayer of graphene. Friction force traces 

are measured with a novel friction force microscope. First results indicate that 

graphene indeed has a significant effect on macroscopic friction. In Chapter 6 we 

also discuss the effect of oxidation of the substrate on friction properties of 

graphene at the nanoscale.  
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Figure 1.2. Friction force measured versus rotational angle by sensitive friction force microscopy between 

a nanometer-sized graphite flake and an extended graphite surface [8]. When the two graphite lattices are 

commensurate, at rotation angles of 0° and 60°, the friction force is high. When the lattices are rotated out of 

registry by only a few degrees, friction is low. This superlubricity effect has served as the source of inspiration for 

our experiments on friction between graphene-covered surfaces, described in Chapter 6. Reprinted with permission 

from the authors [8]. 

 

Interestingly, the signature of superlubricity can be associated not only with 

layered materials, such as graphite, molybdenum disulfide, boron nitride, etcetera 

[e.g. 9], but also with carbon-based, composite materials, such as Diamond-Like 

Carbon (DLC) coatings [10]. Even though DLC’s form a well-known class of 

materials that reduce abrasive wear and friction, the origin of their low friction 

remains poorly understood. In Chapter 4 we report an experiment to explore the 

lubricating mechanism of DLC coatings. We describe our investigations of the 

frictional behavior of DLC coatings and draw conclusions about a possible 

influence of superlubricity in reducing the macroscopic friction of these coatings. 

For our experiments, we use a novel friction force microscope combined with more 

conventional surface characterization techniques. By micro-patterning one of the 

contacting surfaces, we have limited the region where mechanical contact can 

occur. This has enabled us to follow all changes in the contacting surfaces and 

directly observe the transformation of their structure and composition. In Chapter 

5, we present an analysis of the frictional behavior of the micropatterned DLC 
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coatings as a function of relative humidity and sliding velocity, from which we 

draw conclusions about the lubricating mechanism of DLC and the role of wear 

particles, generated at the interface during sliding. 
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Towards thermolubricity on the macroscopic scale 
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2.1 Introduction 

 

With their invention of the Atomic Force Microscope (AFM), Binning 

et al. [1] opened a new era in surface science. The AFM enabled them to image 

surfaces with roughly a thousand times higher resolution than the diffraction limit 

of an optical microscope, down to the level of 0.1 nm and lower. Since its 

introduction, the AFM has quickly become a standard laboratory tool with 

applications in numerous fields, ranging from solid state physics to biology. 

Shortly after its invention, it was recognized that the AFM can also be used as a so-

called Friction Force Microscope (FFM), to perform direct atomic-scale 

measurements of lateral forces between a sample and a mechanical probe [e.g. 2, 

3]. 

Both the AFM and the FFM provide spatially localized two-dimensional 

information by scanning the sharp mechanical probe with respect to the surface in 

very close proximity to each other and monitoring the probe-sample interactions. 

While most of the AFM applications are based on the data obtained during vertical 

displacement of the probe, the FFM senses the lateral forces on the substrate that 

are generated by moving the probe in horizontal plane back and forth, and in this 

way accesses friction. Figure 2.1 presents the schematics of both microscopes. 

Structurally, they are very similar. In most cases, the mechanical probe consists of a 

flexible cantilever beam and a sharp tip. The shape of the cantilever may vary, 

depending on the application and the anticipated stiffness of the contact. The 

bending and torsion of the cantilever, caused by the interaction of the tip with the 

substrate, are measured e.g. with an optical system consisting of a laser emitter and 

a photodiode. The laser light is focused on the surface of the cantilever. The light 

that is reflected from the cantilever is being received on the photodiode, which is 

split in either two halves (AFM) or four quadrants (FFM). The ratios between the 

light intensities recorded by the sections of the photodiode are transformed 

directly into electrical signals that indicate the relative position of the reflected 

laser spot on the photodiode. When the cantilever’s normal and torsional spring 

coefficients 𝐾𝑁 and 𝐾𝜏 are known, the corresponding (normal and lateral) 

interaction forces between the tip and the substrate can be calculated. In this way, a 

single FFM scan provides a complete map of the interaction forces between the tip 

and the surface, either two-dimensional (normal plus one lateral direction) or even 
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three-dimensional (normal plus both lateral directions), depending on the 

sophistication of the cantilever and the force analysis. The typical spatial resolution 

of the AFM and FFM is 1 Å. The typical force resolutions can be down to the 

picoNewton regime. Reviews of recent developments in the AFM and FFM 

technology and their applications can be found in e.g. [2,4-7]. 

 

  
 

Figure 2.1. Sketches of the principles of the AFM (left) and the FFM (right). 

 

As was mentioned above, the lateral bending of the cantilever beam in the 

FFM is proportional to the lateral force between the tip and the substrate. Due to its 

extreme sensitivity, the FFM has contributed greatly to the rapid development of 

the field of nanotribology: the study of nanoscale friction, adhesion, wear, etcetera 

[7-11]. The FFM has made it possible to study friction between single-asperity 

contacts. The fundamental FFM studies have shown that friction laws at the 

atomic-scale are different from those at macroscopic interfaces [e.g. 11-14]. One of 

the most important observations by this technique is that the tip during its lateral 

motion slips over the atomic potential barriers with a saw-tooth-like variation of 

the lateral force (see, e.g. Fig. 2.2). This effect is known as stick-slip motion.  
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Figure 2.2. (a) Atomic lateral force map of NaCl(100) measured with a silicon tip at 𝐹𝑁 = 0.65 𝑛𝑁, and 

𝑣 = 25 𝑛𝑚/𝑠𝑒𝑐 . (b) Friction loop formed by two scan lines measured along the forward and backward directions. 

Reprinted with permission from the authors [12]. 

 

A simple way to describe the physical interaction between the tip apex and 

the atomic lattice of the substrate is the Prandtl-Tomlinson model [15, 32]. This 

quasistatic model assumes that the tip moves in a periodic potential field formed 

by its interaction with the substrate atomic lattice, while it is being dragged along 

by an external spring (the cantilever). The sketch in Fig. 2.3 visualizes the model. 

The cantilever here is described by its spring coefficient 𝐾. The interaction of the 

tip with the atomic lattice is characterized by a periodic potential with a constant 

amplitude 𝑈0 and a period equal to that of the substrate lattice constant 𝑎. The 

spring support and substrate are moving with respect to each other at a low, 

constant velocity 𝑣. Once the lateral force exerted on the cantilever by the 

displaced substrate is high enough to drag the tip apex over the atomic barrier, the 

tip-cantilever combination slips to the next potential-energy well. In this model, the 

excess energy is removed ‘instantaneously’, after which the tip sticks in its new 

well of residence until the substrate has moved sufficiently again to make it slip 

further. Following this simple mechanistic model, the motion of the tip over the 

lattice reproduces the symmetry of their joint potential-energy map.  
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Figure 2.3. Prandtl-Tomlinson model applied to friction-force microscopy [15].  

 

The traditional Prandtl-Tomlinson model is used commonly to describe 

friction phenomena for many interfaces, typically at low speeds and at wide ranges 

of normal loads and vacuum or atmospheric conditions. This model clearly 

oversimplifies even the most basic friction process on the single-asperity scale. 

Indeed, if we consider the FFM as the simplest practical example, we should 

realize that there is always a second spring hidden in the system. This is the tip 

itself, which is so narrow near its apex that its spring coefficient for lateral 

deformations is even lower than that of most cantilevers used in AFM and FFM 

experiments [e.g. 2, 12, 21, 22]. Due to the extremely low mass of this tip apex, its 

lateral eigenfrequency should nevertheless be extremely high. By all means, the tip 

apex should be considered as a separate mechanical element in the description of 

FFM experiments and therefore as a component that should be added to come to a 

more appropriate description than the Prandtl-Tomlinson model. 

Recently, Krylov et al. [16-18] have analyzed basic tribological experiments 

[16, 19-23] to motivate the importance of the tip apex flexibility and of the 

thermally activated character of its lateral motion. The model adopted by Krylov et 

al. is based on a two-mass-two-spring description of the cantilever system (see Fig. 

2.4), where the second spring and the second mass are associated with the tip apex. 

In this description, the tip apex flexibility is represented by a spring coefficient 𝑘, 
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which is typically in the order of 1 N/m, similar to the stiffness of a single atomic 

bond. The tip apex mass 𝑚 is estimated to be 𝑚𝑒𝑓𝑓 ≤ 105𝑚𝑎𝑡 . This combination of 

spring coefficient and mass corresponds to a high effective lateral vibration 

frequency of the tip apex of at least several GHz [16, 23]. Therefore, even when the 

potential barriers are much higher than the thermal energy 𝑘𝐵𝑇, the tip explores 

the potential energy landscape with such a high attempt frequency that it can 

spontaneously overcome these barriers and ‘jump’ between neighboring potential 

wells. As a result, the lateral force between the tip apex and the substrate can 

vanish (almost) completely. This thermally induced slipperiness is referred to as 

thermolubricity [23]. 

v
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Figure 2.4. Two-mass-two-spring model of the cantilever and the tip apex: 𝑚𝑒𝑓𝑓 , 𝑘 and 𝑀, 𝐾 are the 

parameters of the tip and the cantilever, respectively; the cantilever support and the substrate are moving with 

respect to each other with velocity 𝑣. 
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2.2 Design of nanopillar array 

 

So far, the lubricating role played by temperature has been considered and 

observed only at the nanoscale, associated with the FFM tip. Here, we pose the 

logical next question: can the effect of thermolubricity be extended to the larger scale 

of technologically relevant, macroscopic systems? Probably the easiest approach 

that one could imagine, would be to simply scale up the complete geometry of the 

FFM tip. Unfortunately, this approach is doomed to fail. While its geometrical size 

gets larger, the mass of the tip apex increases proportionally to the third power of 

the linear size, while the spring coefficient of the tip apex scales proportionally to 

𝑑4 𝐿3⁄ , where 𝑑 is the diameter and 𝐿 is the length of the tip (see below), which is 

proportional to the linear size. The eigenfrequency therefore reduces inversely 

proportionally with the linear size, while the root-mean-square displacement of the 

thermal motion reduces inversely proportionally with the square root of the linear 

size. Both reductions strongly reduce the rate at which the larger system can 

overcome the same energy barriers, whereas the lateral energy barriers for a larger 

contact (under a higher load) should certainly be expected to be higher. Thus due 

to inconsistency of these parameters one should choose for another solution. To 

save low mass and required eigenfrequency of the frictional contact, we decided to 

extend a number of FFM-like tips which simultaneously can be brought into direct 

contact with the surface. One of the ways to do it is to shape one of the two 

contacting surfaces in the form of a vast array of nanopillars (NP). The mechanical 

properties of each NP should match to the ones of the FFM tip apex, in terms of 

typical eigenfrequency, mass and hence vibrational amplitude. This assumes that 

each NP wills mimic lubrication properties of the tip, due to its similar thermal 

activation. We utilize their mechanical properties in an attempt to influence the 

friction between dry, unlubricated surfaces. We expect friction to be affected 

significantly by the simultaneous, spontaneous motion of the NPs. We choose the 

dimensions of the NPs such that they exhibit transverse vibrations similar to the 

typical FFM tip apex. Two aspects are of specific importance, here, namely the 

extremely high natural frequency of the FFM tip apex, of 𝑓0 ≥ 0.1 𝐺𝐻𝑧, and the 

thermal vibration amplitude at room temperature (𝑇 = 300 𝐾), typically in the 

order of an interatomic distance, √< 𝑥2 > ~0.1 nm. Though, due to restrictions in 

size of the NPs and available cleanroom tools (see below), we have also to accept 
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the NPs with lower values of the vibrational amplitude (√< 𝑥2 > ~50 𝑝𝑚 ÷

0.1 nm). When these conditions are met, we foresee that when the NPs are brought 

into mechanical contact with a flat counter-surface, each NP will conduct an 

independent, diffusive random walk over the counter-surface. This should reduce 

the lateral force, required to translate the entire NP array over the counter-surface 

to nearly zero at low sliding velocities. 

 

L

d

m, EI 

 
Figure 2.5. A cylindrical cantilever beam fixed at one end as a model of the mechanical properties of a 

single NP.  

 

We treat the NPs as nanoscale cylinders. This relatively trivial geometrical 

shape allows us to easily change the necessary parameters of individual contacts: 

their natural frequency, stiffness and vibrational amplitude. We define the NP 

geometry (Fig. 2.5) by two variables – the diameter of the pillar 𝑑 and its length 𝐿.  

According to simple thermodynamics [9], we associate an average thermal energy 

of 
1

2
𝑘𝐵𝑇 with the one-dimensional lateral motion of each NP. When we relate this 

to the NP’s root-mean-square vibrational excursion, we obtain  

 

1

2
𝑘〈𝑥2〉 = 1

2
𝑘𝐵𝑇 ,    (2.1) 

 

where 𝑘 is the effective lateral spring coefficient of the pillar. Mechanically, 

each NP can be described as a cylindrical cantilever beam fixed at one end. 

Therefore, its spring coefficient 𝑘 can be written as  

 

𝑘 =
3𝐸𝐼

𝐿3
 ,     (2.2) 

 

where 𝐸 is the Young’s modulus of the beam material and 𝐼 is the area 

moment of inertia of the beam, which is given by 
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𝐼 =
𝜋

64
𝑑4 .     (2.3) 

Combining these relations, we obtain 

 

𝑑4

𝐿3
=

64𝑘𝐵𝑇

3𝜋𝐸<𝑥2>
 ,    (2.4) 

 

with the requirement that √< 𝑥2 >  represents the thermal vibration 

amplitude of the NP, in the order of a fraction of an angstrom to 1 Å. Our second 

condition on the NP dimensions comes from the required, high lateral vibration 

frequency. The natural frequencies of the NP are given by 

 

𝑓𝑛 =
𝑎𝑛

2

2𝜋
√

𝐸𝐼

𝑚𝐿4
 .    (2.5) 

 

The number 𝑛 = 1,2,3, … ∞ indicates the vibrational mode and the first three 

modes have 𝑎𝑛 = 1.875, 4.694, 7.885, respectively. The mass per unit length m of 

the beam is given by 

 

𝑚 =
𝜋

4
𝑑2𝜌 .     (2.6) 

 

where 𝜌 is the mass density of the beam.  

For a given value of the fundamental frequency 𝑓1 we obtain the following 

condition for the NP dimensions. 

 

𝑑2

𝐿4
=

64𝜋2𝜌𝑓1
2

𝑎1
4𝐸

 .     (2.7) 

 

Combining the two equations for the NP shape, we find 

 

𝐿 = (
𝑎1

8𝑘𝐵𝑇𝐸

192𝜋3𝜌2𝑓1
4<𝑥2>

)
1

5⁄

 and  (2.8) 
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𝑑 = (
64 𝑎1

12𝑘𝐵
4 𝑇4

81 𝜋2𝜌3𝐸𝑓1
6<𝑥2>4)

1
10⁄

 .  (2.9) 

 

For example, for √< 𝑥2 > = 0.14 𝑛𝑚 and 𝑓1 = 1 𝐺𝐻𝑧, we obtain NP 

dimensions of 𝑑 = 10 𝑛𝑚 and 𝐿 = 100 𝑛𝑚. As the requirements for the amplitude 

and frequency of the NP vibrations are no more than approximate, we have a 

relative ‘freedom’ in our choices for 𝑑 and 𝐿. Table 2.1 represents a comparison of 

these parameters for different settings of nanopillar sizes. The inked cells point at 

those combinations which satisfy the requirements for the amplitude and 

frequency. Though pillars with diameter less than 50 𝑛𝑚 are a big challenge to 

manufacture by means of conventional cleanroom tools. Such combinations are 

marked with red. However, green color suggests an order of sizes which can be 

fabricated and are close to the vibrational requirements at the same time. In Table 

2.2 we show the corresponding value of the lateral spring coefficient for the 

nanopillar settings from Table 2.1. 
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𝑓1, 𝐻𝑧 

√< 𝑥2 > , 𝑚 

L 

10 nm 50 nm 100 nm 500 nm 1 µm 10 µm 

D
 

2 nm 
21 GHz  

0.1 nm 

0.84 GHz 

1.3 nm 

0.21 GHz 

3.6 nm 

8.4 MHz 

40 nm 

2.1 MHz 

0.1 µm 

21 kHz 

3.6 µm 

10 nm 
0.1 THz 

4.5 pm 

4.2 GHz 

51 pm 

1 GHz 

0.14 nm 

42 MHz 

1.6 nm 

10.5 MHz 

4.5 nm 

0.1 MHz 

0.14 µm 

50 nm 
0.5 THz 

0.18 pm 

21 GHz 

2 pm 

5.2 GHz 

5.8 pm 

0.21 GHz 

64 pm 

52 MHz  

0.18 nm 

0.52 MHz 

5.7 nm 

100 nm 
1 THz 

45 fm 

42 GHz 

0.5 pm 

10.5 GHz 

1.4 pm 

0.42 GHz 

16 pm 

0.1 GHz 

45 pm 

1 MHz 

1.4 nm 

500 nm 
5.2 THz 

1.8 fm 

0.21 THz 

20 fm 

52 GHz 

58 fm 

2.1 GHz 

0.65 pm 

0.52 GHz 

1.8 pm 

5.2 MHz 

58 pm 

1 µm 
10 THz 

0.45 fm 

0.42 THz 

5 fm 

0.1 THz 

14 fm 

4.2 GHz 

0.16 pm 

1 GHz 

0.45 pm 

10 MHz 

14 pm 

 

Table 2.1. Natural frequency and vibrational amplitude of nanopillar as a function of its diameter (𝐷) and 

length (𝐿), varying in the range of 2 𝑛𝑚 ÷ 1 𝜇𝑚 and 10 𝑛𝑚 ÷ 10 𝜇𝑚, correspondently. All inked cells indicate 

the pillar configuration with acceptable order of the natural frequency and vibrational amplitude. However, red 

color corresponds to pillar dimensions which are difficult to fabricate. Green color points at the order of the 

nanopillar size which can be reproduced with conventional cleanroom techniques.
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𝑘, 𝑁/𝑚 
L 

10 nm 50 nm 100 nm 500 nm 1 µm 10 µm 

D
 

2 nm 3E-01 3E-03 3E-04 3E-06 3E-07 3E-10 

10 nm 2E+02 2E+00 2E-01 2E-03 2E-04 2E-07 

50 nm 1E+05 1E+03 1E+02 1E+00 1E-01 1E-04 

100 nm 2E+06 2E+04 2E+03 2E+01 2E+00 2E-03 

1 µm 2E+10 2E+08 2E+07 2E+05 2E+04 2E+01 

 

Table 2.2. Lateral spring coefficient of nanopillar as a function of its diameter (𝐷) and length (𝐿), varying 

in the range of 2 𝑛𝑚 ÷ 1 𝜇𝑚 and 10 𝑛𝑚 ÷ 10 𝜇𝑚, correspondently. The cells colored in green correspond, 

similar to Table 1, to nanopillars which satisfy the requirements of the vibrational amplitude, the natural 

frequency and can be manufactured by means of conventional cleanroom techniques. 

 

There are several combinations of the NP dimensions, which were used by 

us for the tribological experiments. They combine a sufficiently large vibration 

amplitude at room temperature with a sufficiently high frequency: 

 

 𝑑 = 70 𝑛𝑚, 𝐿 = 800 𝑛𝑚: leads to 𝑓1 = 0.15 𝐺𝐻𝑧, √< 𝑥2 > = 70 𝑝𝑚, and     

𝑘 = 0,93 𝑁/𝑚 

 𝑑 = 100 𝑛𝑚, 𝐿 = 1000 𝑛𝑚: leads to 𝑓1 = 0.1 𝐺𝐻𝑧, √< 𝑥2 > = 45 𝑝𝑚 and   

𝑘 = 2 𝑁/𝑚. 

 

NPs of these dimensions are convenient for nanofabrication with 

conventional cleanroom techniques. The detailed nanofabrication process of the 

NP arrays is discussed in the following chapter and in ref. [25]. It was decided to 

manufacture a number of NP arrays, each with a different NP stiffness 𝑘, in order 

to test the influence of this parameter on the friction coefficient. Another critical 

parameter in the design of the pillar array is the pitch, i.e. the distance between 

neighboring NPs. By changing this parameter, one can adjust the normal force per 

pillar, which, depending on the chosen counter-surface, should not exceed a few 

𝑛𝑁. The particular range of the normal force is chosen in analogy with the AFM 

experiments [e.g. 21-23], where sufficiently low potential corrugation, proportional 

to the normal load between the tip and the substrate, was a significant factor 
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allowing thermally activated excursions of the tip apex between the atomic 

potential wells.  

 

2.3 Experimental setup 

 

Our friction experiments on the NP arrays were conducted by means of a 

Bruker Scanning Probe Microscope ‘Multimode 8’. The samples were mounted into 

the microscope on Al pucks with a diameter of 1 𝑐𝑚 by means of a special adhesive 

tape. The microscope was installed in an isolated chamber made of Plexiglas to 

control the relative humidity (RH). The RH was varied by means of flushing the 

chamber with a vapor of liquid nitrogen and could reach a lower value of 0.7%. In 

all experiments the temperature was kept at ~22 ± 2°𝐶.  

 

2.4 Experimental results and discussion 

 

As the first fabricated pillar patterns were relatively small, just 50 × 50 µ𝑚2, 

an AFM or, rather, an FFM was the only standard tool that we could use to 

conduct local friction tests. In a traditional FFM experiment one measures the 

lateral forces on the sharp tip at the end of a cantilever, while the tip is dragged 

over an extended substrate. In the particular case of the NP arrays, the geometry is 

reversed. With many FFM-tip-like NPs acting as the ‘substrate’, one should 

measure the lateral force between the NP array and an ‘extended probe. In order to 

avoid local damage to the NP array, we aimed for making mechanical contact 

simultaneously between the probe and as many NPs as possible. For this purpose, 

obviously, a traditional FFM cantilever with a pyramidal tip would not be suitable, 

due to its extremely small contact area. Instead, we used a spherical probe (Fig. 

2.6). This particular probe consists of a polymethyl methacrylate (PMMA) sphere 

glued on the tip location on a standard AFM cantilever. The idea here is that the 

part of the sphere that is the first to come into contact with the NPs first will 

automatically be parallel to the plane of the NP apices, while for a sufficiently large 

diameter, the curvature of the sphere will be low enough that its contact force will 

always be distributed over a large number of NPs. In the example of Fig. 6, the 

sphere has a diameter of 7 µ𝑚, which is 35 times the pitch of the typical NP 

patterns of 200 𝑛𝑚. 
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Figure 2.6. An AFM/FFM cantilever with a 7 µ𝑚 diameter PPMA sphere glued near the end. SEM 

image adopted from the [35]. 

 

The normal (bending) spring coefficient 𝑘𝑁 of our beam-shaped Si 

cantilevers was measured directly using the Thermal Noise Method [33]. 

According to the equipartition theorem, the thermal energy of the cantilever can be 

expressed as 

 

1

2
𝑘𝑁〈𝑥𝑁

2 〉 = 1

2
𝑘𝐵𝑇 ,     (2.10) 

 

where 〈𝑥𝑁
2 〉 is the mean square deflection of the cantilever, which vibrates 

due to thermal noise; 𝑘𝐵 is the Boltzmann constant and 𝑇 is the temperature. By 

measuring the power spectrum of the thermal fluctuations, one can find 

 

𝑘𝑁 =
𝑘𝐵𝑇

𝑝
 ,       (2.11) 

 

where 𝑝 is the area of the power spectrum and equals to 〈𝑥𝑁
2 〉. 

For the particular cantilevers the typical values of the normal spring 

coefficient varied in the range of 𝑘𝑁 =  0.3 ± 0.1 𝑁/𝑚. The lateral (torsional) spring 

coefficient 𝐾𝐿 of the cantilever was estimated theoretically with elasticity theory, 

based on the dimensions of the beam and the geometry of the colloidal sphere 

attached to it. The dimensions of the cantilever were measured with scanning 
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electron microscopy to be a length 𝐿 of 450 ± 3 µ𝑚, a width 𝑤 of 20 ± 1 µ𝑚, a 

thickness 𝑡 of 2 ± 0.1 µ𝑚 and a height of tip ℎ of 7 ± 0.1 𝜇𝑚. Therefore, the lateral 

spring constant 𝑘𝐿 of was calculated based on geometry of the cantilever [34]: 

 

𝑘𝐿 =
𝐺𝑤𝑡3

3ℎ2𝐿
      (2.12) 

 

where 𝐺 is the shear modulus (𝐺 = 𝐸 2(1 + 𝜈⁄ ), 𝐸 is the Young’s modulus 

and ν is the Poisson’s ratio ). Typical values of 𝑘𝐿 for the used cantilevers are in the 

range of 110 ± 10 𝑁/𝑚. The error margin given here for the lateral spring 

coefficient reflects the uncertainties in the measured dimensions, but does not 

include possible systematic shortcomings in the simple, mechanical description of 

the torsional stiffness of the cantilever-sphere combination. Lateral and normal 

force calibration procedure was conducted according to [33, 34]. Normal force was 

determined based on measured voltage response of the photo-diode 𝑉𝑁 during 

normal bending of the cantilever in contact with the substrate. Force-distance 

curves were recorded in order to determine the normal sensitivity 𝑆𝑁. The resulting 

force value can be calculated as follows: 

 

𝐹𝑁 = 𝑘𝑁𝑆𝑁𝑉𝑁 .     (2.13) 

 

In the calculations, we took the total value of the normal force, which 

besides the mechanical force applied with the cantilever, takes into account the 

adhesive interaction between the ball-tip and the pillars. Thus, 𝐹𝑁 = 𝐹𝑚𝑒𝑐ℎ + 𝐹𝑎𝑑ℎ 

(Fig. 2.10).  

To calculate the actual value of the lateral force, we used a relation between 

the lateral 𝑆𝐿 and normal sensitivity 𝑆𝑁. According to [34] the following holds: 

 

𝐹𝐿 = 𝑘𝐿𝑆𝑁𝑉𝑁 =
3

2
𝑘𝐿

ℎ

𝐿
𝑆𝑁𝑉𝐿 ,   (2.14) 

 

where 𝑉𝐿 is the relative change in voltage signal from the photo-diode due to 

lateral bending of the cantilever.  

In order to stay close to the conditions at which thermolubricity has been 

recognized in FFM experiments, we need to apply low normal forces on each NP, 
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in the order of 1 𝑛𝑁 or lower. At such a low normal force, the Hertzian contact area 

between the NP and the PMMA sphere will be small and also the maximum lateral 

force that can build up on each contacted NP will remain low (below 1 𝑛𝑁). Even 

for the low lateral spring coefficient of the NPs, in the order of 1 N/m, this level of 

forces should be expected to lead to no more than a modest bending of the NPs, in 

the order of 1 𝑛𝑚 or less. Nevertheless, this flexibility is sufficient to enable the 

PMMA sphere to establish simultaneous contact with an ensemble of NPs. An 

artist impression of this situation is given in Fig. 2.7. The surface roughness of 

PMMA [e.g. 26], in the order of 10 ÷ 25 𝑛𝑚, and the formation of capillary water 

bridges in ambient atmosphere between the contacting asperities provide extra 

reasons for the sphere to engage into contact with multiple, neighboring NPs. 

During sliding, the ensemble will be ‘refreshed’ all the time, with new NPs coming 

into contact with the sphere and others going out of contact. Due to the flexibility 

of the NPs, the sliding should be expected to be accompanied by hysteresis, both in 

the selection of NPs that the sphere is in contact with and in the average bending 

direction of these NPs. These effects should depend on the total normal load and 

on the degree to which the contact with the NP ensemble is slippery due to 

thermolubricity or other forms of lubrication.  
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Figure 2.7. Artist impression of the simultaneous contact of a spherical tip with multiple NPs under 

normal load. 

 

In preparations for the tests, we found that adhesion between the pillars 

may lead to their lateral bending. Their flexibility is an essential factor in concern 

of their mechanical contact with colloidal AFM probe. A direct illustration of this 

flexibility is provided by the SEM images of Fig. 2.8. They were taken quickly after 

a 1:24 aspect-ratio NP array had been immersed in water. Due to the capillary 

bridges formed by residues of water between some of the neighboring NPs, some 

pairs of NPs become bent, after removal of the NP array from the water. Fig. 2.8 

demonstrates that this effect is even visible in the (modest) vacuum of the SEM. 

The bending is extreme, with the NPs touching each other over the full NP-to-NP 

distance of 200 𝑛𝑚, for the particular design. This corresponds to a bending of 

100 𝑛𝑚 per pillar. Taking into account the spring coefficient of the specific pillars 

of 𝑘 = 3,6 𝑁/𝑚, it indicates that a capillary attraction between the pillars is at least 

360 𝑛𝑁. 
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Figure 2.8. SEM micrographs, overview and detail, of the 1:24 aspect ratio NP array, recorded within 

approximately 10 𝑚𝑖𝑛 after being removed from immersion in water.  

 

The NPs, even after removing of the resist residues, were found to be 

adhesive to the PMMA colloidal probe too. Force-distance curves [29] measured 

between the PMMA sphere and the NP array at two different RH levels are 

presented in Fig. 2.9. Indeed, we see that under ambient conditions the adhesion is 

measured to be up to five times higher than in a relatively dry environment.  
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Figure 2.9. Force-distance curves measured between the PMMA sphere and the Si NP arrays after 

removing of resist at relative humidities of 4% (red curve) and 45% (blue curve). Solid and dashed parts of the 

curves correspond to approach and retraction of the tip, respectively. The total normal force is calculated as  

𝐹𝑁 = 𝐹𝑚𝑒𝑐ℎ + 𝐹𝑎𝑑ℎ. 
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We have explored the mechanical behavior of the contact between the 

PMMA sphere and a Si NP array in a series of FFM experiments at various normal 

loads. Figures 2.10 and 2.11 show height and lateral force maps at normal loads of 

30 and 50 𝑛𝑁, respectively. The measurements are done on the 5𝑥5 µ𝑚2 area of the 

NPs with 100 µ𝑚 diameter and 1000 µ𝑚 height, while the pitch is 250 𝑛𝑚. The 

scan direction in the images is from left to right. In both measurements the 

minimum lateral force (dark color) is recorded every time when the sphere is 

located in the highest vertical positions, i.e. on top of one of the pillars (bright 

color). The 2D height profiles, plotted in Figs. 2.10b and 2.11b, show that along 

each scan line the vertical position of the sphere is modulated with a variation in 

the order of 10 𝑛𝑚, the precise amplitude and the shape of the trajectory 

depending on the applied normal force. As was mentioned above, essential for the 

large vertical motion of the sphere is the lateral flexibility of the NPs. Besides the 

normal load another major force influencing this vertical amplitude, is supposed to 

be adhesion. This might occur mostly due to formation of capillary bridges [e.g. 27-

28] between the apices of the NPs and the sphere. This particular interface is 

extremely sensitive to the RH level, because both contacting surfaces are 

hydrophilic. Therefore the adhesion force between them can become significant, 

even at relatively modest RH values.  

At a normal load of 30 𝑛𝑁 the sphere moves up and down over almost 

14 𝑛𝑚, as shown in Fig. 2.10 (a, b). Naïvely, we had expected the sphere to be in 

contact only with the apices of at most four NPs at any point in time and the 

resulting amplitude of its vertical motion to be below 1 𝑛𝑚. What the experiment 

strongly suggests is that the sphere travels between locations at which it is directly 

above a single (straight) NP and locations in between NPs, where it sinks into the 

NP array by virtue of the sideways flexibility of the NPs. This is the situation 

illustrated in the artist impression of Fig. 2.7. The humidity, in this case 𝑅𝐻 =

 45%, may have contributed to this effect, because the variation in the number of 

NPs that the sphere is in contact with should be accompanied by a significant 

variation in the adhesive force in the order of 1000 𝑛𝑁 [36] with which the sphere 

is pulled towards the NP array, due to the capillary bridges between the sphere 

and the NPs that it is in contact with. In the top positions the number of (capillary) 

sphere-NP contacts can be as small as one, whereas in the lower positions, it can be 

in the order of thirty. Our interpretation of the height signals in Figs. 2.10 (a, b) is 
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supported by the lateral force measurements in Figs. 2.10 (c, d). The darker colors 

in Fig. 2.10c indicate lower lateral forces. The minimal lateral forces are observed 

for positions on top of individual NPs (Fig. 2.10a), where the sphere experiences a 

relatively small contact area and, correspondingly, the minimal capillary adhesion. 

Nevertheless, even at these positions the tip seems to be able to interact with the 

neighboring bended pillars, which explains a presence of local maxima of the 

lateral force at the corresponding to positions on top of NP (Fig. 2.10c). The 

average values of force minima in this situation correspond to 𝐹𝐿 = 1.5 ± 1 𝑛𝑁. By 

contrast, at positions between the NPs, the lateral force rapidly increases to 

𝐹𝐿 = 9 ± 2 𝑛𝑁 at the half-pitch position. 

It is important to realize that the observed minima in the lateral force should 

not be associated with an effect of thermolubricity of the NP array. In fact, we have 

to assume that the capillary necks between the sphere and the NPs severely damp 

the thermally activated lateral vibrations of the NPs that would be essential for 

thermolubricity. A possible solution to this issue is discussed later in this chapter. 
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Figure 2.10. FFM measurements for a 7 𝜇𝑚 diameter PMMA sphere sliding over a Si NP array, for a 

pillar height of 1 µ𝑚, a pillar diameter of 100 𝑛𝑚 (aspect ratio of 1:10) and a pitch of 250 𝑛𝑚. Displayed are the 

simultaneously measured height (a,b) and lateral force (c,d) for the sphere sliding from left to right. Total normal 

load 30 𝑛𝑁, 𝐹𝑁 = 𝐹𝑚𝑒𝑐ℎ + 𝐹𝑎𝑑ℎ = 5 𝑛𝑁 + 25 𝑛𝑁. 𝑅𝐻 = 45%. The local height and friction profiles b and d are 

plotted along the center of the nanopillars within the regions marked with a white dotted line. Schematics of the 

nanopillar in (b) is not on the actual scale and is meant to assist in comparison of the height and lateral signal.  

 

At the higher load of 50 nN (Fig. 2.11), the signature of the elastic bending of 

the NPs becomes even stronger. The signature of the pillars in the height map 

(Fig. 2.11a) is more distorted, than at 30 𝑛𝑁. Between the NP rows, height 

variations become visible that we associate with trajectories of the sphere between 

rows of bent pillars. In contrast to the height profile measured at 30 𝑛𝑁, the height 

variations at 50 𝑛𝑁 load (Fig. 2.11b) are smaller, with the maximum amplitude, 
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measured for trajectories with the sphere centered on the NP rows, remaining 

limited to 8 𝑛𝑚. In Fig. 2.12 we compare typical height trajectories of the sphere 

locally measured on the NPs at normal loads of 30 𝑛𝑁 and 50 𝑛𝑁. We think that 

the higher load is sufficient to let the sphere first bend a NP forward and to 

overcome it without the NP stretching out during the passage. This implies that 

the sphere performs a stick-slip type of motion with respect to that NP. This is 

supported by the asymmetric height profiles, with a tilted shoulder on the 

ascending (left) part of each NP (Fig. 2.11b). Another consequence of the hysteretic 

type of motion is that the measured diameter of the NPs appears larger (~150 𝑛𝑚) 

at the higher loading force, than the actual NP diameter (100 𝑛𝑚) that can be 

recognized at the lower load.  
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Figure 2.11. FFM measurement of the NPs with an aspect ratio of 1:10. A comparison between a height 

(a,b) and a lateral force channels (c,d) in trace direction. Total normal load 50 𝑛𝑁 (𝐹𝑁 = 𝐹𝑚𝑒𝑐ℎ + 𝐹𝑎𝑑ℎ =

22 𝑛𝑁 + 28 𝑛𝑁). 𝑅𝐻 = 45%. The local height and friction profiles b and d are plotted along the center of the 

nanopillars within the areas marked with a white dash line. Schematics of the nanopillar in (b) is not on the actual 

scale and is meant to assist in comparison of the height and lateral signal.  
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Figure 2.12. Comparison between the height profiles of Figs. 2.11 and 2.12, scanned from left to right 

with a the ball-shaped FFM tip over a NP array (diameter-to-height aspect ratio of 1:10) at two different normal 

loads. 𝑅𝐻 = 45%. 

 

Also the lateral force pattern (Fig. 2.11c) has features that are caused by the 

lateral deformation of the NPs when the sphere is dragged over the NP rows. 

During each ‘climbing’ event, the lateral force between the sphere and the NPs 

gradually increases (Fig. 2.11d), caused primarily by the bending of the NP directly 

in front of the sphere. At the normal load of 𝐹𝑁 = 50 𝑛𝑁, this leads to a new, local 

peak in the lateral force of approximately 𝐹𝐿 ≈ 10.5 𝑛𝑁. Before the sphere reaches 

the highest point, on top of the NP, the lateral force decreases again. The lower 

values of the lateral force, measured both before and after the on-top position, are 

𝐹𝐿 = 5 ± 2 𝑛𝑁. Again, the global force maxima correspond to configurations with 

the sphere midway between the on-top positions, where it sinks in maximally 

between the bending NPs and makes simultaneous contact with the largest 

number of NPs. On re-inspection of the data at lower load (Fig. 2.10), we recognize 

that a local maximum in the lateral force was also present in those data, for the on-

top positions of the spherical tip, albeit much more modest than at the higher load.  

Following the discussion of the effect of RH on frictional behavior of the 

NPs, we conducted a test at dry conditions (𝑅𝐻 =  4%) and a normal load of 
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12 𝑛𝑁. The test was conducted on a NP array of 10 𝑥10 µ𝑚2, with NPs of 70 𝑛𝑚 

diameter, 800 𝑛𝑚 height (aspect ratio 7:80) and arranged with a 250 𝑛𝑚 pitch. As 

was mentioned above, the adhesion part of the force-distance curve (Fig. 2.9) is 

decreased by almost a factor five 5 at the lower humidity, compared to adhesion in 

the ambient humidity of 𝑅𝐻 45%. Fig. 2.13 shows height and lateral force data 

obtained at dry conditions. We expect that the number of capillary bridges acting 

at every point in time between the tip and the NPs should be lower, causing less 

adhesive interaction. Thus, the tip height variations presumably should be 

decreased too. Indeed, due to lower normal force and adhesion, the maximum 

height difference in this case equals 6 𝑛𝑚 (Fig. 2.13b), which is indeed below the 

height variations in Figs. 2.10 and 2.11. Nevertheless, the qualitative lateral force 

response remains the same: directly on top of a pillar the sphere experiences the 

lowest lateral force of 𝐹𝐿 = 0.8 ± 0.5 𝑛𝑁, which significantly increases to 𝐹𝐿 ≈ 4.0 ±

1.5 𝑛𝑁, during its passage to the next pillar. Even though these lateral forces are 

much lower than those in Figs. 2.10 and 2.11, the corresponding coefficients of 

friction remain nearly unchanged, varying between a lower value in the order of 

0.07 and a higher value of 0.33.  
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Figure 2.13. FFM measurement of the NPs with an aspect ratio of 7:80. A comparison between height 

(a, b) and lateral force channels (c, d) in trace direction. Normal load 12 𝑛𝑁 (𝐹𝑁 = 𝐹𝑚𝑒𝑐ℎ + 𝐹𝑎𝑑ℎ = 4 𝑛𝑁 +

8 𝑛𝑁). 𝑅𝐻 = 4%. The local height and friction profiles b and d are plotted along the center of the nanopillars 

within the areas marked with a white dash line. Schematics of nanopillar in (b) is not on the actual scale and is 

meant to assist in comparison of the height and lateral signal.  

 

To summarize the observations, opposite to our original expectations, the 

chosen PMMA ball-shape tip cannot provide contact with a sufficiently large 

number of NPs simultaneously. On the other hand, its spherical shape allowed us 

to conduct the first validation measurements on the fabricated patterns without 

having to deal with the problem of alignment of the slider with respect to the NP 

substrate structure. The observation that for all investigated values of the normal 

load and the relative humidity, the trajectory of the spherical tip exhibits height 
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variations, suggests that the sphere is in more intimate contact with the NPs than 

originally anticipated. As a consequence, it might severely damp the thermal 

vibrations of the NPs that it touches. The essence of this problem resides in the 

geometry of the sphere, which combines simultaneous contacts between NPs and 

the surface of the sphere that range from strongly attractive to strongly repulsive. 

The obvious solution to this problem should be to increase the radius of curvature 

of the sphere. The most extreme realization of this would be to use a completely 

flat counter-surface.  

We approach this non-trivial solution of a completely flat counter-surface in 

three different ways, as is summarized in the next section. 

 

2.5 Sliding flat surfaces over NP arrays 

 

In this section, we describe three approaches to realize the ideal contact 

geometry between a completely flat surface and a nanopillar array. The first two 

approaches are for special AFM tips with a flat contact surface, while the third is 

for an extended NP array and a macroscopic counter-surface. In the Bruker 

Multimode 8 AFM that we have used for our AFM/FFM experiments, the 

cantilever is positioned in its standard slot under a fixed angle of 13.5°. For most 

applications, this is extremely useful, because this positioning angle prevents 

undesired mechanical contact of the specimen with the cantilever beam itself 

during the AFM and FFM scans. Even with this large positioning angle, the ball-

shape tip that we introduced in the previous section, was very easy to use as it did 

not require any adjustments of the orientation of the cantilever holder. Truly flat 

contact geometries introduce major alignment difficulties in the AFM/FFM 

experiments. 
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Approach 1: Focused Ion Beam milled AFM tips 

 

We have used the PMMA ball-shaped tip, introduced in the previous section 

and cut its lower part by means of a Focused Ion Beam (FIB). Over the last decades 

the FIB has developed into a powerful technique in the manipulation of 

nanostructures and the characterization of materials [30]. For example, it can be 

used for preparation and analysis of cross-sections and for the nanofabrication of 

devices. It allows one to mill down surfaces with a controlled flux of ions, reaching 

nanometer precision. In our application, we used FIB milling to adjust the shape of 

the PMMA ball-shaped AFM tip. In this way, we obtained a flat section with a 

relatively low surface roughness. Prior to the FIB milling, we deposited a thin layer 

of Au on it to avoid surface charging and heat-related problems during the milling. 

The cut was performed under an angle of 13.5° with respect to the cantilever (Fig. 

2.14 a, b). This angle was necessary to compensate for the inclination of the 

cantilever in the AFM holders, discussed above. The diameter of the resulting flat 

area was approximately 5.5 µ𝑚, thus scaling up the contact area of the probe by an 

order of magnitude with respect to the area encountered for the contact to the 

PMMA sphere (previous section). Even though the SEM images are difficult to 

quantify, we estimate the surface roughness of the flat face to be below 10 𝑛𝑚. 



35 

 

 

a) 

 

b) 

Figure 2.14. SEM micrographs of the FIB processed PMMA probe. Note the 13.5° inclination angle that 

compensates for the standard mounting orientation of the cantilever in the AFM/FFM cantilever holder.  

 

Ideally, the flat section on the PMMA tip should be parallel to the NP array 

and remain always in proper mechanical contact due to the strong adhesion force. 

We also counted on the adhesion force to be the mechanism to compensate for 

minor, residual misalignments, keeping the tip in intimate contact with the NP 

array. In a first test, we brought the flat tip in contact with a flat Si surface. Figure 

2.15 displays height and force measurements. Even though the scan size of 

500 𝑥 500 𝑛𝑚2 is smaller than the flat section on the tip, the height and lateral force 

images show a significant amount of structure. This probably reflects an angular 

misalignment between the flat tip and the Si surface, which we estimate to be in 

the order of ±0.5°. In addition, due to imperfections of the FIB milling (local heat 

melting of PMMA etc.), we could not avoid some sharp edges. Therefore, the FIB 

milled tip still is not flat enough, which has added to the resolution with which the 

Si surface topography was imaged by the AFM and FFM scans (Fig. 2.15a,c). 

Presumably for the same reasons, the adhesive interaction between the tip and the 

substrate was relatively low (Fig. 2.15d). The average friction coefficient between 

these sharp edges and the Si was measured to be 𝜇 ≈ 0.44 (Fig. 2.15b). The surface 
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of the PMMA tip was not inspected for possible wear after the test, in view of the 

high risk of e-beam induced melting during SEM inspection. 
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Figure 2.15. FFM measurement of a flat Si surface 500 𝑥 500 𝑛𝑚2 with the FIB processed PMMA tip. 

A comparison between height (a) and lateral force channel (b) in trace direction. A height cross-section (c) is taken 

along a dash line in (a). d) Force-distance curve measured on the flat Si with flat tip. Normal load 37 𝑛𝑁 (𝐹𝑁 =

𝐹𝑚𝑒𝑐ℎ + 𝐹𝑎𝑑ℎ = 28 𝑛𝑁 + 9 𝑛𝑁). 𝑅𝐻 =  45%. 

 

Unfortunately, in none of the measurements that we conducted with the flat 

PMMA-tip on the NP arrays did we manage to establish the ideal, parallel contact 

in a sufficiently controlled manner. Several attempt to engage into contact between 

the flat tip and the NPs resulted in local damage to the NP array, i.e. massive 
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breaking of nanopillars. Fig. 2.16 shows an example of the destroyed test pattern 

3𝑥3 µ𝑚2 as a result of mechanical contact with the flat PMMA tip. 

 

 

 

Figure 2.16. Consequence of the attempt to scan with the flat PMMA tip on top of the 3𝑥3 µ𝑚2 NP 

array. The SEM image shows the complete destruction of the nanostructures due to the misalignment between the 

flat surface of the ball-tip and the NP array. 

 

Apparently, even for a modest angular misalignment of ±0.5° with respect 

to the NPs, one of the sharp edges of the milled surface of the tip would touch a 

sub-set of the NPs first, causing an uneven distribution of the normal and lateral 

forces per pillar and locally exceeding the maximum allowed force levels. Our 

estimate is that the angular alignment precision of the FIB milling was 0.5° and that 

the mounting accuracy of the cantilever in the AFM was 0.2°. We suspect that the 

cantilever that we used was too stiff (𝑘𝑁 = 0,4 𝑁/𝑚) to make the adhesion 

compensate for these errors by bending the cantilever into the desired, truly 

parallel orientation of the flat area on the ball tip with respect to the NP array. In 

view of this problem we decided not to continue our experiments with milled tips.  
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Approach 2: AFM with plateau-probes.  

 

As the next method to enlarge the contact between an AFM probe and the 

NP arrays we chose to use plateau-ended probes. Unlike standard AFM probes, 

they have a truncated pyramid playing a role of a tip (Fig. 2.17). Their bottom 

surface is completely parallel to the cantilever beam, because both are 

manufactured from a single Si wafer. As no further treatment is applied to the tip, 

its surface roughness remains unchanged at approximately 0.5 𝑛𝑚 root mean 

square roughness (rms). The diameter of the plateau in Fig. 2.17 is approximately 

7 µ𝑚. The cantilever beam has a normal stiffness of 𝑘𝑁 = 0.4 𝑁/𝑚, similar to one of 

the ball-shape probes discussed earlier. 

The main advantage of the plateau probes is that their contacting side is 

extremely smooth (0.5 𝑛𝑚 rms). They are commonly used for measurement of 

adhesion forces on flat samples. These measurements are typically done at high 

normal force in order to bend the cantilever and establish full contact between the 

plateau and the specimen. In our study the normal forces must remain low, so we 

had to revise the way to use these cantilevers.  

In the first experimental solution that we tested, we installed the cantilever 

parallel to the specimen. For this purpose, a new cantilever holder unit for the 

AFM Multimode 8 system was fabricated, in which the cantilever is positioned in a 

slot under zero angle, instead of 13.5°. This solution allowed us to conduct several 

friction measurements under mild normal forces on a flat Si samples, because the 

cantilever does not have to bend much to establish proper mechanical contact with 

the surface. On the other hand, we found out that since tip height is just 7 µ𝑚, the 

position of the scan area on the sample had to be not further from its edge than the 

length of the cantilever beam (450 µ𝑚). Otherwise, the cantilever was touching the 

specimen rather than the tip. For this purpose, the NPs array should be near the 

sample edge too; either the array is manufactured near the edge or the sample 

should be carefully diced to bring one of the NP arrays close to the sample edge. 

Unfortunately, both options are rather difficult from the technological point of 

view, for example due to the high risk of contamination with Si debris particles 

produced during dicing of the sample, the deviating thickness of the photoresist 

layer at the sample edge etc. In view of these complications, it was decided not to 
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continue with this approach and to keep the manufactured AFM holders for 

tribological experiments with less delicate solid samples. 

 

 

 

Figure 2.17. SEM micrograph of a flat-plateau AFM tip facilitated by NanoandMore [35]. 
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Approach 3: extended flat contact. 

 

Finally, we step away from the microscopic geometry of local contact with a 

small-scale NP array, which introduces, as we have seen, a number of practical 

difficulties. Instead, we explore the possibility to address the contact with a NP 

array on a macroscopic length scale. To bridge the gap between the nanosize effect 

of thermolubricity and the ‘macro-world’, we patterned a large NP array on a total 

area of 3 × 3 𝑐𝑚2. The tailored pattern on a 4-inch-diameter Si wafer (Fig.2.18) is 

arranged in a periodic lattice of NPs of 100 𝑛𝑚 diameter, 1 µ𝑚 height and 1 µ𝑚 

pitch. The combination of their dense packing with the large area with NPs allows 

us to use a macroscopic piece of Si wafer as the counter-surface for the NPs. For 

example, if we use a piece of 1 × 1 𝑐𝑚2 Si wafer with a thickness of 500 µ𝑚 and 

make it rest by its own gravity on the NP array, the resulting normal load per pillar 

should be 1.5 𝑛𝑁. With this interface geometry, the sliding contact remains always 

fully populated with NPs. In this scenario, at low sliding speeds the entire contact 

should be ‘lubricated’ as a consequence of the thermolubricity effect. The major 

advantage of this approach is that the two contacting surfaces naturally maintain 

their mutual alignment during the sliding motion as they are placed on top of each 

other under the influence of gravity. The only factor that could reduce the real 

contact area with respect to the combined area of the covered NPs, could be a 

distortion (warp) of the sliding Si wafer or the wafer in which the NP array is 

manufactured. Over the 1 𝑐𝑚 macroscopic length scale of the overall contact, 

typical (out-of-plane) distortions can be in the order of one micron, strongly 

depending on the thicknesses of the wafers. Even in the case of such distortions, 

the radii of curvature involved are so large that we should expect a significant 

number of the NPs to be in simultaneous mechanical contact with the Si counter-

surface. This makes this flat-surface approach very promising for our experiment. 

Taking into account the macroscopic sizes of the samples and the 

correspondingly high normal and lateral forces that should be expected, the 

AFM/FFM setup is no longer the appropriate instrument for these experiments. 

Instead, the UMT friction microscope (see Chapter 4) will be a suitable 

measurement tool. Currently, this experiment is in its final preparation stage. The 

results will be reported in a separate publication. 
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Figure 2.18. SEM micrographs of parts of a large-scale array of nanopillars (3 × 3 𝑐𝑚2). Parameters of 

nanopillars: diameter 100 𝑛𝑚, height 1 µ𝑚, pitch 1 µ𝑚. 
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2.6 Summary 

 

In summary, in this chapter we have shown the following: 

1. A Si NP can be used as a model to mimic the mechanical behavior of a 

single FFM tip apex, combining a high lateral vibration frequency with a large 

thermal vibration amplitude at room temperature. Extended arrays of such NPs 

potentially could be used to reduce dry, unlubricated friction at the macroscopic 

scale due to the effect of thermolubricity. 

2. An application of DRIE at cryogenic temperatures produces large, 

absolutely reproducible and well-ordered arrays of NPs with different aspect ratios 

up to 1:24 over distances of at least 50 𝜇𝑚. We have also applied RIE plasma 

etching to vary the shape of the pillar apices by means of etching of the HSQ resist 

residues. In combination with e-beam lithography, the method shows excellent 

versatility, anisotropy and selectivity. For details see the next chapter. 

3. The first friction tests with an AFM ball-shape tip on the produced NP 

arrays were conducted and have demonstrated (1) a high mechanical strength of 

the NPs, (2) a strong correlation between the applied normal load and the 

sideways bending of the NPs, and (3) a minimum in the lateral force when the 

spherical tip is place directly on top of one of the NP apices. The observed vertical 

motion of the probe indicates that the spherical tip periodically goes through 

geometries in which it is in simultaneous, intimate contact with a large number of 

bent NPs and we expect this to lead to severe damping of the thermal motion of 

the NPs. Possibly, this has been the reason that a clear role of thermal effects, such 

as thermolubricity, could not be identified. 

4. The contact area between a slider and the NP array plays a crucial role and 

it should be made as large as possible. A large, flat counter-surface will not have 

the freedom to ‘sink’ in between NPs that bend sideways, which may reduce the 

damping of the thermal fluctuations of the NPs. A complicating factor is that a 

larger contact is more difficult to align, while misalignments may damage the NPs 

when they are brought into contact with the counter-surface.  

5. A macroscopic NP array of several square centimeters is proposed as the 

next step towards realization of thermolubricity on a macroscopic scale. 
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Chapter 3 

 

Fabrication of high-aspect ratio silicon nanopillars for tribological experiments 
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3.1 Introduction  

 

3.1.1 Overview of relevant nanomanufacturing techniques 

 

Over the past decade, nanostructured surfaces have become widely used in 

electronics [1], biomedicine [2], photonic crystals [3], battery technology [4], solar 

cells [5], etc. Independently of the area of application, the most important points of 

interest of nanofabrication control are the shapes that can be manufactured, 

including the aspect ratios of extreme shapes such as nanopillars (NPs), and the 

reproducibility with which the final structures can be produced. 

From a technological point of view, the manufacturing process of NPs over 

macroscopic areas presents a relatively complex task, even though a wide range of 

literature is available describing various methods for producing NP arrays. As an 

example, the traditional method of so-called ‘natural lithography’ [7,8] serves as a 

flexible and affordable technological platform, both technically and economically, 

that provides good control over the pitch and sharpness of the structures [9,12]. 

The natural lithography method employs self-assembly of nano- or microparticles 

from a solution that is spin-coated on top of the substrate. The resulting layer of 

particles serves as a mask for the subsequent process of etching. However, it is not 

possible to avoid irregularities due to the uneven distribution in the self-assembled 

pattern of particles. The latter may result in height variations after etching, thus 

inhomogeneity in the nanopillar array.  

Conventional ultraviolet- (UV) and holography-based lithography could 

also be effective approaches [23]. Generally, these methods are based on the optical 

projection of a geometrical pattern from a photomask, directly to the substrate that 

is coated with a photoresist. With this method, modifications in the final structures 

(size, shape, distribution) are restricted, because one needs to fabricate a separate 

photomask for each pattern, which is costly. Moreover, conventional cleanroom 

ultraviolet lithography (instead of deep or extreme ultraviolet) delivers a 

resolution of ~0.5 𝜇𝑚 [10, 11]. This modest resolution may not be sufficient to 

produce nanopillars, which, in our case, have to be as small as 50 𝑛𝑚 in diameter. 

Another conventional method is nanoimprint lithography [13, 22]. 

Conceptually the method employs the imprinting of a nanoscale template (‘stamp’) 

onto the substrate (‘replica’) under the action of a certain normal force. Recently, an 
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extreme vertical resolution below 2 𝑛𝑚 was achieved with this method [22]. On the 

other hand, similar to the case of UV lithography, this method requires separate 

stamps for different patterns. 

These factors explain our preference for electron beam lithography [14-16]. 

With this method, it is possible to produce large areas, up to several square 

centimeters, of round shape patterns with a precision of 2 ÷ 5 𝑛𝑚. Electron beam 

lithography enables us to manufacture these NP patterns following well-

established recipes and to reach high quality and reproducibility. The versatility of 

this method is also due to the fact that an electron beam can directly write any 

desired pattern in an electron-beam-sensitive resist layer. Therefore, no 

photomasks or stamps are needed. 

 

3.2 NP fabrication 

 

Figure 3.1 shows schematically the main steps of the NP fabrication process. 

As substrates, we used 10 × 10 𝑚𝑚2 pieces of Si(100) wafer (p-type). Prior to 

processing, samples were cleaned in two steps. Firstly, they were placed for 5 𝑚𝑖𝑛 

in acetone in an ultrasonic bath and were then rinsed with DI water. Secondly, the 

samples were transferred to a fuming nitric acid (99.9%) HNO3 bath and kept there 

for 7 𝑚𝑖𝑛. They were then rinsed with DI water and dried with N2. In order to 

remove residual moisture, the Si samples were baked for 2 𝑚𝑖𝑛 at 250°𝐶. To write 

a pattern on the Si samples we used a negative tone hydrogen silsesquioxane 

(HSQ) resist (XR-1541 Dow Corning, 6% in H2O). This particular choice is 

motivated by two factors: first, this resist provides a high resolution and a high 

selectivity during its exposure to the electron beam in the Electron beam pattern 

generator (EBPG); second, it has a subsequent low etch rate [7], which enables 

etching of the high-aspect-ratio NPs. The HSQ resist was first heated to room 

temperature, after which it was applied directly to the Si substrate, as it did not 

require any primer due to its strong atomic binding to the substrate. Spin coating 

was conducted for 55 𝑠𝑒𝑐 at rotation speeds in the range of 4000 to 5500 𝑅𝑃𝑀, 

depending on the required aspect ratio of the pillars. The final resist layer thickness 

ranged between 80 𝑛𝑚 at low rotation speeds and 60 𝑛𝑚 at high speeds.  
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Figure 3.1. Schematic of the step-by-step fabrication process of the NP arrays. 

 

To obtain a high lithography contrast, the samples were then baked at 80°𝐶 

for 4 𝑚𝑖𝑛. The nanopatterns were written in the HSQ layer by means of a Vistec 

5000+ Electron Beam Pattern Generator (EBPG). The thinnest NPs that we have 

manufactured, had a diameter of 50 𝑛𝑚. All patterns were specified by use of the 

AutoCAD 2013 program and then converted to the corresponding EBPG format. 

Typically, each of the NP arrays was generated over an area of 50× 50 𝜇𝑚2. 

Optimum resolution was achieved for an electron dose of approximately  1950 𝜇𝐶/

𝑐𝑚2 at an acceleration voltage of 100 𝑘𝑉. After exposure, the patterns were 

developed in a 25%  tetramethylammonium hydroxide solution (TMAH) in H2O 

for 30 𝑠𝑒𝑐 at a temperature of 80°𝐶. Immediately afterwards the samples were 

carefully rinsed with DI water for 30 𝑠𝑒𝑐 and flushed with N2. We have used 

cryogenic Deep Reactive Ion Etching (DRIE) to etch the pillars. This technique is 

the most powerful and precise method for manufacturing high-aspect-ratio 

structures in Si [11, 17-19]. The etching was carried out in an Adixen AMS-100 

Plasma Etcher. The discharge was generated by an RF Inductively Coupled Plasma 

(ICP) source, directly connected to the working chamber, as shown in Fig. 3.2. The 

second RF source was connected directly to the specimen table, to provide 

sufficient directional ion bombardment onto the surface of the sample. 
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Figure 3.2. Schematic of RF Inductively Coupled Plasma system [21], used for the Deep Reactive Ion 

Etching of the NP patterns. 

 

The sample was clamped to a cryogenic holder that was cooled by a flow of 

liquid N2. Helium was back-streamed below the holder in order to provide enough 

thermal contact between the sample and the holder so as to maintain a working 

temperature of −120°𝐶 ± 0.5°𝐶. SF6 was chosen as the working gas, as this 

provides active fluorine atoms on the sample to react and form an etching product 

with Si, which is volatile SiF4. Oxygen was added to the SF6, in order to passivate 

the sidewalls of the vertical structures during etching and thus avoid potential 

undercut. The optimal gas flow ratio for this process was established 

experimentally as SF6 : O2 = 6.7 : 1; specifically, the flow rate of SF6 was 200 𝑠𝑐𝑐𝑚 

and that of O2 was 30 𝑠𝑐𝑐𝑚, at a total chamber pressure of 6 𝑚𝑏𝑎𝑟. An important 

point to note is that the optimal oxygen gas flow depended strongly on the size of 

the individual NP, their density on the surface and the exposed area of the silicon 

sample. The RF power was set to 1100 𝑊, and the bias voltage to −40𝑉. With these 

moderate conditions we achieved a typical etch rate of Si of approximately 
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2400 𝑛𝑚/𝑚𝑖𝑛 with a selectivity of 80:1 with respect to the HSQ resist. This process 

produced NP arrays with varying aspect ratios (Fig. 3.3). 
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Figure 3.3. Scanning electron microscopy images of arrays of Si NPs with different aspect ratios. a) 

Aspect ratio 1:4, pillar diameter 95 𝑛𝑚, pillar length 400 𝑛𝑚, pitch between pillar centers 250 𝑛𝑚. b) Aspect 

ratio 1:24, pillar diameter 55 𝑛𝑚, pillar length 1.35 𝜇𝑚, pitch 200 𝑛𝑚. Note the resist residue, decorating the top 

of each NP. 

 

3.3 Removal of resist residues 

 

Since the prime objective of producing these structures was to study their 

tribological (i.e. frictional) properties, it was important to have control over the 

shape, composition and mechanical properties of the apices of the pillars. This 

issue was addressed in combination with the removal of the resist residues that 

remained on top of the pillars after the DRIE procedure. We considered three 

options for the removal of the HSQ residues. The first option was to dissolve these 

residues, which are chemically similar to SiO2, in a hydrofluoric acid solution. We 

found that a 7% buffered HF solution readily dissolved the HSQ residues, as was 

expected, but that this treatment had a deleterious effect on the shapes of the 

pillars, especially for aspect ratios more extreme than 1:12. After HF etching, these 

had become very rough. In turn, certain pillars, which had undergone the under-

etching effect below the resist after the DRIE (see Fig. 3.3a), showed an 

inhomogeneous height distribution after etching. Their thin top part had the 

smallest diameter, which thus was etched away faster than the thicker bottom part. 
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The second option was to use wet etching of the pillars themselves, in order 

to shrink their diameter uniformly, until the residues would detach. It was 

reported in [20] that it is possible to slowly and uniformly shrink the diameter of 

pillars by etching them in dilute aqua regia. In line with the recipe of Ref. [20], we 

immersed our samples in a solution of HNO3 : HCl : H2O = 1 : 3: 6 (volume 

fractions) for approximately 12 hours. However, the result showed a negligible 

etch rate and did not provide any significant changes. We speculate that the DRIE 

etching at −120°𝐶 with O2 for passivation had provided extra smooth side faces 

with low densities of chemically active sites, which could have resulted in the 

negligible effect of dilute aqua regia on the NPs. 

The third and only successful option was to again resort to the method of 

plasma etching. Utilizing an inductively coupled CHF3 plasma in combination 

with O2 for passivation provided the required combination of high anisotropy and 

selectivity between silicon dioxide and silicon. The etching process was conducted 

in a Leybold Heraeus Plasma Etcher at room temperature. The following etching 

parameters were found to achieve the optimal result: a flow of 50 sscm CHF3 

and 2.5 𝑠𝑐𝑐𝑚 O2, 50 𝑊 RF power and −680 𝑉 bias voltage, at a typical, total 

pressure of 6 to 7 𝑚𝑏𝑎𝑟. Under these conditions, the etch rate of silicon dioxide 

was approximately     36 𝑛𝑚/𝑚𝑖𝑛, while that of silicon was some 3 times lower. 

This method allowed us to avoid excess undercut and to sharpen the pillars from 

the top. In Fig. 3.4 we demonstrate this effect for the example of pillars with an 

aspect ratio of 1:10. A minor smoothening effect was observed on the pillars during 

the etching process. We note that this treatment had a deleterious effect on the 

shapes of pillars with extreme aspect ratios, such as 1:24 (not shown here). That is 

why we decided not to (completely) remove the HSQ residues for those pillars. 

Depending on the etching time, the average radius of curvature of the apices of the 

pillars with aspect ratios less extreme than 1:10 varied from approximately 30 𝑛𝑚 

to 12 𝑛𝑚. This effect is illustrated in Fig. 3.5 for the case of NPs with an aspect ratio 

of 1:10.  
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(a)             (b) 

 

Figure 3.4. Scanning electron microscopy images, illustrating the effect of СHF3/O2 etching. On the left 

are the pillars before etching, with aspect ratio 1:10, pillar length 800 𝑛𝑚, pillar diameter 80 𝑛𝑚, pitch 200 𝑛𝑚. 

Each pillar is still decorated by a residue of the resist. The image on the right shows the result after etching. Note 

that the resist residues have been removed and that the pillars are slightly rounded at their apex. 
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Figure 3.5. Average radius of curvature of the apices of NPs with an aspect ratio of 1:10, plotted as a 

function of СHF3/O2 etching time. 



55 

3.4 Summary 

 

In conclusion, we have shown that DRIE at cryogenic temperatures can be 

used to produce large, highly reproducible and well-ordered arrays of nanopillars 

with various width : length aspect ratios up to 1:24 over distances of at least 50 𝜇𝑚. 

We have also applied reactive-ion plasma etching to vary the shape of the pillar 

apices by means of etching of the HSQ resist residues. In combination with e-beam 

lithography, the method shows excellent versatility, anisotropy and selectivity. In 

Chapter 2, the produced nanostructures are used to study their tribological 

properties, in an attempt to reduce dry, unlubricated friction by means of the effect 

of thermolubricity. 
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Chapter 4 

 

Microscopic investigations of the lubrication mechanism of Diamond-Like 

Carbon  
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4.1 Introduction 

 

Diamond-like carbon is a well-known solid lubricant coating used in a wide 

range of industrial applications to reduce excessive wear and friction. During the 

last decades, DLC coatings have revolutionized many technologies. High hardness 

and wear resistance [1-3,10], high thermal resistivity [e.g. 4,5], a low friction 

coefficient [3] and excellent chemical inertness [9] are the common properties 

associated with DLC films. This material has strongly proven itself in modern 

bearings, machine tools, gears, artificial human joints [8], etcetera. Due to its 

chemical inertness, DLC is widely used in vapor- and oil-lubricated contacts [1-5].  

In parallel with increasing interest in its application, many research efforts 

are put into a fundamental understanding of the mechanism by which friction is 

lowered by DLC coatings with various chemical compositions. In the literature one 

finds different scenarios for the formation of a lubrication layer [e.g. 12-17, 31, 14]. 

Among these are the partial graphitization (or rehybridization) of the DLC surface 

[21-23], the passivation of the surface by water molecules [32] and the removal of a 

surface oxide [14].  

Most previously published friction experiments on DLC have been 

conducted with uneven distributions of the loading force, at high speeds and 

without detailed control over the contact geometry. This makes it difficult to 

directly observe the dynamics and development of a lubrication layer on the 

studied DLC surfaces. Therefore, the formation process of the lubrication layer on 

DLC remains subject of debate. 

In the present study, we focus on friction and wear of micropatterned DLC 

surfaces under ambient conditions, i.e. at room temperature in air at various levels 

of the relative humidity and in the absence of additional lubricants. We directly 

observe the formation of a layer of wear particles and show that its presence 

correlates with a reduction in the friction coefficient. We provide various local 

measurements on these particles that strongly favor the graphitization scenario, 

mentioned above. 
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4.2 Experimental 

 

The experiments described in this chapter are performed on Dylyn DLC 

coatings (a-C:H)). The DLC films were deposited by magnetron sputter deposition 

on disk-shaped SiSiC substrates with a diameter of 5 𝑐𝑚. The DLC films are 

hydrogenated, because they were deposited in H gas atmosphere. The resulting H 

content in the films is estimated to be about 30 𝑎𝑡.  %. The thickness of the 

deposited DLC films is approximately 800 𝑛𝑚. The hardness of the DLC films was 

measured with a nanoindenter to be 35 ± 2 𝐺𝑃𝑎. In order to limit the region where 

mechanical contact is to occur, the SiSiC substrates were micropatterned to expose 

three cylindrical mesas by means of plasma etching, prior to the deposition of the 

DLC film. The three mesas are positioned symmetrically on a 4 𝑐𝑚 diameter circle, 

as shown in Fig. 4.1. Each of the mesas has a diameter of 350 𝜇𝑚 and a height of 

50 𝜇𝑚.  
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Figure 4.1. a) Principal schematic of the DLC-coated SiSiC substrate with the symmetrically positioned 

cylindrical mesas (yellow circles). b) SEM micrograph of one of the three mesas. 

 

The topography of the SiSiC mesas prior to DLC deposition exhibits 

relatively large polished plateaus (domains) with an average roughness of 

10 ÷ 15 𝑛𝑚. After deposition of the DLC coating, the resulting surface roughness is 

nearly unchanged. A typical AFM height map of the plateaus shows long scratches 

and local pits, originating from the final, fine-grain polishing treatment of the 

substrate (Fig. 4.2).  

a) 

b) 
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Figure 4.2. 15𝑥15 𝜇𝑚2 AFM height image of the surface of a flat plateau on a DLC-coated mesa. The 

surface is composed of flat areas with scratches and pits, separated by deeper parts. An average roughness of the 

flat plateau is 10 ÷ 15 𝑛𝑚. Areas between the plateaus are lower than the plateaus. 

 

Figure 4.3 shows two optical micrographs of a DLC-coated mesa, taken with 

a Bruker Contour Elite 3D Optical microscope. The two micrographs represent an 

overview over one entire mesa and a local region of the mesa surface at higher 

magnification. Again, we recognize the flat plateaus and we see that they are 

distributed densely over the mesa and that they cover most of the surface. 

Consistent with the AFM image of Figure 4.2, the optical micrographs show that 

the regions between the plateaus are all lower than the plateaus themselves. 
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a) 

b) 

 

Figure 4.3. 3D optical micrographs of a DLC-coated mesa. a) complete mesa; b) representative, local area 

of 156 × 117 µ𝑚2 on the mesa. 
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As a counter-surface for the friction experiments we use 2 inch diameter 

Si(100) wafers with a thickness of 250 𝜇𝑚. Typically, these wafers are mildly 

warped. Using an interferometer, we measure the out-of-plane deformation to be 1 

to 5 𝜇𝑚 across the wafer diameter. The weight of a wafer is approximately 

12 ± 0.15 𝑚𝑁. The precise value is measured for each separate wafer with a 

sensitive scale, prior to each friction experiment. Most experiments are conducted 

with untreated wafers supplied by Si-Mat Company [48], for which the surface is 

known to be covered by a native oxide, SiO2, with a typical thickness of 2 ± 0.5𝑛𝑚. 

All friction experiments were conducted using a polished side of the Si wafers, 

which roughness was measured to be 0.9 ± 0.2 𝑛𝑚 (Fig. 4.4). Some of the wafers 

are covered with a DLC coating, giving us the possibility to create two different 

tribological pairs, as will be discussed later. 

 

 

 

Figure 4.4. 9 × 9 𝜇𝑚2 AFM height image of a polished side of the Si wafer. 

 

Static and dynamic friction forces are measured with a friction force 

microscope in the form of a Bruker Universal Mechanical Tester (UMT-1). The 
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microscope is equipped with a sensitive, low-noise, three-dimensional strain-gauge 

force sensor that has a resolution of 1 𝜇𝑁 for both components of the lateral force 

and for the normal force. The sensor can be operated in a force range from 

approximately 10 𝜇𝑁 to 12 𝑚𝑁. The maximum force value the microscope is able 

to measure is set by the mechanical strength of the sensor components. As a ‘probe’ 

we use a rectangular aluminum block attached to the sensor. The dimensions of 

this block are 5 × 5 𝑚𝑚2 parallel to the (horizontal) sliding interface and 15 𝑚𝑚 in 

height. A photograph of the measurement system and a schematic picture of the 

geometry are presented in Figs. 4.5 a and b. The aluminum block is used to push 

the silicon wafer back and forth along the micropatterned substrate, 

simultaneously measuring the lateral forces, exerted on the block. 

In the UMT-1 setup, the three-mesa substrates are mounted on a positioning 

stage beneath the sensor. The stage can translate along the two lateral directions, 𝑋 

and 𝑌, while the force sensor can translate along 𝑍, all using built-in stepper 

motors with an accuracy of 100 𝑛𝑚. The stage can rotate (𝛩) with an accuracy of 

10 𝑛𝑟𝑎𝑑. A very important question is how to properly align the contacting 

surfaces with respect to each other. We achieve the best possible alignment without 

any mechanical adjustments by simply positioning the slider (i.e. the silicon wafer) 

onto the substrate (DLC-coated SiSiC) under the force of gravity. The silicon wafer 

freely rests on the DLC-coated mesas with a normal force dictated by its own 

weight (12 𝑚𝑁). Friction forces are measured by using the aluminum block on the 

force sensor to apply tangential forces on the flat side (marker plane) of the wafer. 

In this way, no torque is exerted on the wafer, which therefore remains aligned and 

in proper contact with the substrate throughout the entire sliding experiment. The 

normal force can be increased by adding calibrated weights on top of the wafer.  

Some experiments are conducted in reciprocating mode, using a sequence of 

displacements of the Si wafer back and forth along the sliding direction. This 

enabled us to observe run-in behavior of the DLC films without limitations on the 

total sliding distance. We solve this problem by means of gluing two square pieces 

of silicon wafer, each with dimensions of 0.5 × 0.5 𝑐𝑚2, on top of the unpolished 

side of the sliding Si wafer. They are positioned accurately with respect to the 

center of the wafer and aligned with respect to each other. Therefore, the 

aluminum block of the UMT-1 setup can be placed between them and sequentially 

moved back and forth to conduct the measurement of the lateral force. The 
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resulting value of the lateral force is found to be in good agreement (absolute 

difference up to 5%) with the value measured by pushing against the side of the 

wafer, as described above. The additional normal load due to the square blocks is 

1 𝑚𝑁. Unfortunately, in some experiments we recognize that even a slight 

asymmetry in the gluing of the two auxiliary Si pieces with respect to the center of 

the sliding wafer results in differences between the values of the lateral forces 

measured in the forward and reverse sliding directions. On the other hand, 

differences of this type are fully systematic and remain unchanged during the 

sliding experiments. The measurement in Fig. 4.12 demonstrates such a slight 

asymmetry between the lateral force values for sliding in the two opposite 

directions.  

With this experimental arrangement, a friction measurement with the UMT-

1 setup is composed of a sequence of short, unidirectional sliding trajectories of 

typically 1 𝑚𝑚 sliding distance. At the end of each trajectory, the sliding direction 

is reversed. We plot the sequence of positive and negative lateral forces that are 

measured during a series of forward and reverse sliding trajectories into a single 

plot, from which we can see the full history of the friction force over the sequence. 

Friction experiments are conducted at temperatures of 21 ÷ 25°𝐶. The 

atmosphere in the UMT-1 chamber can be controlled by passing a mixture of dry 

nitrogen gas and moist air through it. In this way, the relative humidity (RH) in the 

chamber can be varied between 1% and 90%. The RH was measured close to the 

substrate position with a hygrometer, Vaisala HM40 [55]. 

Additional topography and friction measurements on nano- and 

microscopic levels are performed with an Atomic Force Microscope (AFM) 

Dimension Icon (Bruker). Friction force measurements with this AFM are all 

carried out with Bruker silicon nitride V-shape probes DNP-10 with normal spring 

coefficients of 0.05 to 0.2 𝑁/𝑚. 

We inspect the surfaces of the wafer and the mesas at various stages in our 

experiments with Scanning Electron Microscopy (SEM) and Energy Dispersive X-

Ray Spectroscopy (EDX), using a FEI Verios. Micro-Raman Spectroscopy is 

performed on Renishaw Raman microscope, with a laser wavelength of 514 𝑛𝑚 

and an exceptionally small laser spot size of 500 𝑛𝑚, enabling us to acquire local 

spectra on specific structural features. 
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a) 

  

b) 

Figure 4.5. a) Photograph of the Bruker Universal Mechanical Tester (UMT-1) used 

for most of the friction experiments in this chapter. Indicated are the translation-rotation 

stage on which the three-mesa substrate is mounted and the strain-gauge force sensor that 

is used to exert the lateral force on the sliding wafer. b) Schematics of the experimental 

setup, with the three mesas (yellow), the silicon wafer (grey) and the aluminum block (red) 

that is connected to the force sensor. 
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4.3 Results and discussion 

 

The first set of experiments was conducted with pristine silicon wafers as the 

counter-surface. As the wafers are nearly flat, they provide a well-defined interface 

geometry with the DLC-coated mesas. This geometry is dictated by the detailed 

pattern of asperities on the three mesas and remains unchanged, irrespective of the 

sliding direction and speed and of changes from one silicon wafer to another.  
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Figure 4.6. Initial reciprocating friction measurement with a silicon wafer on a ‘fresh’ DLC-coated three-

mesa sample. The rapid reduction in lateral force illustrates the run-in process. Normal load 13 𝑚𝑁, velocity 

10 µ𝑚/𝑠𝑒𝑐, relative humidity 45%. Black arrows point at the sliding direction. 

 

Each friction experiment with a new DLC coating began with a so-called 

‘run-in’ period, during which the friction forces started out high and gradually 

decreased to low and stable values. Figure 4.6 illustrates the run-in process for a 

new silicon wafer sliding for the first time on a substrate with freshly prepared 

DLC-coated mesas. After a total sliding distance of only 10 𝑚𝑚, the friction force is 

decreased by approximately a factor 5. This indicates that the contacting interface 

has undergone a dramatic change that causes excellent lubrication. We ascribe our 
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short run-in distance to our special geometry in which the sliding, flat silicon wafer 

makes contact continuously with the same asperities, which leads to their rapid 

modification. 

Directly after the first friction measurements and total sliding distance of 

15 𝑚𝑚, the surfaces of both the silicon wafer and the mesas were inspected with 

SEM and EDX in search for structural or compositional changes. The SEM images 

show that the mesas get decorated by third-body elements. Figure 4.7 shows a 

comparison of two similar regions of a DLC-covered mesa before and immediately 

after the run-in. Comparison of precisely the same locations prior to and after the 

first sliding experiment is rather difficult, because one should know beforehand at 

which exact location on the mesa the third-body particles will be formed first. In 

Fig. 4.7b one can see substantial numbers of flakes and particles distributed in 

depressions between the flat plateaus. The difference in contrast (i.e. in electron 

work function) between the SEM images in Figs. 4.7a and 4.7b indicates 

physical/chemical changes occurring in the top layer of the DLC during the initial 

sliding. We will return to this in the Results and Discussion section. 

 

 

a) 

 

b) 

 

Figure 4.7. Comparison of SEM micrographs of nearly the same area of a DLC-coated mesa before (a) and 

after the run-in process (b) of Fig. 4.6. The arrow in panel (b) indicates one of the numerous third-body particles 

that decorate the mesa after the first sliding contact. Higher-resolution images of these particles are shown in Fig. 

4.8. 

Upon closer inspection with EDX it appears that not one but two types of 

new species can be identified. The first type, Fig. 4.8a, is formed by flake-like 

silicon particles. They form a wear product of the silicon wafer, due to its contact 

with the relatively sharp nano- and micro-asperities on the mesa surface. Figure 
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4.8b shows another location where debris has developed, the EDX spectrum 

showing mostly carbon and no silicon. These carbon-based flakes must be worn off 

from the DLC surface due to the high local stresses during the initial sliding. They 

are typically in the order of 0.5 𝜇𝑚 diameter and 10 to 25 𝑛𝑚 thick. Interestingly, 

some of these particles show a different contrast in the SEM images, which 

indicates a difference in electronic structure with respect both to the substrate and 

to the other particles. We will return to this observation later. According to our 

SEM analysis, both types of flakes can easily shear across the surface, changing 

their locations during the sliding of the silicon wafer on top. We conclude this, 

based on the absence of some of the particles in the SEM images from the DLC 

mesa after the sliding experiments. We find, however, that they are not likely to be 

transferred to the silicon surface, which shows that their adhesive interaction with 

the DLC surface is significantly stronger.  
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Figure 4.8. SEM images and EDX spectra on the DLC-coated mesas after the run-in process: a) silicon 

flakes, b) carbon-based flakes. EDX spectra are measured at the locations marked with the white circles. 

 

In contrast with the carbon-based flakes, the silicon flakes are generated 

primarily within the first sliding cycles. Indeed, one can assume that during the 

run-in phase the silicon wafer makes direct mechanical contact only with a few 

microscale asperities on each of the three DLC-coated mesas. The resulting contact 

stresses may easily reach tens of GPa, thereby exceeding the fracture stress of bulk 

silicon is 10 𝐺𝑃𝑎 in humid environment [44]). After the run-in process, contact 

stresses are lower and do not result in fracture of the silicon wafer anymore, even 

though they may remain significant – a point that will be of qualitative importance 

later in this chapter. 

Hand in hand with the deposition of silicon flakes on the DLC-coated mesas, 

wear tracks are formed on the silicon wafer, in the areas where the wafer was in 

direct contact with the DLC mesas. Optical microscopy images (Fig. 4.9) show 

scratches on these locations. The total length of each wear track is equal to the 

sliding distance covered during the run-in phase. SEM images show two types of 

wear tracks, one type resulting from a continuous, smooth cutting through the 

silicon (Fig. 4.10a), while the other indicates a repeated chipping off (Fig. 4.11b), 
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reminiscent of stick-slip motion. Both types show the removal of silicon from the 

wafer, so that both should be expected to result in the supply of silicon flakes to the 

sliding interface. 
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Figure 4.10. Optical micrographs (dark field) of the wear tracks formed on the sliding surface of the 

silicon wafer during the run-in process on the DLC-coated three-mesa surface. Note the high density of silicon 

particle debris along each wear track.  

 

 

a) 

 

b) 

 

Figure 4.11. SEM micrographs of wear tracks on the silicon wafer: a) a small-scale region with a 

continuous cut through the silicon surface; b) a large-scale image showing the result of a ‘stick-slip’-type sequence 

of chipping events. 



75 

Once the run-in is complete and the friction force is low, any subsequent 

sliding of the wafer does not lead to any further wear of the silicon wafer. When 

we replace the first silicon wafer, used for running in, by a fresh wafer, the friction 

force remains low (Fig. 4.12) and the new wafer is not scratched. Note, that there is 

a consistent absolute difference between the values of the lateral force measured 

during sliding from right to left and from left to right. This is presumably due to 

slight difference in position of the Si blocks placed on top of the wafer with respect 

to its center, as discussed above in Experimental. For this reason, here we show an 

average value of the friction coefficient of the corresponding reciprocating paths 

< 𝜇 >. 
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Figure 4.12. Reciprocating friction measurement performed with a fresh silicon wafer on a DLC-coated 

substrate, after the substrate had been run in with a separate silicon wafer, similar to the friction sequence 

displayed in Figure 2. Normal load 13 𝑚𝑁, velocity 10 µ𝑚/𝑠𝑒𝑐, relative humidity 45%. Black arrows point at the 

sliding direction. 

 

During consistent inspection of the fixed locations on the DLC mesas which 

contain Si flakes we observed that Si flakes may move and disappear from their 

original position after sliding of the wafer. At the same time, we don’t find them 

being transferred back to the Si wafer surface. We may conclude that the silicon 

flakes have significant mobility at the interface. This is surprising if we assume that 
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they exhibit similarly strong wetting by water as the (oxidized) surface of the 

silicon wafer [49]. In contact with the wafer under ambient conditions, the silicon 

flakes should then be pinned to the wafer through the formation of capillary water 

bridges. But as we find that they are relatively free to slide, whereas we have not 

observed the transfer of silicon flakes back from the DLC surface to the silicon 

wafer, we have to conclude that the silicon flakes, or at least their surfaces, are 

chemically modified. We will return to this point later in this chapter.  

The dependence of the friction force on the applied normal load is measured 

to be close to linear for normal load values up to approximately 𝐹𝑁 = 40 𝑚𝑁. This 

can be recognized in Fig. 4.13, in which we plot the coefficient of friction (COF), 

defined as the ratio 𝜇 = 𝐹𝐹 𝐹𝑁⁄  between the friction force and the normal load and 

where the friction force is equal to the average lateral force 𝐹𝐹 = 𝐹�̅�. Up to 𝐹𝑁 =

40 𝑚𝑁, the COF is more or less constant.  
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Figure 4.13. Dependence on normal load of the friction coefficient for a silicon wafer on a DLC-coated 

substrate. The red curve represents measurements during the loading phase, i.e. while the normal load is gradually 

increased. The blue curve shows measurements during unloading. The weight of the silicon wafer was 12 𝑚𝑁. The 
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normal load was varied by means of adding extra weight on top of the silicon wafer. Relative humidity 45%, 

temperature 23°𝐶. 

 

The high lateral mobility of the silicon particles was found only within a 

certain range of normal loads. When the normal load was gradually increased 

beyond 40 𝑚𝑁 (red curve in Fig. 4.13), we observed a rapid increase of the friction 

coefficient. For 𝐹𝑁 ≥ 55 𝑚𝑁, the friction force even reached the maximum value of 

12 𝑚𝑁, at the limit of the operational range of the force sensor. In fact, the values of 

the friction coefficient in Fig. 4.13 higher than 0.2 are lower estimates. Along the 

blue curve, we gradually decreased the normal load. The wafer could slide again 

after we reduced the normal force to 𝐹𝑁 = 15 𝑚𝑁. We assume that the changes in 

friction coefficient are due to the pinning of the Si and DLC particles on the DLC 

film at high normal loads. When the load is reduced sufficiently, the particles, 

presumably, de-pin and regain their ability to shear across the surface. This 

phenomenon causes hysteresis in the loading-unloading cycle, when we load 

beyond a critical level. Along with this assumption, we cannot exclude another 

scenario which takes into account contact stresses on the surface of the silicon 

wafer. Let’s assume that the real contact on each DLC mesa takes place only via 

small number of third-body particles (and asperities) with sub-micron size 

distribution. As discussed above, at a normal load of 𝐹𝑁 = 12 𝑚𝑁 after the run-in 

process, the Hertzian contact stresses could reach a level up to several GPa, which 

is roughly comparable with the ultimate strength of bulk silicon. Hence at a 5 times 

higher normal load (Fig. 4.13), one should already expect a gradual fracture of the 

silicon surface in places of real contact. As follows, in order to rejuvenate sliding 

motion and reach the original friction coefficient, one should decrease the normal 

load. 

In order to demonstrate that silicon particles only help to bring down the 

COF by mechanical filling-in and shielding of the DLC surface, we conducted an 

experiment in which we partially removed them by cleaning the mesa structure 

after which we measured the friction force again. The cleaning was conducted in 

an ultrasonic bath with n-octane for 15 𝑚𝑖𝑛 at 20°𝐶. n-Octane as a non-polar 

solvent increases the probability for the particles to come off the surface. In fact, 

using of a polar solvent (e.g. isopropanol) didn’t result in removing of any 

particles. We assume the reason for this is an interaction of polarized solvent 
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molecules with the surface of the DLC film and the particles. Due to a strong 

dipole moment acting between them, the particles had in the particular case lower 

probability to come off. Interestingly, only silicon flakes were removed in this way, 

while C-based particles could not be removed from the mesa surface. Figure 4.14 

represents SEM images of a local area on the DLC surface before and after cleaning 

of the DLC substrate following the proposed above procedure.  

 

 

 
 

Figure 4.14. Example of the same local area on a DLC-coated mesa before (a) and after (b) ultrasonic 

cleaning with n-octane. Note that most of the silicon flakes created around an asperity are gone after cleaning, 

while the DLC flakes remain on their original positions.  
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In Fig. 4.15 we show a friction measurement with a fresh silicon wafer 

against a DLC-coated three-mesa substrate, directly after the cleaning procedure 

described above, in which the silicon flakes were removed. While the initial value 

of the COF is much lower than the starting value observed at the first run-in of the 

DLC coating (Fig. 4.6), the COF starts out higher than its value after that run-in, 

but prior to the removal of the silicon flakes. A new run-in episode is required to 

reduce the COF again. Note that in this process the ‘noise’ on the measured lateral 

force is high initially and that it is reduced nearly to zero during the run-in phase. 

After this re-run-in measurement, SEM images showed new silicon flakes at 

locations next to asperities and in relatively flat areas, where such flakes had been 

absent after the sonication. We see that the presence of the silicon flakes correlates 

with a modest reduction in the COF and with the suppression of the fluctuations in 

the lateral force.  
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Figure 4.15. Friction measurements between a fresh silicon wafer and a DLC-coated three-mesa substrate, 

immediately after ‘cleaning’ the substrate in an ultrasonic bath with n-octane. SEM-images show that initially no 

flakes were present. At the end of the test a small number of new silicon flakes were observed. Normal 

load 13 𝑚𝑁, velocity 10 µ𝑚/𝑠𝑒𝑐 and relative humidity 45%. Black arrows point at the sliding direction. 
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In order to completely exclude the influence of the silicon flakes on the 

lubrication process, in the next set of experiments we used as a counter-surface a 

silicon wafer coated with DLC, i.e. with the same type hydrogenated coating as the 

three mesas over which it was forced to slide. The thickness of the DLC coating on 

the silicon wafer amounted to 800 ± 10 𝑛𝑚. AFM topography measurements on 

the DLC-surface show that it has a local roughness of 1.1 ± 0.2 𝑛𝑚, which is similar 

to the roughness of the underlying silicon surface (Fig. 4.16). Therefore, the 

geometrical simplicity is conserved of a nominally flat counter-surface sliding over 

the rough surface landscape of the three mesas. 

 

 
Figure 4.16. AFM height measurement on the DLC-coated silicon wafer. The root-mean-square (rms) 

roughness equals 1.1 ± 0.2 𝑛𝑚, which is similar to that of the silicon wafer. 

 

Figure 4.17 presents a friction measurement with the DLC-coated silicon 

wafer against the DLC-coated mesas. During a rapid run-in process, the COF 

decreases during the first millimeters of sliding, reaching an average final value of 

0.09 ± 0.01 and remains almost unchanged even at longer sliding distances 

(> 10 𝑚𝑚).  
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Figure 4.17. Friction coefficient during the run-in process of a DLC-coated silicon wafer against a DLC-

coated three-mesa substrate. Normal load 35 𝑚𝑁, velocity 10 µ𝑚/𝑠𝑒𝑐 and relative humidity 45%. Black arrows 

point at the sliding direction. 

 

In the experiments with an uncoated silicon wafer sliding over the DLC-

coated mesas, carbon-based particles were generated in the form of submicron 

flakes. In the present case, with DLC-coated surfaces sliding over each other, we 

first observe the formation of rather large particles, with diameters up to several 

micrometers (Fig. 4.18), which we ascribe to the high interfacial hardness. They 

originated mostly from the substrate and only minor wear loss was observed on 

the DLC-coated silicon wafer. Only after sufficiently long sliding distances, these 

particles decreased in size, probably due to the milling effect between the 

contacting regions. Presumably, the milling and shear sliding of the loos particles 

causes the noise in the lateral force signal, observed in this experiment. The final 

average size of most particles does not exceed the interface roughness of 

approximately 10 to 50 𝑛𝑚, dominated by the roughness of the mesas. Though 

minor amount of the particle still have the size larger that the interface roughness, 

therefore the noise remains present even at longer sliding distances (> 10 𝑚𝑚). 
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Figure 4.18. SEM micrograph of particle debris formed during the run-in period (after the first 3 𝑚𝑚 of 

sliding in Fig. 4.10) at the interface between two DLC-coated surfaces. 

 

Similar to the silicon-against-DLC experiment, the carbon-based particles 

formed in the DLC-against-DLC experiment could not be removed by means of 

ultrasonic cleaning in n-octane, following the method described above. As long as 

these carbon-based flakes are present on the DLC mesa surface (and also on the 

sliding surface of the DLC-coated silicon wafer) and the majority of protruding 

asperities are removed, the DLC surface is in its ‘self-lubrication’ regime. The low 

friction coefficient is conserved if the counter-surface is replaced with a different 

one. For example, if after the run-in process, the DLC-coated silicon wafer is 

replaced with a new, uncoated silicon wafer, the COF remains nearly unchanged 

and no further run-in behavior is observed (Fig. 4.19). Also, no scratches are 

formed on the silicon and no material is transferred from the silicon wafer to the 

DLC-coated mesas. 
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Figure 4.19. Reciprocating friction measurement with a fresh, uncoated silicon wafer sliding over a DLC-

coated three-mesa substrate, after this substrate had been run in against a DLC-coated silicon wafer. Normal load 

13 𝑚𝑁. Reciprocating speed 10 µ𝑚/𝑠𝑒𝑐. Relative humidity 45%. Black arrows point at the sliding direction. 

 

Firstly, observed mobility of the Si flakes might tempt to idea that their 

surface got wrapped with a thin layer of carbon material transferred from the DLC 

surface during their initial shear. Similar scenarios of lubrication due to formation 

of onion-like structures on diamond particles between graphene and DLC surface 

were suggested earlier [18,19]. A micropillar geometry gives us an opportunity to 

look at individual particles in the transfer layer. Therefore we put an effort to 

characterize individual silicon and C-based flakes with micro-Raman spectroscopy, 

to find out whether above mentioned scenario could be applicable in the particular 

case. The measurements were performed on the silicon particles didn’t reveal any 

structural changes: unfortunately, due to a strong background signal from DLC no 

significant correlation of graphitic structure present on the silicon particles was 

found, though a Raman laser spot was as small as 500 𝑛𝑚 in diameter. A typical 

Raman spectrum on the silicon particle on DLC surface is presented on Fig. 4.20.  
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Figure 4.20. A typical Raman spectrum measured on a single silicon flake laying on the DLC surface. A 

part of the spectrum from ~1000 𝑐𝑚−1 to ~1750 𝑐𝑚−1 is due to the background signal from DLC.  

 

Secondly, our observations indicate that the surface of the carbon-based 

particles that are formed during the run-in phase, has undergone a dramatic 

structural or compositional change. This is consistent with many previous studies 

[e.g. 13, 21-23]. The most popular scenario is that the density of carbon atoms 

involved in sp2 bonding configurations would be increased at the surface of the 

DLC particles that are sheared off from the DLC coating. This increase in sp2 

signature would correspond to a local surface conversion from the original, hard 

diamond-like carbon phase, with sp3 bonding character, into a graphitic carbon 

network. Such a conversion is possible under sufficiently high local pressures and 

shear stresses. Many spectroscopic studies demonstrate agglomeration of 

converted carbon based particles along the wear tracks on the studied samples [e.g. 

22, 50]. For the hydrogenated DLC, this process should also be accompanied with 

some hydrogen release from the structure and a resulting lattice relaxation. Indeed, 

the friction between diamond surfaces has been measured to be extreme [51]. In 

contrast, the friction between graphite surfaces can be vanishingly low [35]. The 
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combination of high stiffness within each graphite sheet and the weak Van der 

Waals bonding between the sheets, makes it relatively easy to shear graphite or 

graphene sheets over each other, particularly when they are azimuthally 

misaligned [35]. We have to realize that the proposed diamond-to-graphite 

conversion should be expected to take place only very locally, where direct 

mechanical contact generates sufficiently high pressures. The lubricating carbon-

based particles could be decorated by graphitic carbon only over a small fraction of 

their surface. This makes it very difficult to prove experimentally that such a 

structural transformation is indeed taking place and that it is indeed responsible 

for the strong reduction in measured friction forces. 

In order to investigate the possible structural transformation of the carbon-

based particles, we performed micro-Raman spectroscopy. Special in these 

measurements was the use of a relatively small laser beam spot, enabling us to 

acquire spectra completely on a single particle or, for comparison, on the DLC 

areas between the particles. In order to ensure that the Raman spectrum for the 

particles was obtained exclusively on particles, we selected particles for this 

analysis with lateral dimensions larger than 800 𝑛𝑚. In Fig. 4.21, we compare a 

spectra in the frequency range between 900 and 1800 𝑐𝑚−1 on a pristine DLC area 

on one of the mesas with a spectrum on a single carbon-based particle. The 

characteristic bands for DLC are around 1360 𝑐𝑚−1 (‘defect’ or D-band) and 

1550 𝑐𝑚−1 (‘graphite’ or G-band) and overlap. These bands originate mainly from 

sp2-bonded carbon clusters. Their intensity ratio 𝐼𝐷 𝐼𝐺⁄ , their widths and precise 

peak positions are all sensitive to details of the bonding configuration and thus to 

possible structural changes, e.g. from sp3 to sp2. We used a standard Gaussian peak 

fitting method, which is described in detail in e.g. [24-28, 39], in order to process 

the acquired Raman spectra and analyze the D and G bands independently, in 

terms of their intensities, positions and full widths at half maximum (FWHM). A 

combination of these parameters serves as a measure for the relative amount of 

sp2-bonding [27, 29, 30, 39]. Comparing Figs. 21b (particle) and 21a (DLC), we 

observe the following: 

1) a significant increase of the ID/IG ratio on the particle with respect 

to the pristine DLC, from 0.56 to 0.91. Note that this is primarily due to a 

significant increase of ID, while IG remains almost constant; 
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2) a shift of the G band position towards higher frequency, from 

1553 to 1560 𝑐𝑚−1; 

3) no shift of the D peak;  

4) a narrowing of the FWHM of both the D and the G band.  

 

Figure 4.21. Comparison of the Raman spectra of the pristine DLC surface (a) and on top of a wear 

particle of the DLC (b). The black inner lines illustrate the Gaussian decomposition into D- and G-bands. The 

spectra are offset vertically for clarity. 

 

We note, that the penetration depth at 514 𝑛𝑚 wavelength of the laser can be 

as large as 700 𝑛𝑚 [53]. Therefore, in all measured spectra only a part of the signal 

corresponds to light interaction with the surface, while the rest is due to interaction 

of the excitation laser light with the bulk material. The Raman spectra suggest that 

the investigated particles contain a relatively high number of sp2-bonded carbon 

atoms in comparison with the DLC film. The particles originate from the asperities 

that had undergone the highest mechanical stresses due to the uneven distribution 

of normal load during the run-in phase. In turn this induces local atomic stresses in 
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the DLC, followed by transformation of metastable sp3-bonded clusters into to 

more stable sp2. In the presence of adsorbed water, the dangling bonds on the sp2-

clusters should be passivated, similar to the situation for graphite [54]. Without the 

dangling bonds, the sp2-clusters can act as an efficient lubricant. Carpick et al. have 

recently shown that in addition to some rehybridization from sp3 to disordered sp2-

bonding in non-hydrogenated amorphous carbon and ultra-nanocrystalline 

carbon, an essential ingredient in the solid-lubrication mechanism of amorphous 

carbon is the passivation of active sites (dangling bonds) with OH and H, formed 

due to dissociation of adsorbed water [15]. They have concluded this, based on 

near-edge x-ray adsorption fine structure (NEXAFS) spectroscopy measurements 

on the wear tracks. In our case of hydrogenated DLC, both processes play a 

positive role in lubrication of the solid interface. On the one hand, the increased 

number of sp2-bonded carbon clusters reorganizes the particle surface and also 

results in rupture of C-H bonds and increasing density of carbon dangling bonds, 

thus increasing the surface energy. C-H bonds are known to break mechanically by 

the high shear stresses that develop locally during sliding [52]. On the other hand, 

newly created active sites on the particles get immediately passivated with water 

from the environment, bringing down the friction coefficient [47]. The rest of the 

substrate remains enriched with H, which locally passivates all dangling bonds 

and prevents water from adsorbing [32-34]. Also, the Raman spectrum measured 

on the DLC surface next to the particles does not show any sign of increasing 

amount of sp2 clusters. Therefore, we conclude that the lubrication is mainly due to 

hybridization and/or passivation mechanisms on the wear particles, rather than a 

transformation of the entire DLC substrate. We defer the discussion of the 

dependence of friction on the relative humidity to the next Chapter, where we 

present experimental data. 

The change in electronic structure, associated with the increase in the 

proportion of sp2 bonded surface atoms on the studied particles, should be 

expected to cause a change of contrast of the particles in the SEM observations, as 

mentioned above. The reason for this is that the electronic changes should be 

accompanied by changes in the work function and, hence, in the secondary 

electron emission coefficient. A change in contrast between sp2 and sp3 clusters has 

been reported before in Transmission Electron Microscopy observations [46]. 
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One important observation from this work is that even in our special 

geometry, in which the roughness is fully concentrated on one of the two 

contacting surfaces and the asperities on that surface seem more or less fixed in 

location, all major transformations of the DLC film are very local and the final 

contact geometry is strongly dominated by the third bodies that are formed during 

the initial, run-in phase. In this extremely heterogeneous geometry, the commonly 

used term ‘wear track’ is not appropriate [6, 28]. We inspected the local variations 

in frictional behavior on the mesa surface with AFM. Figures 4.22 a and b present 

maps of the friction and height of the same local region on the DLC film. The 

combination of these images shows that some of the highest locations exhibit 

relatively low friction levels, compared to the lower regions that did not experience 

sliding contact with the counter surface. The latter means that due to the relatively 

high local contact pressure, the highest regions have undergone physical or 

chemical changes that cause the lowering of friction on them. Ahn et al [40] studied 

phase images with AFM [42, 43] on DLC wear tracks. They revealed a significant 

inhomogeneity of the wear track across the sliding direction and reported a lower 

elastic modulus on the highest asperities. The latter was associated by them with a 

transition of the diamond-like structure to a graphite-like structure. 

 

 

a) 
 

b) 

 

Figure 4.22. AFM measurements on a DLC-coated mesa after run-in. a) Friction force (dark colors 

correspond to low friction); b) Height map of the same area. White circles point at asperities on (a), which show 

low lateral force on (b); white squares indicate the corresponding locations and lateral force measured at the 

nanoscale particles. Scan size 10 × 10 𝜇𝑚2, line frequency 0,5 𝐻𝑧. Scan direction from left to right. 
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Together with the highest asperities, also the nanoscale particles exhibit a 

low friction coefficient. This is illustrated by the dark spots in Fig. 4.22a, marked 

with the white circles. One can see that some of these particles have ended up in 

the valleys, while others reside in higher regions on the surface. Like the highest 

asperities, the higher ones are probable to form part of the true contact area and 

assist in the lubrication process. We assume that, in full analogy with the larger 

carbon-based particles, investigated in Fig. 4.21, the highest asperities and these 

nanoscale particles are partially graphitized. Unfortunately, the spot size in our 

micro-Raman spectroscopy measurements was too large to directly confirm this. 

The scenario suggested by our observations resembles that of the formation of so-

called nanoscrolls, which are thought to have extremely lubricious properties. 

Berman et al [19] have recently shown that graphene patches can wrap around 

nanodiamonds. This might significantly lower the sliding friction on DLC, again 

via the effect of structural lubricity, or superlubricity between graphite surfaces, 

shown in e.g. [35-37]. Interestingly, some of the low-friction spots if Fig. 4.22a do 

not correlate with protrusions in Fig. 4.22b. We assume that these are wear sites, 

where nano-particles have originated under the influence of high shear stresses. 

Either during the shearing-off process or during subsequent sliding in contact with 

the opposing surface, these sites may have changed their carbon network structure. 

 

4.4 Summary 

 

Micropatterning of the studied DLC substrates is an essential instrument 

that helps directly to control an apparent area of contact between the sliding 

surfaces. As a result, we can observe origin, step-by-step formation and 

development of third-body elements during the sliding friction on the fixed areas 

of contact. Our observations suggest that high local stresses lead to the formation 

of DLC microparticles with increased numbers of sp2-bonded clusters, which in 

turn serve as a lubricant. In turn, the microparticles seem later to decompose into 

nanoparticles, which demonstrate the low friction coefficient too. Adding here the 

lubrication due to surface transformation at the highest asperities on the DLC, all 

together it results in lowering of the sliding friction coefficient regardless of the 

choice of counter sample. We have also shown a correlation between presence and 

absence of the particle debris from the counter, which take part in the contacting 
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interface. We suspect that the surface of e.g. Si flakes got wrapped with a thin layer 

of carbon material transferred from the DLC surface during their initial shear. The 

last could explain their mobility at the sliding interface. More research is needed to 

be done on the level of single nano- and microparticles of DLC and counter 

material in order to relate their surface properties to the low friction coefficient at 

the macroscopic level they deliver together. 
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Chapter 5 

 

Dynamic and static tribological properties of micropatterned DLC under 

different humidities 
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5.1 Introduction  

 

Sliding friction occurs in a large number of technological processes and in 

everyday life [7]. Developing a deep understanding of its mechanisms is important 

in our search for ways to control or minimize friction and wear between sliding 

surfaces. In this Chapter we focus on sliding friction when one of the two surfaces 

has a hydrogenated DLC coating. In order to define the precise regions where the 

DLC coating makes mechanical contact, we micropatterned our DLC-coated 

samples with cylindrical mesas, similar to the ones discussed in Chapter 4. In 

Chapter 5, we concentrate on the dependence of friction on two parameters, 

namely the sliding velocity and the humidity of the air. 

Sliding friction is usually considered to be independent of velocity. Charles 

Coulomb (1736-1806) postulated this in his law of dry friction, stating that “when 

two solid bodies are in contact, the force required to produce sliding between them 

is proportional to the normal force acting in the plane of contacts” [37]. In 

mathematical terms, 

 

𝐹𝑓 = 𝜇𝑑𝐹𝑁 ,      (5.1) 

 

where 𝐹𝑓 is friction force, 𝐹𝑁 is the normal load and 𝜇𝑑 is the coefficient of 

sliding, or dynamic friction. Indeed, in this so-called Amontons-Coulomb law [77], 

𝐹𝑓 does not depend on sliding velocity. However, over the past decades, careful 

studies demonstrated that friction does depend on sliding velocity and that this 

law oversimplifies the interaction between the sliding objects [31, 32, 38, 39]. Both 

on the nano- and on the macroscale, certain materials exhibit a decrease of the 

coefficient of friction with increasing velocity [6,34,35]. Other materials, on the 

other hand, show an increase [31-34], while there are also materials for which the 

friction coefficient varies non-monotonically with velocity [32,35,40]. A near 

velocity-independence was demonstrated for an AFM tip sliding over amorphous 

carbon, diamond and HOPG surfaces [41]. The differences in behavior derive from 

different material properties, in particular from differences in the structure and 

composition of the surfaces and their interaction with the environment. Effects that 

play a role are for example the aging of contacts [46,42,44], plastic and elastic shear 

of asperities [43,45,47], hydrodynamic effects such as the viscous behavior of 
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adsorbed water necks and lubrication layers [14,23,40,48], and tribochemical effects 

[e.g. 35]. It has also been shown that even at room temperature, capillary 

condensation of adsorbed water between e.g. a metal tip and a graphite surface can 

lead to the formation of ice, which significantly increases the friction force between 

them at low velocities [24, 25]. 

Friction phenomena on DLC are also complex. First of all, they should be 

always described as a three-body contact problem. A third-body is not only a layer 

of particle debris and other wear products created during sliding between the 

contacting surfaces, but it can also be adsorbed vapor [1, 63]. Depending on the 

surface and interfacial energies, capillary bridges can be created between surfaces 

that are either in contact or close to contact [3-6, 22]. Viscous shear of capillaries 

can dramatically alter the friction and wear properties both on the nano- [6, 13, 14, 

23] and on the macroscale [8-12]. Depending on hydrophilicity of the surfaces and 

their roughness, the friction force can display either increasing or decreasing 

behavior as a function of e.g. sliding speed and relative humidity [16-21]. 

However, at present there is still much controversy on the general effects of 

velocity and relative humidity on friction properties of DLC coatings.  

In this study, we consider how particle debris formed during the run-in 

period plays a major role in the lubrication of the interface between a sliding object 

and the DLC surface. In this context, we also take into account the influence of 

capillary forces acting between them [2, 15]. Tribochemical reactions on the DLC 

might affect the friction coefficient differently under different atmospheric 

conditions [11, 14, 26-28]. Here, we discuss experiments on the sliding-velocity-

dependence and the aging of contacts at different levels of relative humidity on 

micropatterned samples with a-C:H DLC coatings.  
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5.2 Experimental 

 

The experimental details were thoroughly discussed already in Chapter 4. In 

summary, Dylyn a-C:H DLC coatings were applied by means of magnetron sputter 

deposition on pre-polished SiSiC substrates. On the coated surfaces, we measured 

a contact angle for water of 85°, so our particular DLC coating should be 

considered partially hydrophobic.  

Our friction measurements were performed with a Bruker Universal 

Mechanical Tester (UMT), described in detail in Chapter 4. The role of the counter-

surface was played by a 2-inch diameter silicon wafer, 250 µ𝑚 thick. The weight of 

each wafer of approximately 12 𝑚𝑁 served as the normal force in the sliding 

experiments. The contact angle of water with the wafer, covered with its native 

oxide SiO2, was measured to be 36° (strongly hydrophilic). The wafers were used 

directly from the supplier [76], where they had been pre-packed under cleanroom 

conditions, so that no further cleaning was needed, prior to the experiments.  

In our experiments, the relative humidity (RH) was measured close to the 

substrate position with a hygrometer, Vaisala HM40 [78]. The RH value could be 

varied between 1.5 and 90% (at room temperature, 22°𝐶) by means of a flow of a 

controlled mixture of dry nitrogen and humid air through the microscope 

chamber. 

 

5.3 Experimental results  

 

Figure 5.1 shows the result of the measurement of the dependence of the 

coefficient of friction on sliding velocity. Prior to the test, the DLC-coated substrate 

was ‘run-in’ against a silicon wafer, until the COF had settled at a low value of 0.08 

(described in detail in Chapter 4). The measurements were performed under three 

different levels of RH: 1.7% (dry), 35% (‘regular’) and 88% (humid). The sliding 

velocity of the silicon wafer with respect to the DLC-coated substrate was 

gradually varied over a wide range, from 200 𝑛𝑚/𝑠𝑒𝑐 to 1 𝑚𝑚/𝑠𝑒𝑐 (1 µ𝑚/𝑠𝑒𝑐 ÷

 2 𝑚𝑚/𝑠𝑒𝑐 in the case of 𝑅𝐻 = 1.7%). The maximum driving velocity of 2 𝑚𝑚/𝑠𝑒𝑐 

of the UMT was set by its limited stroke length. The minimum driving velocity was 

limited by the minimal step of the rotary drive, and was equal to 100 𝑛𝑚/𝑠𝑒𝑐. For 

each set of measurements over a range of velocities at the given RH a new silicon 
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wafer was used. For each combination of humidity and velocity, three 

measurements were performed along the same stroke direction and the average 

value of COF was calculated. Thus, a typical error margin for each data point is 

about 2% of its average value. The COF-values determined at dry conditions 

(𝑅𝐻 = 1.7%) show a nearly logarithmic dependence on velocity over the full 

velocity range. At higher RH levels, the low-velocity data points deviate from the 

logarithmic behavior (marked with ovals in Fig. 2.1). For 𝑅𝐻 = 35%, a minor 

deviation is observed in the range of 200 𝑛𝑚/𝑠𝑒𝑐 to 5 µ𝑚/𝑠𝑒𝑐, while the COF is 

almost constant at 𝑅𝐻 = 88% between 200 𝑛𝑚/𝑠𝑒𝑐 and 20 µ𝑚/𝑠𝑒𝑐. A logarithmic 

increase of the friction coefficient with the sliding velocity is in qualitative 

agreement with friction studies between partially hydrophobic surfaces and the 

hydrophilic native oxide of silicon [6, 33].  
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Figure 5.1. Dynamic coefficient of friction as a function of sliding velocity between silicon wafers and a 

DLC-coated SiSiC substrate. Measurements were carried out at three different humidity levels, 𝑅𝐻 = 1.7%, 35% 

and 88%. The normal load of 12 𝑚𝑁 was fixed by the weight of the wafers.  
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As Figure 2.1 shows, the frictional behavior of the DLC/SiO2 interface 

appears to be rather sensitive to the RH level. To explore this in more detail, we 

carried out a series of measurements at certain constant velocities as a function of 

RH. Figure 5.2 shows the dynamic COF versus RH at 1 µ𝑚/𝑠𝑒𝑐, 10 µ𝑚/𝑠𝑒𝑐 and 

100 µ𝑚/𝑠𝑒𝑐. For each velocity, a series of measurements was performed while we 

gradually made RH increase from 2% to 90% and then made it reduce back to 

35%. Each data point in Figure 5.2 represents the average value of three 

consecutive measurements at the same combination of velocity and RH level. No 

hysteresis was observed between the measured values of the friction coefficient 

upon the gradual increase or decrease of RH. The corresponding curves are plotted 

on a logarithmic RH-scale in order to emphasize the ‘abruptness’ of the reduction 

in COF at higher RH-values for all three velocities. This occurs around 𝑅𝐻 = 55%, 

independent of the velocity. For each velocity, the COF is high and almost constant 

at RH levels below this value.  
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Figure 5.2. Dependence of the dynamic COF between silicon wafers and a DLC-coated SiSiC substrate on 

the relative humidity RH at three different sliding velocities.  
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Another sensitive quantity that we can determine in our experiments is the 

static friction coefficient 𝜇𝑠, which is defined as the ratio between the minimum 

tangential force 𝐹𝑠 = 𝜇𝑠𝐹𝑁 one needs to apply in order to initiate the relative sliding 

of two objects and the normal force 𝐹𝑁 between them. Usually 𝜇𝑠 > 𝜇𝑑 (Fig. 5.3). 

For various materials µ𝑠 increases quasi-logarithmically with the ‘age’ of the static 

contact τ prior to sliding µ𝑠(𝜏) ≈ 𝜇𝑠
0 + 𝛽𝑠 ln(𝜏), where 𝛽𝑠 is a coefficient specific for 

contacting materials and temperature, and 𝜇𝑠
0 is the static threshhold base value 

[43].  
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Figure 5.3. An example of the lateral force between two solid surfaces, in this case a Si wafer sliding over 

a DLC surface (Chapter 4), as a function of time at the beginning of a sliding experiment. After an initial period, 

during which no lateral force is exerted on the contact (rest), a lateral force is accumulated (loading). When this 

exceeds the static threshold level 𝐹𝑠
𝑚𝑎𝑥 = 𝜇𝑠𝐹𝑛, sliding starts, after which the lateral force reduces to the dynamic 

value of 𝐹𝑑 = 𝜇𝑑𝐹𝑛. Note, that in the example shown here, the system goes through one additional stick-slip cycle 

before truly steady sliding sets in. 

 

Figure 5.4 represents the dependence of the static coefficient of friction µ𝑠 on 

contact aging time, i.e. the time spent by the silicon wafer in rest on the 

micropatterned DLC substrate, prior to sliding. These measurements of the static 
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COF were carried out at three different RH levels, 0.66%, 35% and 90%. During 

the dwell time, the pusher of the UMT always remained engaged with the silicon 

wafer (arrested contact), while the lateral force was measured to decrease slowly in 

time due to relaxation at the interface, before reaching a certain constant 

equilibrium value [e.g. 47]. After this dwell time, the pusher was put into motion at 

a velocity of 20 µ𝑚/𝑠𝑒𝑐, which made the lateral force increase at a rate of 1.5 𝑚𝑁/

𝑠𝑒𝑐 to the static lateral force maximum 𝐹𝑠
𝑚𝑎𝑥 . At this point the silicon wafer would 

be set into motion, which would make the lateral force reduce to the dynamic 

friction force level 𝐹𝑑. For each 𝜇𝑠 value in Fig. 5.4, we used the average of three 

measurements of 𝐹𝑠
𝑚𝑎𝑥 . 

Over the explored range of aging times 1 ≤ 𝜏 ≤ 500 𝑠, in Figure 5.4, the data 

at the lower two RH-values show a weak logarithmic dependence of the static 

COF. Whereas 𝜇𝑠 decreases under dry conditions, for 𝑅𝐻 = 0.66% (the fit is for 

𝜇𝑠  = 0.11 − 2.91 × 10−4𝑙𝑛(𝜏), with 𝜏 expressed in seconds), it increases at 𝑅𝐻 =

35% (the fit is for 𝜇𝑠 = 0.10 + 7.76 × 10−4𝑙𝑛(𝜏)). Under very humid conditions (RH 

= 90%), µ𝑠 is found to increase logarithmically with the aging time only above 

approximately 20 𝑠𝑒𝑐 (marked as II in Fig. 5.4). For shorter aging times (below 

20 𝑠𝑒𝑐, marked as I), we find only a very modest slope of the logarithmic increase 

of µ𝑠.  
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Figure 5.4. Dependence of static friction coefficient on contact aging time 𝜏 at three different values of 

RH, for silicon wafers on DLC-coated SiSiC substrates. The normal force of 12 𝑚𝑁 was set by the weight of the 

wafers. The static force maximum was measured at a rate of lateral force increase of 1.5 𝑚𝑁/𝑠. 

 

5.4 Discussion 

 

Opposite to our observations, many other studies have found an increase in 

friction of a-C:H DLC with increasing humidity [e.g. 18, 52, 58, 59, 75]. Only a 

modest number of papers report a decrease, similar to our findings for 

hydrogenated DLC films [81, 64, 57]. Most studies agree that under dry conditions 

a-C:H films remain largely inert [27]. The presence of hydrogen leads to extremely 

weak adhesion [29, 30] in interfaces that involve hydrogenated DLC films, so that 

extremely low friction coefficients can be achieved [82]. Hydrogen added to the 

DLC film can saturate the dangling σ-bonds of carbon atoms [18]. Similarly, it can 

suppress the number of C=C double bonds (particularly π-π* interactions). 

However, when the DLC-lubricated contacts are exposed to high humidity levels, 

in many cases the friction properties exhibit significant changes. Often, for 

𝑅𝐻 > 40%, the friction coefficient and the wear rate are found to rapidly grow. 

Most of these observations can be associated with tribochemical oxidation of DLC 
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films during the friction process at elevated humidity. Based on X-ray 

photoelectron spectroscopy analysis (XPS), Li et al. [58] proposed a model to 

explain the transformation of initially chemically inert hydrogenated DLC into an 

oxygen-containing surface. They suggest that the increased adsorption rate of 

water molecules on the DLC surface at high humidities increases the probability of 

water chemisorption at the surface sites were C-H bonds are mechanically broken 

by the high shear stresses that develop locally during sliding. As a consequence, C-

OH and C-O groups may be formed. Further breaking of C-H bonds will provide 

the electrons required to form C=O on the DLC surface, which leads to the 

accumulation of a thin oxide layer on the contacting elements. In turn, this leads to 

a rapid increase of the friction coefficient. On top of this, water can adsorb on the 

oxide surface, introducing strong dipole interactions that increase the adhesive 

forces between the sliding surfaces [28]. 

In our study, the DLC coatings show the highest dynamic (sliding) friction 

coefficient µ𝑑 = 0.11 at high velocities under dry conditions (𝑅𝐻 = 1%) and reach 

the lowest value µ𝑑 = 0.04 at low velocities under humid conditions (𝑅𝐻 = 90%). 

A significant lowering of the friction coefficient is observed at 𝑅𝐻 = 55% ± 4% 

(Fig. 5.2). In our study, the measurements carried out at different RH values and at 

different velocities were completely reversible, i.e. the accompanying changes in 

the COF were instantaneous and free of hysteresis. This strongly suggests that in 

our case the interaction of the coating with water vapor has a purely physical 

adsorption character, rather than involving water-induced chemical changes in the 

coating that would be necessarily accompanied with an intrinsic timescale and a 

hysteretic tendency. Even though the chemical composition of our hydrogenated 

DLC coatings is very similar to that of DLC coatings for which friction 

measurements have been reported before in the literature [17, 18, 27, 57], our 

observations show systematic differences. These must find their origin in other 

differences in our experimental setting, in particular in our special flat-disk-on-

rough-mesas contact geometry, and in our combination of modest sliding velocities 

and a relatively low normal load. By contrast, most of experiments in this field are 

conducted with balls and pins sliding over DLC-coated substrates under 

conditions that are relevant for the automotive industry: high normal loads and 

high velocities. Also the typical sliding distances in most experiments are relatively 

large. Hence the surface of the sliding ball or pin may be in contact at each stage of 
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the sliding process not only with parts of the transfer layer [21 and 83], but also 

with fresh parts of the DLC surface, which could make the interface sensitive to the 

chemical, e.g. oxidation state of the DLC surface.  

We used micropatterned DLC substrates in combination with flat silicon 

wafers as the counter-surface. Similar to other studies, we find a clear correlation 

between the presence of third-body C-based particles on the DLC film, and the 

reduction of the dynamic friction coefficients [e.g. 60]. As we demonstrated with 

our Raman spectroscopy measurements (Chapter 4), these particles (and some 

asperities) have a short-range disordered microstructure, similar to that of 

disordered graphite. Our flat-on-rough-mesa interface geometry guarantees that 

the highest protrusions on the DLC-surface, which are either asperities on the 

DLC-coating itself or high-lying third-body particles, remain in continuous direct 

mechanical contact with the flat silicon counter-surface, more or less 

independently of the sliding velocity and the humidity. This is very different from 

the more common rough-on-rough situation, in which each local contact has a 

typical ‘lifetime’ that is determined by the ratio between its size and the sliding 

velocity. In our situation, the contacts are ‘fixed’ and their lifetime is practically 

infinite! Obviously, this may have distinct implications for the dependence of the 

friction force on velocity and on humidity. 

First, at the beginning of sliding, the decomposed loose particles reduce 

friction due to weak van der Waals interaction, thus low adhesion, between their 

hydrogen terminated surfaces. Here we assume that a water film is adsorbed on 

the hydrophilic native silicon oxide surface and that this water film reduces friction 

by keeping the surfaces out of direct mechanical contact. As sliding proceeds, more 

and more C-H bonds on the particles rupture. This happens under the high contact 

pressure, the high shear stresses and the generation of thermal energy during 

sliding. This leads to the thermally activated release of H atoms and, hence, the 

rapid decrease of the total hydrogen content in each particle and its (partial) 

graphitization [57, 63]. As a result, the particles and other sp2-modified areas will 

develop micro-ordered low-energy surfaces [62]. Whereas these surfaces can be 

extremely slippery, the dangling bonds (free σ-bonds) at the edges of the newly 

created sp2 clusters can engage in new bonds that lead to pinning of the clusters 

and pinning of the water that is sliding over them. When the humidity is not too 

low, the dangling bonds are re-passivated with H-atoms and OH-groups, 
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originating from water molecules that dissociate at the reactive edges [79, 80]. At 

high enough humidity, water will form an adsorbed layer that separates the 

contacting surfaces and thus acts as a lubricant [49, 61]. A similar water lubrication 

action is associated with non-hydrogenated DLC [51, 64]. We also cannot exclude 

the possible oxidation of the DLC film at higher humidity, as was reported in [58]. 

On the other hand, if an oxide layer was formed on the DLC surface, this should 

result in a new run-in phase of the DLC, thus increase of the friction coefficient 

[17]. Our observations do not provide strong arguments in favor of the formation 

of an oxide layer on our DLC layers, because the friction coefficients measured in 

this study were completely reversible with respect to changes in RH.  

In addition to the lubrication of sp2 clusters, water can also play other roles. 

Firstly, pristine hydrogenated DLC has partially hydrophobic properties and its 

friction behavior is almost independent of RH [13]. At the same time, the first 

monolayer of water molecules that are strongly bonded to the silicon counter-

surface are not likely to be pressed out of the contact [23, 33, 34]. Instead, the water 

film will be sheared across the DLC surface during sliding, again keeping the 

surfaces out of direct mechanical contact. Secondly, the graphitization of particles 

and the contacting asperities on the DLC coating leads to the existence of 

hydrophilic ‘islands’. Therefore, we expect these crucial regions on the DLC side to 

engage in capillary effects. The viscoelasticity of the confined water in the capillary 

bridges between these regions and the silicon surface may affect both the dynamic 

and the static friction behavior [6, 13, 32, 33]. We can only conclude that, 

depending on the history of the sliding contact and the conditions under which a 

sliding experiment is conducted, each individual experiment may display its own 

combination of lubricating and pinning properties of water. An artist impression 

that captures some of this complexity of the interface between a rough DLC 

substrate and an oxide-covered, smooth silicon wafer, in the presence of wear 

particles and in a humid atmosphere, is presented in Fig. 5.5. 
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Figure 5.5. Artist impression of the interface between a rough DLC coating (bottom surface) and a 

smooth, oxide-covered silicon wafer (top surface) in a humid atmosphere. For simplicity, the third-body particles 

that have been formed during the run-in phase of the contact, are presented as spherical objects. We distinguish 

two types of contacts, namely direct contacts between the DLC and the wafer and contacts via one of the particles. 

Both types are decorated by capillary water bridges. 

 

In Fig. 5.2 we showed how the dynamic friction coefficient 𝜇𝑑 varies with 

humidity at three fixed velocities. For example, at a velocity of 1 µ𝑚/𝑠𝑒𝑐, 𝜇𝑑 has 

values as low as 0.05 at 𝑅𝐻 = 80% and as high as 0.09 at 𝑅𝐻 = 1.7%. The 

corresponding friction force curves (Fig. 5.6), also show a qualitative difference in 

the sliding behavior. We observe that at the lower humidity the friction exhibits 

much stronger variations than at higher humidities. At higher RH, a modest, stick-

slip-like periodicity is visible. Also the initial sliding behavior differs. The curves 

for low- and medium-RH in Fig. 5.6 start almost at the same lateral force of 

0.95 𝑚𝑁. This is mainly due to the minor difference between the static coefficient of 

friction at low-RH and medium-RH (Fig. 5.2). Moreover, the waiting time prior to 

the actual pushing and measurement in the both cases was longer than 300 𝑠𝑒𝑐. 

Such waiting time is necessary for stabilization of RH in the test chamber. It is only 

after sliding over a distance in the order of 10 𝜇𝑚, that the humidity-dependent 

differences are fully established.  
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In an attempt to explain the curves in Fig. 5.6, we first concentrate on the 

low-RH data. The noise on the lateral force at 𝑅𝐻 = 1.7% suggests that the contact 

geometry is not completely stationary. This could mean that the third bodies are 

translated over the DLC surface under the influence of the shear forces that they 

experience [33, 42 and 47]. It is not surprising that this situation leads to stronger 

energy dissipation, hence higher friction levels [32]. The absence of this effect at 

somewhat higher RH-levels could be due to the presence of capillary bridges that 

connect these particles to the DLC substrate, in spite of the fact that neither the 

substrate nor the particles are fully hydrophilic. As we have already seen in Fig. 

2.2, almost independently of the sliding velocity, water starts to significantly 

lubricate the surface at an RH-level around 55%. This is in good agreement with 

the known adsorption kinetics of water on graphitic materials [49, 50 and 84]. The 

buildup of water between the DLC (third bodies and asperities) and the silicon 

would then explain the dramatic lowering of the friction between 𝑅𝐻 = 35% and 

80%.  
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Figure 5.6. Lateral forces measured between a DLC-coated SiSiC substrate and a silicon wafer in three 

sliding traces at a fixed velocity of 1 µ𝑚/𝑠𝑒𝑐 at RH-values of 1.7%, 35% and 80%. The normal load was 12 𝑚𝑁 

in all three cases. The horizontal axis indicates the lateral position of the push bar; the precise starting point of the 

actual sliding motion of the silicon wafer was different for every curve. 

 

We now revisit the measured dynamic (Fig. 5.1) and static (Fig 5.4) friction 

coefficients in an attempt to make a direct comparison between the two. A natural 

way in which the two are often related is via the average lifetime of microcontacts, 

which equals the ratio between the average diameter of microcontacts and the 

sliding velocity [47]. For those phenomena that are a function of contact time, such 

as capillary condensation over existing contacts and near-contacts or elastic and 

plastic creep, this average contact lifetime then plays a similar role as the waiting 

time does for static friction. With respect to the microcontact lifetimes, the situation 

in our experiments seems fundamentally different. The lifetime of our 

microcontacts is extremely long as a direct consequence of the geometry of our 

experiments, in which one of the two contacting bodies, the silicon wafer, is nearly 

perfectly flat. However, when the third bodies on the DLC side can move, as we 
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have argued for the low-RH data in Fig. 5.6, the arrangement of microcontacts is no 

longer stationary and a new type of lifetime is introduced. 

In our experiments, the details of the measurement technique introduce a 

direct link between static and dynamic friction measurements. The driver motor 

that is used in our UMT to generate the sliding motion is a linear stepper motor. 

On the microscale, its motion is not continuous but is composed of periodic 

translations, the minimum step size being 100 𝑛𝑚, separated by stationary 

intervals. Therefore, we can interpret our dynamic friction measurements as 

measurements of the static friction force after a short waiting time. This allows us 

to combine the data in the two graphs of Figs. 5.1 and 5.4 into a single one, in 

which we can express the control parameter either in terms of the effective sliding 

velocity or the effective waiting time. The result of this combination is shown in 

Fig. 5.7.  
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Figure 5.7 shows that at all three RH levels, the friction force decreases with 

increasing waiting time (or decreasing sliding velocity) up to a transition point 

around a waiting time of 1 𝑠𝑒𝑐. For the lower two humidities of 𝑅𝐻 = 1% and 35%, 

𝜇𝑑 remains nearly constant for all waiting times longer than 1 𝑠𝑒𝑐. For the higher 

humidity of 90%, we find that longer waiting times lead to increasing 𝜇𝑑 values. 

As already discussed in relation to the friction curves in Fig. 5.6, we interpret the 

low- and medium-RH data in terms of the sliding-induced translation of third 

bodies over the DLC substrate. In this interpretation, capillary condensation serves 

to attach the third bodies to the DLC, which progressively fails at shorter waiting 

times and lower humidities [6, 55, 65-67]. The factor 35 between the lower two RH-

values corresponds with the roughly equally large ratio between the timescales of 

the friction data in Fig. 5.7 for 1% and 35% humidity, completely in support of this 

scenario. A similar scaling can only account for part of the difference between the 

90% data and those at the lower two humidities of 35% and 1%. What this 

scenario also fails to explain is the marked increase of friction at 𝑅𝐻 = 90% for 

longer waiting times.  

In wet environments, such as 𝑅𝐻 = 90%, water menisci nucleate from water 

vapor between the DLC substrate, with its asperities and nanoscale third-body 

particles, and the silicon wafer (Fig. 5.5). This nucleation process should occur on a 

very short time. The typical timescale for the condensation of one layer of water 

molecules at room temperature and at a humidity of 𝑅𝐻 = 65% is an estimate of 

25 µ𝑠 [6]. Therefore, we should expect that only a limited number of DLC-silicon 

contacts is decorated with a condensate, when the waiting time is short [68]. The 

geometry and size of each fully established capillary neck is dictated by the Kelvin 

relation [70]. When the waiting time is increased, the number of capillary bridges 

and, hence, the total water-decorated area will increase. A detailed discussion of 

the kinetics of the formation of capillary bridges can be found in e.g. [55, 68]. 

Liquid bridges introduce significant adhesion and thereby reduce the mobility of 

the third-body particles between the sliding surfaces in humid air. When the 

sliding velocity is increased, the capillary bridges will be increasingly sheared and 

even fully developed bridges may not remain intact. The shearing of the capillary 

bridges may be accompanied by the repeated breaking or melting of crystallized 

water layers inside the capillaries, as ice is known to form at low sliding speeds, 

even at room temperature [24]. When a capillary bridge is destroyed, a new one 
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cannot be formed immediately to replace it, because of the nucleation barrier that 

is involved in the start of a new capillary bridge [6, 71]. Around a certain critical 

sliding velocity 𝑣𝑐, the effective size of the sheared capillaries is optimally reduced 

by the sliding motion for them to minimize the viscous contribution to the friction 

force, while maintaining the beneficial effect of the water in binding the third-body 

particles to the DLC. This results in a plateau of low friction around 𝑣𝑐 = 1 µ𝑚/𝑠𝑒𝑐 

at 𝑅𝐻 = 90% and a narrow minimum at the same velocity for 𝑅𝐻 = 35% and 

𝑅𝐻 = 1%, as shown at Fig. 5.7.  

Finally, we note that the friction at the nanoscale contacts could be affected 

by thermal activation, similar to what has been reported for the low-friction sliding 

of FFM tips over surfaces [56, 72,74], and what was one of our motivations for 

manufacturing the nanopillar structures of Chapter 3. At sufficiently low velocities, 

thermal fluctuations can assist the tip in overcoming the energy barriers that 

separates it from the neighboring energy minima in its interaction with the surface 

over which it is sliding. This phenomenon is called thermolubricity. At higher 

sliding velocities, less time is available for this role of thermal fluctuations, which 

renders this effect less successful and makes the friction force an increasing 

function of velocity. All experiments in this chapter were performed at room 

temperature. More experiments are currently underway to explore the influence of 

temperature on friction properties of the investigated DLC-silicon interface. We 

expect that elevated temperatures can strongly influence the friction coefficient not 

only through thermolubricity, but possibly also via thermally activated water 

desorption from the contact areas [14] and thermally activated rupture of contacts 

due to their spontaneous unbinding [53]. 

 

5.5 Conclusions 

 

We have shown that the friction properties of hydrogenated DLC coatings in 

dry and humid environments are surprisingly different from common tribological 

behavior of this type of coatings. We ascribe this difference largely to the unusual 

geometry of our experiment; in our measurements, most microcontacts do not 

leave the actual sliding interface, which is due to the combination of the 

micropatterned DLC substrate and the flat, silicon counter-surface. This geometry 

accelerates the run-in process and assists the DLC-induced lubrication. In the first 
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part of this chapter, we have shown that the run-in leads to two types of 

modification of the DLC surface, namely the accumulation of carbon-based third 

bodies and a bonding reconfiguration of these wear particles and of the asperities 

of the DLC; both exhibit a change from sp3 to sp2 bonding character, i.e. from 

diamond-like to graphite-like. Here we have further shown that water adsorbed 

from a mildly humid environment can play a lubricating role for the graphitized 

DLC clusters at low sliding velocities, which we associate with capillary 

condensation of water between them and their DLC substrate. At high humidities, 

friction is lowered even further, suggesting a hydrodynamic contribution, i.e. 

water acting directly as a lubricant, for example due to the formation of capillary 

bridges between the oxidized silicon surface and the surfaces of the graphitized 

DLC particles and DLC asperities.  
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Chapter 6 

 

Towards superlubricity of graphene on the macroscopic scale 
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6.1 Introduction 

 

In 2004 Novoselov, Geim and co-workers showed in their experimental 

work the first two-dimensional (2D) atomic crystal – graphene – a honeycomb 

sheet of carbon [1, 2]. Even though the first pioneering theoretical work on 

graphene dates back as far as the mid-forties of the last century [3], the discovery 

by Novoselov et al. of a method to prepare graphene with minimal electronic 

interaction with its support has opened a new era of research. Since then the 

number of graphene-related scientific publications began to grow almost 

exponentially [4], demonstrating new properties and enabling new technologies 

with this special, two-dimensional material. Graphene is the lightest, thinnest and 

strongest material known to date [5]; also it shows record performance in terms of 

heat and electrical conductivity [6-11]. From a chemical point of view, defect-free 

graphene is unique too, being impermeable to all gases, including helium [12, 13], 

while at the same time being easily functionalized with various chemical species 

[14]. Therefore, the past decade has also witnessed significant effort into 

technology-oriented research, exploring new graphene applications – from new 

types of transistors [15, 16] to applications in solar cells [17] and in biomedical 

devices [18]. 

As graphene forms a natural constituent of graphite and graphite is 

commonly used as a solid lubricant, the frictional properties of graphene have 

attracted attention too [19, 47-52]. For instance, nanoscale friction force microscopy 

measurements on graphene supported by copper foils [20, 21] or by silicon oxide 

[22, 47] demonstrated a significant lowering of the friction forces on the graphene-

covered patches with respect to graphene-free parts of these substrates. By virtue 

of recent developments in graphene growth techniques [23, 24], it is now becoming 

possible to study the impact of the presence of a graphene monolayer beyond the 

atomic scale, for example for single contacts in the micrometer regime and for 

macroscopic ensembles of large numbers of contacts. In one of the early works in 

this area, Kim et al. showed superior friction and adhesion properties of single-

monolayer graphene films grown by chemical vapor deposition (CVD) on Cu and 

Ni substrates [28]. Later, Berman et al. demonstrated that graphene helps 

significantly to minimize wear and friction at the macroscale between a steel ball 

and graphene-covered solid substrates in various gas atmospheres [25, 26]; Mao et 
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al. measured a 10-fold reduction of the friction coefficients for Ag-based electrical 

contacts in the presence of graphene [27]. In later work, Berman et al. achieved 

extremely low friction, which they ascribed to macroscale ‘superlubricity’ enabled 

by the formation of so-called graphene nanoscrolls at the interface between a DLC 

coated substrate and a graphene coated counter surface  [29]. They have 

demonstrated a sustained reduction of the friction coefficient to 0.004, which may 

be very promising for future lubrication technology. 

Unfortunately, the term ‘superlubricity’ is used in the friction community 

with more than a single meaning. Whereas it often simply indicates extremely 

good lubrication, for example in the case of the nanoscrolls of ref. [29], the term 

‘superlubricity’ was coined by Hirano et al. [30-33] to indicate a friction regime 

when ‘two contacting surfaces can slide with no resistance’, as the result of a 

mismatch between their lattices, for example when they are twisted out of registry. 

A perhaps more meaningful term to cover this narrower definition is ‘structural 

lubricity’. In this chapter (as well as in the rest of this PhD thesis) we will use both 

terms, but always in the narrower context of a lattice mismatch. Hirano et al. 

demonstrated that the friction between two cleaved mica surfaces exhibits a 

modest variation between commensurate and incommensurate orientations of the 

two mica lattices. Later, electron microscopy observations on MoS2-lubricated 

contacts suggested that a similar mechanism may be at play between the 

differently oriented MoS2 flakes in such contacts [34]. Further evidence for 

structural lubricity on the nanometer scale has been acquired for e.g. graphene [46] 

and for graphite flakes [35]. In the latter case, Dienwiebel et al. demonstrated 

directly how friction becomes ultra-low when a graphite-graphite interface is 

rotated out of registry. The friction force is only high when the lattices can lock in, 

which occurs every 60° of rotation, corresponding to the rotation symmetry of the 

graphite lattice [83] Since superlubricity is intimately related to the crystalline 

structure of the contacting materials, one may expect that it would be sensitive to 

the crystalline quality of the materials, for example to the density of lattice defects. 

If this is indeed the case, this is important for practical applications, for which the 

contact sizes are usually much larger than the nanocontacts of the early 

demonstration experiments. So far, the largest contacts for which structural 

lubricity has been demonstrated are graphite-graphite contacts with areas of a few 

hundred µ𝑚2 [36, 37]. 
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A promising candidate material that might be effective as a low-friction 

coating, by preserving the effect of structural lubricity even on the macroscopic 

scale, is graphene. One of the great advantages of a graphene coating could be that 

it smoothly decorates the natural irregularities of the substrate on which the 

graphene is either grown or to which it is transferred. Imperfections in the 

substrate, such as atomic steps, grain boundaries and point defects are covered 

such that we may hope their effect on friction to be minimized. A graphene coating 

would further avoid direct atomic contact between the substrates and thus prevent 

the formation of chemical bonds that would otherwise lead to high friction and 

wear. Nowadays, graphene is produced over areas that are large enough to be 

used as a macroscopic-scale coating, albeit that the structural quality of this 

graphene is still far from perfect. Nevertheless, graphene may be regarded as one 

of the most promising candidate materials to achieve superlubricity at the truly 

macroscopic scale. 

In this chapter, we discuss the results of our experiments towards 

superlubricity on the macroscopic scale with commercial CVD-grown graphene on 

polycrystalline Cu substrates. Also, we conducted some basic, ‘Leonardo-da-Vinci 

style’ [38] experiments to study lubrication properties of monolayer graphene on 

cm2–scale sliding contacts. Finally, we discuss the oxidation behavior of graphene-

coated substrates under ambient conditions and the local effect of that oxidation on 

the friction properties. 
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6.2 Experimental 

 

For our experiments, we used high-quality, single-monolayer graphene 

samples that were commercially produced by Applied Nanolayers (ANL) BV [39]. 

In ANL’s production process, graphene is grown by CVD on polycrystalline 

copper films. These films are formed by sputter deposition of copper on sapphire 

(111) wafers (diameter 51 𝑚𝑚, thickness 750 µ𝑚). The copper grains in the film 

showed a strong preference for the (111) surface orientation. We used these 

graphene samples both as the stationary, lower body in our sliding experiments 

and as the upper body, the slider. For these experiments, the sliders had to be 

smaller in size than the lower bodies; we prepared them by dicing graphene-coated 

wafers into squares with dimensions of 1 × 1 𝑐𝑚2 and a mass of 𝑚 = 0.16 𝑔. Dicing 

was performed under cleanroom conditions in order to avoid dust contamination. 

Prior to dicing, the wafers were spin-coated with S1805 photoresist [40], in order to 

protect them against small-particle debris that originates from the dicing itself. The 

photoresist was spin-coated at 4000 𝑅𝑃𝑀, and baked out at 130°𝐶 for 60 𝑠𝑒𝑐 in air. 

The wafers were diced with a rotary dicing machine using a precision diamond 

blade VT-07 [41] at 20000 𝑅𝑃𝑀. Afterwards, the photoresist was washed off from 

the diced samples in N-methyl-2-pyrolidone at 80°𝐶 during 5 minutes. Finally, the 

samples were quickly rinsed in demi-water and dried with N2 gas. The graphene 

quality was monitored before and after this complete dicing operation with optical 

microscopy and Raman spectroscopy. These control measurements did not reveal 

any measurable increase in defect density in the graphene, no transferred 

contamination and no signs of damage. Therefore, we assume that the graphene 

quality remained close to that of the original graphene coating. It is also important 

to indicate that all friction experiments were conducted shortly after (several days) 

the samples were coated with graphene and prepared in the cleanroom. Some 

samples that were exposed to air for longer times (up to a few months) became 

oxidized and this effect will be discussed separately.  

For comparison, we have performed friction experiments not only with 

graphene-coated substrates but also with uncoated copper films. These were 

prepared and diced following precisely the same protocol as the graphene-coated 

samples. 
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Similar to the experiments with DLC coatings, reported in Chapters 4 and 5, 

the macroscopic friction measurements of this Chapter were performed with the 

Bruker UMT-1 Universal Mechanical Tester. For details of this instrument, see 

Chapter 4. In our experiments, the lower of the two contacting bodies was 

mounted directly on the substrate table of the microscope, while the smaller 

counter-sample was positioned on top of it under its own weight of 1.56 𝑚𝑁. The 

normal force could be increased beyond this level by placing an additional weight 

on top. Lateral (friction) forces were measured while pushing from one of the sides 

against the counter-sample at a fixed driving speed of 5 µ𝑚/𝑠𝑒𝑐. In another type of 

measurements, we imposed a continuous in-plane rotation of the counter-sample 

with respect to the lower body at a speed of 0.01 𝑑𝑒𝑔/𝑠𝑒𝑐. To this end, we rotated 

the stage with the lower body mounted in its center. The square counter-sample 

was placed in the middle of the substrate. The pusher block of the UMT was placed 

against one of the sides of the counter-sample, keeping the counter-sample from 

rotating with the substrate and measuring the force (torque) that was required for 

that. 

In addition to measurements on the macroscale, we have also conducted 

friction measurements on the nanoscale. These were done with a Bruker AFM Icon, 

using V-shaped 𝑆𝑖3𝑁4 probes (DNP-10). The relative humidity could be controlled 

by flushing the AFM chamber with nitrogen vapor from a liquid nitrogen 

reservoir. The height of the tip was measured to be ℎ = 4.0 ± 0.5 𝜇𝑚, the length of 

the beams of the cantilever 𝐿 = 210 ± 2 𝜇𝑚 and the angle between them 𝜃 = 60° ±

0.5°. The normal spring constant 𝑘𝑁 for each cantilever was obtained from a 

measurement of its natural frequency (for the method see [61]). The lateral spring 

constant 𝑘𝐿 of was calculated based on the measured value of 𝑘𝑁 and the geometry 

of the cantilever [55, 62]: 

 

𝑘𝐿 =
2

[6𝑐𝑜𝑠2𝜃+3(1+𝜈)𝑠𝑖𝑛2𝜃]
(

𝐿

ℎ
)

2

𝑘𝑁.  (6.1) 

 

Here, 𝜈 is the Poisson ratio (for SiN, 𝜈 = 0.27). Typical values of 𝑘𝑁 and 𝑘𝐿 

for the employed cantilevers are in the range of 0.05 − 0.2 𝑁/𝑚 and 35 − 120 𝑁/𝑚, 

respectively. We followed the lateral and normal force calibration procedure of 

refs. [55, 60]. The normal force was determined on the basis of the measured 
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voltage response of the photo-diode 𝑉𝑁 during normal bending of the cantilever in 

contact with the substrate. Force-distance curves were recorded in order to 

determine the normal sensitivity 𝑆𝑁. The resulting force value is then given by: 

 

𝐹𝑁 = 𝑘𝑁𝑆𝑁𝑉𝑁.     (6.2) 

 

To calculate the lateral force, we used a relation between the lateral 𝑆𝐿 and 

normal sensitivity 𝑆𝑁. According to [61] the two are related by: 

 

𝑆𝐿 =
3

2
𝑘𝐿

ℎ

𝐿
𝑆𝑁 .     (6.3) 

 

Thus the lateral force can be found  

 

𝐹𝐿 = 𝑘𝐿𝑆𝐿𝑉𝐿,     (6.4) 

 

where 𝑉𝐿 is the relative change in voltage signal from the photo-diode due to 

lateral bending of the cantilever.  

We have also conducted micro-Raman spectroscopy experiments. These 

were conducted with a laser wavelength of 514 𝑛𝑚 and a spot size of ~1 µ𝑚. SEM 

inspection was performed with a FEI Verios scanning electron microscope. 

 

6.3 Experimental results 

 

Figure 1 represents typical results of the SEM and Raman inspection of a 

freshly coated graphene sample. Because of highly homogeneous character of the 

graphene film, the SEM image shows hardly any contrast and the only clearly 

visible structures are related to grain boundaries (GB) in the underlying copper 

film (Fig. 6.1a). In turn, the Raman spectrum (Fig. 6.1b) provides information on 

the defects in the graphene layer itself (D-band around 1360 𝑐𝑚−1), the in-plane 

vibrations of the sp2-bonded carbon atoms (G-band at 1595 𝑐𝑚−1), and the stacking 

order in the case of multilayer graphene (2D-band around 2730 𝑐𝑚−1). The 

symmetric and sharp 2D-peak indicates that this is a graphene monolayer [42, 43]. 

The peak intensity ratio of 𝐼2𝐷/𝐼𝐺 > 1 also indicates the presence of only monolayer 
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graphene, albeit that this ratio strongly depends on the laser excitation energy and 

is sensitive to the details of the binding between the graphene layer and the 

substrate [44]. It was demonstrated that in the green laser range (an excitation 

energy of 2.2 ÷ 2.4 𝑒𝑉) the intensity of the Raman resonance profile becomes 

stronger than at higher energies (above 2.8 𝑒𝑉). This effect is related to the 

photoluminescence band of the Cu substrate. In our experiments, we employed a 

laser wavelength of 514 𝑛𝑚, which corresponds to the excitation energy of 2.41 𝑒𝑉. 

The acquired spectrum is in a good agreement with the literature [42-44]. The 

spectrum in Fig. 6.1b is shown after the subtraction of the background from the 

luminescence from the copper substrate.  
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Figure 6.1. SEM image (a) and Raman spectrum (b) of CVD grown graphene on top of a polycrystalline 

Cu film. The dashed line in (a) highlights part of a grain boundary in the copper film. The absence of a D peak in 

(b) indicates the negligible density of structural defects in the graphene lattice; the ratio between the heights of the 

G and 2D peaks and their positions correspond to those for monolayer graphene. 

 

Figure 6.2 shows friction measurements for two different interfaces, namely 

the interface between two copper surfaces and the interface between two samples 

coated with monolayer graphene. These measurements were performed in 

ambient, in a relative humidity of 45%. Note, that the formation of an oxide film at 

the surface of copper proceeds immediately after its exposure to ambient air and 

after 1 hour of exposure the typical thickness of the Cu2O already amounts to 

2.5 ± 0.2 𝑛𝑚 [45]. It has also been demonstrated that the thickness of the copper 
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native oxide finally stabilizes after 66 days of exposure and reaches a thickness of 

5.2 ± 0.5 𝑛𝑚. Therefore, we refer to the copper-on-copper results as Cu2O on 

Cu2O. The effect of the graphene coatings is dramatic. They reduce the friction 

coefficient by more than a factor 3 (𝜇𝑑 = 0.14) with respect to the uncoated samples 

(𝜇𝑑 = 0.43).  
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Figure 6.2. Comparison of the friction forces between two samples coated with monolayer graphene (blue 

curve) and two oxidized copper samples without graphene (red curve). Sliding speed = 5 µ𝑚/𝑠𝑒𝑐, 𝐹𝑁 = 2 𝑚𝑁, 

and 𝑅𝐻 = 45%. 

 

Figure 6.3 represents the initial stages of the same sliding experiments as 

those in Fig. 6.2, showing the transition from the static situation, with the slider at 

rest, to steady sliding motion for the graphene/graphene and native oxide 

Cu2O/Cu2O friction pairs. While the transition to steady sliding requires the 

overcoming of a static friction barrier for the Cu2O/Cu2O case, the 

graphene/graphene pair seems to exhibit no difference between the static (𝜇𝑠) and 

dynamic (𝜇𝑑) coefficients of friction. Both measurements were done after the 

sliding surfaces spent 2 𝑚𝑖𝑛 in rest. 
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Figure 6.3. Transition from static friction to steady sliding (same data as Figure 6.2, on expanded 

horizontal scale) for two samples coated with monolayer graphene (blue curve) and two oxidized copper samples 

without graphene (red curve). Sliding speed = 5 µ𝑚/𝑠𝑒𝑐, 𝐹𝑁 = 2 𝑚𝑁, and 𝑅𝐻 = 45%. 

 

An example of a measurement of the frictional torque during the relative 

rotation of two graphene-coated samples is shown in Fig. 6.4. The substrate was 

sequentially rotated over 120° in the clockwise and counterclockwise directions. 

The mean value of the frictional torque is in full agreement with the force 

measured in the linear sliding geometry of Figs. 6.2 and 6.3, indicating that also in 

the rotation measurements, the graphene coatings reduce friction. Naively, one 

might have expected that, following the scenario of structural lubricity [33-36], the 

friction signal should display a characteristic variation with rotation with a period 

of 60°, between a low level for most angles and a pronounced maximum for the 

angels at which the two contacting graphene lattices would align and lock in. The 

friction data in Fig. 6.4 do not show such a periodic signature. We have used a 

standard rotational rheometer (Anton Paar DSR301) to perform additional 

experiments in search of rotational symmetry in the friction between the lattices of 

macroscopic graphene coatings [82]. The results from these rheometer experiments 
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were similar to those in Fig. 6.4; again we find no evidence in the forces for the 

periodic alignment of the graphene lattices. We will put forward an explanation for 

the absence of a periodic variation in the friction forces in the Discussion section. 
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Figure 6.4. Frictional torque measured during the forced rotation of a graphene/graphene interface. 

Rotation speed of the substrate 0.01 𝑑𝑒𝑔/𝑠𝑒𝑐, 𝐹𝑁 = 2 𝑚𝑁, and 𝑅𝐻 = 2%. 

 

Not only the copper surfaces responded to the atmosphere, but we found 

that also the surface topography of our graphene samples slowly evolved under 

ambient conditions. A comparison of AFM-images on a graphene-covered sample 

before and after 2 months in air is presented in Figs. 6.5a and b. Figure 6.5c shows 

an optical micrograph of the same sample after 2 months in air. The AFM image in 

Fig. 6.5a is characteristic for high-quality graphene on relatively flat and smooth 

copper. A modest overall height variation is visible and individual steps of the 

copper substrate can just be distinguished. Figure 6.5b shows the same area with 

the same features. In addition, a fine network of protruding lines and islands is 

visible. The image of Fig. 6.5c shows a similar network, where the optical contrast 
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has changed. We associate these slow changes with oxidation of the copper 

substrate. Structurally perfect graphene is impenetrable for oxygen, and structural 

defects in the graphene, such as the graphene grain boundaries (GGBs) form the 

only locations where oxygen can pass and reach the copper. This gives rise to a 

slow, diffusion-limited oxidation that sets in at the GGB and spreads out sideways 

to oxidize the copper under the graphene. The optical image also contains a grain 

boundary in the copper film that shows up with a different contrast than the oxide-

decorated GGBs. Note, that the orientation of the GGBs is independent of the 

orientation of the Cu steps and they even cross Cu GBs (Fig. 6.5c). The black dots in 

the optical micrograph (Fig. 6.5c) are regions of bulk copper oxide that have grown 

in height above the sample surface and are not dressed with graphene anymore. 

This is concluded from Raman measurements conducted at these locations. 

Presumably, they are formed at places along the GGB with the highest defect 

density, which enables a relatively high oxidation rate [54]. 
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Figure 6.5. AFM and optical images of a graphene-covered copper surface. (a) AFM image shortly after 

coating with graphene (a few days exposed to air). (b) AFM image of nearly the same surface region after 2 months 

of exposure to air. Note the decoration of the network of GGBs with oxidized copper underneath. (c) Optical 

micrograph after 2 months of exposure to air, showing the network of oxide-decorated GGBs. The image also shows 

a Cu GB. Note, that the orientations of the GGBs do not seem to be affected by the orientation of the Cu GB. 

 

In order to further characterize the slow oxidation, we acquired Raman 

spectra on the oxidized areas of the copper substrate close to a GGB and compared 

them with spectra taken on the unoxidized areas (at a distance from the GGBs). An 

example of such a comparison is presented in Fig. 6.6. The two spectra in Fig. 6.6 

were taken with a rather low laser power of 8 µ𝑊, which corresponds to 0.1% of 

the laser’s nominal power. This was necessary to avoid heat damage produced by 

the laser to the copper oxide, but it resulted in a weakening of the signal to noise 

ratio in both spectra (Fig. 6.6). 

In the regions where the copper oxidation is visible, we find that both the G- 

and the 2D-band are ‘redshifted’ with respect to the bands for ‘regular’ graphene 

on bare, unoxidized copper. The average position of the G-band shifted from 

1592 𝑐𝑚−1 to 1585 𝑐𝑚−1, and that of the 2D-band from approximately 2727 𝑐𝑚−1to 

2680 𝑐𝑚−1. In spite of these changes, we could not detect the D-band that would be 
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associated with defects in this graphene on top of the oxidized copper. The 

intensity ratio of the 2D- and G-bands on the oxidized copper was 𝐼2𝐷 𝐼𝐺⁄ = 2.3, 

which is much higher than the ratio of 𝐼2𝐷 𝐼𝐺⁄ ≈ 1 for unoxidized areas. Some 

arguments for the increased peak intensity ratio follow in Discussion section. 

Previously, a similar redshift of the characteristic Raman bands was reported for 

graphene-coated copper samples, which were oxidized on purpose with ultraviolet 

radiation (UV) in oxygen atmosphere [54, 58]. In turn, the redshift of the 

characteristic bands is known to indicate tensile strain in the graphene. In our case, 

there is a natural reason for such strain, in view of the increased volume below the 

graphene due to the oxidation of the copper [58]. The redshifts in Fig. 6.6 

correspond to approximately 0. 5 to 1.5% of tensile strain [57].  
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Figure 6.6. Raman spectra of graphene on copper (black line) and graphene on a region with oxidized 

copper (red color), taken with a laser excitation wavelength of 514 𝑛𝑚. Note the ‘redshift’ of the G- and D-bands 

on the oxidized substrate. Also, there are three extra peaks at 149, 218, and 653 𝑐𝑚−1, associated with Raman 

scattering on copper oxide (Cu2O). The spectra are vertically shifted for clarity. 
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Figure 6.7 represents an example of a 2𝑥2 𝜇𝑚2 region of the locally oxidized 

sample, inspected with both AFM and FFM. In the center of Fig. 6.7a there is a 

copper oxide island with an average height of 2.5 𝑛𝑚 (Fig. 6.7b). On the left and 

right of it, the white arrows point at a GGB that runs across the oxide island. The 

GGBs typically observed on the studied samples show up as a protruding line with 

a height in the range of 0.3 to 1.5 𝑛𝑚. This elevation along the GGBs can be 

presumably due to (i) elastic strain and mechanical deformation as a result of the 

lattice mismatch induced by the two different grains [53, 59] or (ii) growth of the 

copper oxide under the GGB. In the example of Fig. 6.7, the GGB is measured to be 

0.6 𝑛𝑚 in height (Fig. 6.7c). The GGB is difficult to distinguish on the island itself, 

because of the relatively high roughness. Figures 6.7d and e present the FFM scans 

taken in the forward (left-to-right) and reverse (right-to-left) directions, 

respectively. Interestingly, the FFM measurements indicate that the friction force is 

lower on the graphene areas below which the copper is oxidized. Both friction 

signals indicate a relative increase of the lateral force everywhere along the GGB, 

which we ascribe to the protruding height of the GGB, and possibly also to local 

oxidation of the graphene – something that Raman spectroscopy would not be 

sensitive to at this scale, due to relatively large laser spot size. 
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Figure 6.7. AFM and FFM scans of a region on a graphene-covered sample that contains an oxidized area 

of copper. The GGB that has served as the starting point for this oxidation can be recognized. a) AFM image; 

b) height profile across the oxide island; c) height profile across the GGB; d,e) lateral force maps of the same area 

measured in trace and retrace directions respectively. Scan area is 2𝑥2 𝜇𝑚2, normal force 𝐹𝑁 = 20 𝑛𝑁, scan speed 

is 1 µ𝑚/𝑠𝑒𝑐, 𝑅𝐻 =  45%.  
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The dependence of the lateral force on the normal force for graphene on 

copper and graphene on copper oxide is presented in Figure 6.8 for another copper 

oxide island than the one in Fig. 6.7. The scan area was fixed to 1.5𝑥0.5 µ𝑚2, with 

the oxide region in the center. The measurement was conducted in ambient in the 

range of normal forces from 𝐹𝑁 = 23.7 to 33.0 𝑛𝑁, with a cantilever with normal 

and lateral spring coefficients of 0.09 𝑁/𝑚 and 38 𝑁/𝑚, respectively. The lateral 

force values were calculated based on averaged data taken along the white dashed 

line that was chosen randomly in the scan image (Fig. 6.8). It is clear from the two 

curves in Fig. 6.8, that their slopes are very different. These slopes correspond to 

the two friction coefficients that we determined by linear regression to the 

measured data (Fig. 6.8e). The friction coefficient obtained in this way on 

graphene/copper oxide areas is 𝜇 = 0.034 ± 0.02, while it is 𝜇 = 0.093 ± 0.02 on the 

graphene/copper areas. Again, a local maximum in the lateral force was observed 

across the GGB (Fig. 6.8c,d). 
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Figure 6.8. Quantitative comparison of friction properties of graphene on copper (gr/Cu) and graphene on 

copper oxide (gr/Cu2O). a) AFM image of a 1.5𝑥0.5 µ𝑚2, region of graphene-coated copper, with a copper oxide 

island in the center; b) height profile across the copper oxide island taken along the dashed line in a); c) lateral 

force image of the same area taken in the retrace (right to left direction) at 𝐹𝑁 = 23.7 𝑛𝑁; d) lateral force profile 

taken from trace and re-trace scans along the dashed line in a); e) dependence of the (absolute value of the) lateral 

force on the normal force for graphene/copper and graphene/copper oxide, measured along the same dashed line in 

a) for normal forces in the range of 𝐹𝑁 = 23.7 ÷ 33.0 𝑛𝑁; f) extrapolation of the linear data fit from e) to the point 

of origin (0,0). 
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6.4 Discussion 

 

6.4.1 Graphene as the thinnest lubricant 

 

We have demonstrated the suppression of the dynamic (sliding) friction 

coefficient by approximately a factor 3 and also the significant reduction of the 

static friction coefficient by applying only a single monolayer of graphene on both 

contacting surfaces. We have used flat graphene samples that were obtained by 

direct graphene growth on copper substrates and that did not undergo any 

subsequent transfer to another substrate. This means that in our experiments the 

contact between the sliding copper surfaces was fully determined by 

graphene/graphene interaction. High quality and complete coverage by graphene 

form key elements in our explanation of the observed frictional behavior. We 

interpret our observations as evidence that most, if not all, of the copper asperities 

in our contacts were “shielded” by the graphene and thus protected from direct 

formation of metal-metal bonds. Therefore, the interaction between the sliding 

surfaces was changed from chemical to purely physical [63]. As perfect graphene 

has an intrinsically low surface free energy, it results in a significant lowering of 

the interfacial adhesion and a correspondingly strong lowering of the shear 

strength of the interface. This is illustrated by recent density functional theory 

(DFT) calculations, which show that even partial coverage of iron surfaces with 

graphene ribbons may reduce the adhesion between them by almost a factor 6 [63]. 

This is confirmed by the experimental observations in ref. [25] for steel surfaces 

decorated with graphene flakes. Next to the reduced adhesion, also structural 

lubricity, i.e. the lubricating effect of the mismatch between randomly oriented 

graphene or graphite lattices [35], should be expected to contribute greatly to the 

reduction of the friction force. Another effect that graphene may introduce, is that 

the elastic behavior of the graphene coating may reduce the plastic penetration 

depths of the asperities on the copper surfaces, thus enhancing the load capacity of 

the graphene-decorated copper-copper interface [64]. The final element to add is 

that the graphene-covered copper surfaces should be expected to suppress the 

increase in the friction coefficient that is typical for bare copper surfaces in humid 

environments. Graphene should reduce the tendency for capillary condensation of 

water between the contacting surfaces, since it is less hydrophilic than copper 
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oxide. In addition, it was demonstrated that adding graphene to a Cu surface may 

increase the mobility of water droplets due to depinning of water contact lines, in 

contrast to hydrophilic copper oxide surface [61]. Together, these effects should 

reduce the effect that capillary water bridges have on the confined areas of contact 

between graphene/copper samples. All of these elements contribute to our 

expectation that a graphene-coating reduces the friction between copper surfaces. 

More systematic experiments are needed in order to investigate how strong each of 

these effects is.  

Not only the dynamic friction force is reduced by the graphene, also the 

static peak that usually accompanies the onset of sliding is strongly affected; 

within the noise level of our measurement, it is absent completely when the 

graphene coating is present. Also this is no surprise. Normally, capillary water 

bridges and structural and geometrical pinning effects between the contacting 

asperities add significantly to the static friction threshold [67]. All these effects are 

strongly suppressed by the presence of the graphene coating. 

An important question is, how long these unique lubrication properties of 

the ultrathin graphene coating should be expected to last. Like any other material, 

graphene exhibits a certain wear rate, which determines its lifetime as a lubricant 

[72]. The beneficial role of the graphene should hold at least as long as it remains 

present and the high structural quality of the graphene is maintained on those 

parts of the surfaces that are in mechanical contact. Local damage of the graphene 

layer under load should lead to the accumulation of carbon dangling bonds. These 

should result in higher interfacial adhesion due to both the direct cross-linking 

between damaged graphene layers and the bridging via water molecules and 

hydrocarbon groups that can bind easily to these dangling bonds [19, 65-66]. In 

particular, Berman et al. [66] demonstrated significant reduction of the graphene 

wear rate by means of passivation of the dangling bonds with hydrogen atoms 

from the hydrogen gas atmosphere, which could make graphene extra effective for 

lubrication in realistic applications. In our study, we have examined the wear of 

graphene by means of Raman spectroscopy. For this, we have conducted sliding 

experiments only over relatively short distances of typically several millimeters. In 

the Raman spectra after sliding, no significant increase of the D-band intensity was 

detected. Even though this result is highly encouraging, we can regard it as no 
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more than a preliminary result, until we have conducted a more systematic Raman 

study over larger areas of the studied substrates and after more extensive sliding.  

It may come as a surprise that graphene is so effective on copper substrates, 

in view of the weak, Van-der-Waals type bonding that characterizes the interaction 

between the graphene and the copper. Graphene makes chemical bonds only to 

metals as Co, Ni, Pd and Fe [63, 68-71] that have incompletely filled d bands. 

Graphene binds to a Cu substrate purely by physisorption, because the d band of 

Cu is fully occupied. Therefore, the adhesion energy of graphene on copper is 

much lower (up to a factor 6, compared to Ni and Fe) [63, 69]. As a result, one 

might anticipate significant distortions of the graphene on copper under the 

combination of normal and shear forces, which would make the graphene much 

more vulnerable to wear on this substrate. Nevertheless, the millinewton range of 

normal loads and the millimeter range of travel distances used in our experiments 

has not resulted in any directly observable wear. We also did not measure any 

significant reduction in the lubricating effect of the graphene. An increase in the 

friction coefficient would have been a sign of the local detachment or modification 

of the graphene in the actual contact regions. 

 

6.4.2 Towards superlubricity at the macroscale 

 

The superlubric behavior that was demonstrated for graphitic materials at 

the nano- and microscale [35, 36] has served as the motivation to use CVD-grown 

graphene in order to extend this effect even further, to the macroscopic scale. One 

of the questions in this experiment is whether or not the structural quality of the 

graphene could be sufficiently high to use it for this purpose. The experiments in 

this Chapter clearly demonstrate a significant reduction of the static and dynamic 

friction coefficients between two surfaces resulting from the presence of single-

monolayer graphene on both contacting surfaces. An important question is to what 

extent this friction reduction derives directly from superlubricity, i.e. from the 

friction-lowering effect introduced by the mismatch between the contacting 

graphene lattices. In the previous section, we have provided several other reasons 

for friction to be low in the presence of a graphene coating. In the experiment of 

Fig. 6.4, we have tried to obtain direct evidence of the lattice-mismatch scenario of 

structural lubricity by making use of the strong orientational alignment of the 
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specific graphene samples that we have used, which was within ±1°. Naïvely, one 

might expect this to lead to a measurable angular dependence of the friction 

coefficient, with sharp maxima every 60°, separated by a low friction level for all 

other angles. There is a simple explanation for the absence of such a signature in 

Fig. 6.4. 

We first point out that the data in Fig. 6.4 show a significant variation in the 

friction force and that the difference between the average friction coefficients 

measured in clockwise (𝜇 = 0.15) and counter-clockwise directions (𝜇 = 0.25) 

suggests the presence of a certain, third-body contact element. This could be an 

edge effect of the counter sample, introduced by its dicing from the original wafer. 

Lateral forces and instabilities introduced by such an effect might obscure the 

increase in friction introduced by a commensurate orientation of the graphene 

lattices. Another complicating element is the possible presence of water 

condensates between the contacting surfaces, even though our measurements were 

conducted in a relatively dry environment (RH = 2%). In addition to these practical 

difficulties, we find that there is a more intrinsic difficulty in measuring a 

macroscopic lattice alignment effect. 

We first observe that, even in the high-quality CVD-grown graphene that we 

have employed, the graphene domains still display a range of orientations of ±1° 

with respect to the average orientation angle. This angular range is probably 

already large enough to ‘destroy’ the alignment effect, that would lead to a 

maximum in the friction coefficient, every 60°. As argued in ref. [81], the minimum 

rotation angle at which this ‘destruction’ occurs is inversely proportional to the 

diameter of the contact between the two surfaces. The size that is relevant here is 

the minimum of three characteristic dimensions, namely (i) the effective diameter 

of the entire structure, which is in the order of 1 𝑐𝑚, (ii) the diameter of the 

graphene domains, which is typically between 1 and 50 𝜇𝑚, and (iii) the diameter 

of each microscopic region of ‘real’, physical contact between the two bodies, 

which is typically 1 𝜇𝑚. Obviously, the latter, i.e. 1 𝜇𝑚, is the more appropriate 

choice. Even though this seems to be a relatively small diameter, it still 

corresponds to some 4.000 unit cells of the graphene structure. Hence, the width of 

the friction peak for each individual microcontact is expected to be as narrow as 

0.25 𝑚𝑟𝑎𝑑 or 0.014° [81]. 
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While this angular width of the alignment effect of a single microcontact 

should be still within reach of the experimental accuracy of the employed 

rheometer, we should also take into account the fact that over the full, 1 × 1 𝑐𝑚2 

area, simultaneous contact is made over a large ensemble of such microcontacts. 

The individual microcontacts are typically sufficiently far apart from each other to 

be associated with different grains and, hence, to differ in their local graphene 

orientations by the characteristic ±1° width of the orientational distribution. This 

convolutes the narrow 0.014° peak of a single contact with the full ±1° angular 

width of the domain orientation distribution, which should broaden the measured 

friction peak to a width of 2° and reduce its height by an equivalent factor 140. 

Probably, this combination has made the remaining alignment effect too small to 

show up in Fig. 6.4. 

We conclude this section by stressing that the difficulty to observe lattice 

alignment in the friction forces does not render the structural lubricity effect 

insignificantly small. On the contrary, in this scenario, structural lubricity is so 

dominant and leads to such narrow friction peaks, that even when the contacting 

surfaces are optimally aligned, the ±1° angular distribution of their graphene 

orientations is already wide enough to make most of their microcontacts fully 

superlubric. 

 

6.4.3 Effect of substrate oxidation on nanoscale friction of graphene 

 

Prolonged exposure to ambient conditions was observed to lead to oxidation 

of the copper substrate under the graphene. This oxidation was found to proceed 

via structural defects in the graphene, in particular along the graphene grain 

boundaries (GGBs). Due to the impermeability of well-ordered graphene [12], the 

rest of the copper film was not oxidized. AFM measurements (Fig. 6.7, 6.8) 

conducted on the graphene samples after 2 months of exposure to air, indicated a 

local increase of the height of the oxidized regions by 1 to 4 𝑛𝑚. The Raman spectra 

showed that the oxide areas were still covered with low-defect-density graphene. 

On top of the threefold reduction in friction that a single graphene 

monolayer introduced on copper, we find that friction is reduced on average 

nearly by an additional factor 3 when the copper substrate below the graphene is 

oxidized. Since copper oxide is a semiconductor, it may introduce electrostatic 
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forces at the contact interface, in contrast to metals, for which conduction will 

remove such electrostatic effects. However, it was shown earlier that compensation 

of the contact potential between the tip and the graphene on a SiC substrate did 

not result in changes in the friction force [73, 74]. In order to fully exclude 

electrostatic effects in our case, we should repeat our measurements systematically, 

with different tips and applied bias voltages. 

The observed redshifts of the G- and 2D-bands in the Raman spectra were 

interpreted as a signature of 0.5 to 1.5% tensile strain in the graphene lattice, due 

to the increased volume of the substrate (copper oxide) under the graphene [54, 57, 

58]. The increase of the 𝐼2𝐷 𝐼𝐺⁄  ratio (Fig. 6.6), results from a relatively strong 

increase of Raman intensity from graphene in the presence of copper oxide, which 

is simply due to difference in light/matter coupling of the graphene on metal and 

dielectric surfaces [58]. Unoxidized copper substrate causes strong cancelation of 

the electric field component of the laser radiation due to its metallic nature. In 

contrast to that, this cancelation is significantly reduced on the semiconductor 

copper oxide film, which significantly increases the light coupling with the 

graphene layer on the oxide. Presumably, the 2D-band of graphene is more 

sensitive to this effect and its intensity increases more than that of the G-band. 

It was suggested earlier that graphene, due to its elastic properties, may 

slightly lift up from the substrate and snap into contact with the tip due to tip-

graphene adhesion, the so-called ‘puckering effect’ [20, 74, 75]. This effect results in 

a higher lateral force between the tip and graphene monolayer, because one should 

now invest extra energy in order to push the bulging graphene fold in the scan 

direction. This scenario has been used to explain the observed friction contrast 

between bilayer and single layer graphene [73], because of the higher adhesion of 

the tip with the latter, and thus the stronger puckering effect [e.g. 75]. Systematic 

AFM studies for different layered materials showed that this puckering is a 

universal phenomenon for weakly adhering or freely suspended materials. In turn, 

it is suppressed for strongly adhering substrates [74]. A reduction of the puckering 

effect on the copper oxide with respect to unoxidized copper may explain the 

observed further lowering of the friction force in our experiments. Figure 6.9 

provides an artist impression of the puckering effect, superimposed on the 

topographic landscape that was measured by AFM in Fig. 6.8. The upper picture, 

with the tip making contact with graphene on the bare copper substrate, shows a 
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stronger puckering than the lower one, for the tip contacting graphene on the 

copper oxide island. We recognize several mechanisms that could explain this 

reduced puckering and, hence, reduced friction on copper oxide. 

Due to the tensile strain in the graphene lattice on top of the copper oxide, 

the wrinkles, created in contact with the tip, should become less pronounced or 

even disappear. Thus, less energy would be required to move them in the lateral 

direction, in contrast to unstrained graphene on bare copper.  

The next effect directly influences the strength of the puckering effect and 

involves the adhesion between the graphene and its substrate. The adhesion 

between graphene and bare copper is extremely modest, which makes it easy to 

develop a significant puckering effect. In earlier studies [77-79] it was 

demonstrated that a monolayer graphene exhibits strong adhesion to Al2O3 and 

Si2O, the adhesion energies being almost equally high as that of graphene on Fe 

[63]. We expect that the adhesion of graphene on copper oxide can be even 

stronger, since the adhesion force is known to grow with increasing dielectric 

constant of the substrate and the value for copper oxide is much higher than that of 

silicon oxide; 𝜀𝐶𝑢2𝑂 = 18.1 versus 𝜀𝑆𝑖2𝑂 = 3.5 [77]. Generally, the nanoscale friction 

of graphene is rather sensitive to the level of adhesion to the substrate, and it 

becomes significantly lower upon increase of adhesion [80]. 

Another reason for reduced puckering on the oxide is that a higher substrate 

roughness may reduce adhesion between the tip and the graphene and thereby 

suppress the puckering effect between them [76]. The average nanoscale roughness 

on the graphene on the copper oxide was almost 2 times as large as that on 

graphene on bare copper; we measured root mean square height variations of 

0.7 𝑛𝑚 versus 0.4 𝑛𝑚, respectively. 

Based on the experiments presented in this chapter, we cannot distinguish 

between these contributions to the reduction of the friction on graphene on copper 

oxide. For this purpose, additional experiments would be required. For example, 

comparing friction on transferred graphene on (oxidized) copper with 

measurements on the strained graphene on the aged, and partly oxidized samples, 

one should be able to isolate the effect of the tensile strain of the graphene. A 

comparison of the friction on oxides or oxide regions with different roughness 

should make it possible to determine the influence of the roughness directly. 
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Knowing these two contributions, one should be able to estimate the importance of 

the adhesion effect for this case. 

  



153 

 

a) 

 

b) 

Figure 6.9. Artist impression of the origin of the difference in friction behavior observed in Fig. 8 between 

graphene on copper and graphene on copper oxide. (a) Loosely adhering graphene on a bare copper substrate tends 

to bulge up in front of the tip, which leads to higher friction; (b) Tensile strain, stronger graphene-substrate 

adhesion and larger substrate roughness all suppress the “puckering effect” for graphene on copper oxide; this 

leads to lower friction. 
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6.5 Summary 

 

In this chapter, we demonstrated that the presence of a single monolayer of 

graphene on copper surfaces reduces the sliding friction force between them in 

ambient by approximately a factor 3 compared to the friction between bare copper 

surfaces and that it also has a great impact on the static friction behavior. This 

reduction was shown for surfaces that were completely covered by a monolayer of 

high-quality graphene. It introduces low surface free energies, minimizes the 

interaction between contacting asperities, enhances the load capacity and, 

presumably, causes structural lubricity (superlubricity). 

We have not been able to obtain direct experimental evidence that the 

beneficial effect of the graphene on copper is entirely or partly due to structural 

lubricity. Angle-dependent measurements did not show a signature of rotational 

symmetry, which we ascribe to the width of the distribution of domain 

orientations in the graphene layers that is currently present in even the best large-

area graphene samples. 

We demonstrated a significant lowering of the friction coefficient measured 

with friction force microscopy on graphene on top of a locally oxidized copper 

substrate and we ascribe this to a reduction of the so-called “puckering effect”, that 

otherwise makes the graphene bulge strongly in front of the sliding tip. The 

increased volume of the copper oxide resulted in tensile strain in the graphene. 

Next to this tensile strain, also the increased interaction between the graphene and 

the oxidized substrate and the reduced interaction of the tip with the rougher 

landscape of the graphene-covered oxide can have made the puckering effect 

smaller. 

Further experiments will be required to distinguish the individual roles of 

the above effects and to identify other sources of influence on the spectacular, 

lubricating properties of graphene that were demonstrated here. We believe that 

our observations may bring new insights in certain technological processes and 

that they carry the promise to contribute to future developments towards tunable 

interaction and tunable friction between surfaces. 
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Summary 

 

The phenomenon of friction forms one of the oldest subjects in the history of 

science and engineering. Even now, many intriguing questions remain to be 

answered about the contact dynamics of solid interfaces and their behavior at 

different geometrical scales and under different atmospheric and lubrication 

conditions. With ever more demanding requirements to efficiency and lifetime of 

nano- and microelectromechanical systems and to other high-tech devices, the 

importance of understanding and control of friction and wear increases too. 

Growing technological requirements for ultra-low friction and wear-rate 

coefficients as well as precise motion control open new horizons for research into 

new, revolutionary concepts in lubrication. 

In this PhD thesis, I described our work towards reduction and control of 

dry friction with solutions that promise to meet some of the challenges set by 

modern technology. In particular, I demonstrated three attempts to make unique 

nanoscale lubrication phenomena active on the macroscopic scale. In Chapter 2, I 

introduced first experiments to reduce friction in macroscopic contacts, employing 

the atomic-scale effect of thermolubricity. We used arrays of silicon nanopillars 

(NPs) that were dimensioned such that each would mimic the mechanical behavior 

of the apex of a single tip in a Friction Force Microscope (FFM): namely combining 

a high lateral vibration frequency with a relatively large thermal vibration 

amplitude, of a significant fraction of an interatomic distance, at room temperature. 

In Chapter 3, I demonstrated how to apply conventional cleanroom techniques to 

produce large, highly reproducible and well-ordered arrays of such NPs. The 

philosophy behind the NP approach was to introduce a multitude of thermally 

activated mechanical contacts on a macroscopic area and translate them all by the 

low-friction scenario due to thermal vibrations known for a single FFM tip apex. In 

practice, along with the high mechanical strength and surprising flexibility of the 

NPs, the first friction experiments demonstrated that the contact area between a 

slider and the NP array plays a crucial role and that this area should be made as 

large as possible. Experiments with an Atomic Force Microscope (AFM), using a 

ball-shape probe as the sliding body, showed that even for a large radius, the ball 

had sufficient freedom to ‘sink’ in significantly between the NPs. The NPs were 
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found to bend sideways, which we expect to lead to severe damping of the thermal 

fluctuations of the NPs. We proposed a larger NP array of several square 

centimeters as the next step towards realization of thermolubricity on the 

macroscopic scale. This should allow one to use larger slider surfaces and 

minimize alignment difficulties.  

The second effect that I explored to lower friction and that is also rooted in 

subtle effects on the nanoscopic scale, is lubrication with graphite. In contrast with 

thermolubricity, this lubrication mechanism is well known on the practical, 

macroscopic scale, that we make use of in everyday life. Materials with a structure 

like graphite, i.e., with strong atomic layers that weakly interact with each other, 

enable low friction due to the ease of sliding of these layers over each other. In 

Chapter 4 of this thesis, I also associate this graphitic behavior with the ultralow 

friction of another solid material that doesn’t have intrinsic graphite-like 

properties, namely Diamond-Like Carbon (DLC). Essential in my approach to 

unravel the lubrication mechanism of DLC was micropatterning of the studied 

contacts. This enabled us to strongly limit the apparent area of contact and directly 

observe the origin and the build-up of an ensemble of third-body elements during 

sliding. By imaging the contacting surfaces at various stages in the sliding process, 

we found that the sliding quickly leads to the formation of DLC microparticles that 

break up into nanoparticles and to subtle transformations of the highest asperities 

of the DLC surface, both of which we attribute to the high local shear stress levels. 

Friction on these nanoparticles and modified asperities was found to be much 

lower than on the rest of the DLC surface. Local Raman spectroscopy showed an 

increased proportion of sp2-bonding on the particles and the high regions, which is 

indicative of local graphitization. We concluded that the first sliding on a DLC 

surface leads to mechanical and chemical changes towards a more graphitic form 

of amorphous carbon, which naturally introduces the scenario of graphite 

lubrication.  

In Chapter 5, I showed that the friction properties of the investigated, 

hydrogenated DLC coating in dry and humid environments are surprisingly 

different from common tribological behavior of this type of coatings. We ascribed 

this difference largely to the unusual geometry of our experiment: in our 

measurements, most microcontacts do not leave the actual sliding interface, which 

is due to the combination of the micropatterned DLC substrate and the ultraflat, 
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silicon counter-surface, that we used as the slider. This geometry accelerated the 

formation of the third-body elements and their graphitization. We further showed 

that water adsorbed from a mildly humid environment can play a lubricating role 

for the graphitized DLC clusters at low sliding velocities, which we ascribe to 

capillary condensation of water between them and their DLC substrate. At high 

humidities, friction is lowered even further, suggesting a hydrodynamic 

contribution, i.e., water acting directly as a lubricant, for example due to the 

formation of capillary bridges at the sliding interface between the graphitized DLC 

particles and DLC asperities and the silicon wafer. 

On the atomic scale, the phenomenon underlying graphite lubrication is 

probably structural lubricity, also known as superlubricity. It is the effect that two 

perfectly smooth and stiff lattice planes that are incommensurate with each other 

and only weakly interact can slide over each other with nearly zero friction. Even 

though this effect has been identified experimentally only on the nanometer scale, 

graphene, graphite and structurally similar materials should be expected to all 

exhibit this self-lubricating behavior, also on larger scales. In Chapter 6, I reported 

the results of an experiment to demonstrate structural lubricity on the macroscopic 

scale. Large-area copper surfaces, completely covered with a high-quality 

monolayer of graphene, were chosen as the best candidates for this study. We 

demonstrated that covering copper surfaces with a single monolayer of graphene 

reduces the sliding friction force between them in ambient by approximately a 

factor 3, in comparison with bare copper surfaces. We also found a great impact of 

the graphene on the static friction behavior. The graphene introduces low surface 

free energies, minimizes the interaction between contacting asperities, enhances 

the load capacity and, presumably, only locally causes structural lubricity. 

Unfortunately, even on these low-defect-density surfaces we have not been able to 

acquire direct proof of the lattice-mismatch mechanism of this friction lowering, by 

distinguishing a signature of 60° rotational symmetry in angle-dependent friction 

measurements. The sharp maxima in the friction force, expected every 60°, were 

simply washed out by the residual width of the distribution of domain orientations 

in the graphene layers.  

Finally, we demonstrated a significant additional lowering of the friction 

coefficient measured with FFM on graphene on top of a locally oxidized copper 

substrate. We ascribe this to a reduction of the so-called “puckering effect” that 



164 

otherwise makes the graphene bulge strongly in front of the sliding tip. The 

increased volume of the copper oxide resulted in tensile strain in the graphene. We 

propose that in addition to this tensile strain, also the increased adhesion between 

the graphene and the oxidized substrate and the reduced interaction of the tip with 

the rougher landscape of the graphene-covered oxide made the puckering effect 

smaller. 

The observations presented in this thesis provide new fundamental insights 

that are of potential relevance to several technological processes. They carry the 

promise to contribute to future developments towards tunable interaction and 

tunable friction between surfaces on various length scales. 
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Samenvatting 

 

Het verschijnsel wrijving vormt een van de oudste onderwerpen in de 

geschiedenis van wetenschap en techniek. Toch blijven nog steeds veel 

intrigerende vragen onbeantwoord over de contactdynamica van vaste stoffen en 

hun mechanische gedrag op verschillende geometrische lengteschalen en over de 

invloeden van de atmosferische omstandigheden en van smeringsmiddelen. Nu 

steeds verdergaande eisen worden gesteld aan de efficiëntie en levensduur van 

nano- en micro-elektromechanische systemen en andere hightech-apparaten, 

neemt ook het belang van begrip van en controle over wrijving en slijtage toe. De 

vraag naar ultra-lage wrijvings- en slijtagecoëfficiënten opent nieuwe horizonten 

voor onderzoek naar nieuwe, revolutionaire concepten in smering. 

In dit proefschrift beschreef ik ons onderzoek aan nieuwe mogelijkheden 

voor reductie en controle van z.g. ‘droge’ wrijving, d.w.z. wrijving in afwezigheid 

van vloeibare smeermiddelen zoals olie. Ik heb me daarbij geconcentreerd op drie 

unieke smeringsverschijnselen, die elk werkzaam zijn op de nanometerschaal, in 

een poging om deze juist in te zetten op de macroscopische schaal van millimeters 

en centimeters. In Hoofdstuk 2 introduceerde ik de eerste experimenten om 

wrijving in macroscopische contacten te verminderen, door gebruik te maken van 

een effect op de atomaire schaal dat bekend staat onder de naam thermolubriciteit. 

Ik paste hierbij regelmatige structuren toe van silicium nanopilaren (NP’s) die 

zodanig waren gedimensioneerd dat elke pilaar het mechanische gedrag zou 

nabootsen van het uiterste puntje van de naald in een atomaire-kracht- of 

wrijvingskrachtmicroscoop (FFM). Dit gedrag wordt gekenmerkt door de 

combinatie van een hoge zijdelingse trillingsfrequentie, in het bereik van 1 GHz of 

meer, met een relatief grote thermische trillingsamplitude bij kamertemperatuur, 

minimaal een significante fractie van een interatomaire afstand. In Hoofdstuk 3 

heb ik laten zien hoe conventionele cleanroomtechnieken kunnen worden ingezet 

om grote, zeer reproduceerbare rijen van silicium NP's te produceren. De filosofie 

van de NP-aanpak was om een macroscopisch contactoppervlak volledig uit te 

voeren in de vorm van een groot aantal thermisch geactiveerde, mechanische 

contacten, die alle met lage wrijving kunnen transleren vanwege het thermische 

vibratie-effect dat eerder is waargenomen voor één individuele FFM-naaldpunt. 
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Onze experimenten toonden aan dat de NP’s mechanisch zeer sterk zijn en 

verrassend flexibel. Eerste  wrijvingsmetingen lieten zien dat het cruciaal is om het 

contactgebied zo groot mogelijk te maken tussen het veld met de NP’s en het object 

dat daaroverheen moet schuiven. Zo bleek in experimenten met een 

atoomkrachtmicroscoop (AFM), waarin een balvormig object werd gebruikt als 

glijlichaam, dat zelfs een bal met een relatief grote diameter voldoende vrijheid 

had om significant in te zinken tussen de NP's. De NP's bleken hierbij zijwaarts te 

buigen. Naar onze verwachting leidt het tot een ernstige demping van de 

beweging van de NP's, waardoor het thermische smeringseffect verloren gaat. Als 

volgende stap naar de realisatie van thermolubriciteit op macroscopische schaal, 

stellen we een uitbreiding voor naar nog grotere velden met NP’s, bijvoorbeeld 

van meerdere vierkante centimeters. Hierdoor worden weliswaar grotere 

schuifoppervlakken mogelijk, maar wordt tegelijkertijd wel een lastig 

uitlijningsprobleem geïntroduceerd. 

Het tweede effect dat ik onderzocht heb om wrijving te verlagen, is smering 

met grafiet. In tegenstelling tot thermolubriciteit, is grafietsmering goed bekend op 

de praktische, macroscopische schaal, die we in het dagelijks leven gebruiken. 

Materialen met een structuur zoals grafiet, d.w.z. met sterke atoomlagen die met 

elkaar slechts een zwakke interactie hebben, maken een lage wrijving mogelijk 

dankzij het gemak waarmee deze atoomlagen over elkaar glijden. In Hoofdstuk 4 

van dit proefschrift associeer ik dit gedrag van grafiet met de lage wrijving van een 

ander vast materiaal dat zelf geen intrinsieke grafietachtige eigenschappen heeft, 

namelijk Diamond-Like Carbon (DLC), een amorfe vorm van koolstof met een 

diamantachtig karakter. Essentieel in mijn aanpak om het smeringsmechanisme 

van DLC te ontrafelen was de microstructurering van de bestudeerde contacten. 

Dit zorgde ervoor dat we het contactoppervlak sterk konden beperken en de 

oorsprong en de opbouw konden volgen van slijtagedeeltjes – de zogenaamde 

‘third bodies’. Door de contactvlakken te bestuderen na verschillende stappen van 

het glijproces, vonden we dat het glijden snel leidt tot de vorming van DLC-

microdeeltjes die vervolgens in nanodeeltjes kunnen opbreken. Daarnaast vonden 

we ook subtiele veranderingen in structuur en gedrag van de hoogst uitstekende 

delen van het DLC-oppervlak, die waarschijnlijk ook in contact waren gekomen 

met het tegenoppervlak. Beide effecten associëren wij met de hoge, lokale druk, 

zowel loodrecht op het contactvlak als parallel daaraan. De wrijving bleek op deze 
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nanodeeltjes en gewijzigde contactgebieden veel lager te zijn dan op de rest van 

het DLC oppervlak. Lokale raman-spectroscopie bracht een verhoogd aandeel aan 

het daglicht van sp2-bindingen tussen de koolstofatomen op deze plekken. Dat 

type bindingen vormt een sterke aanwijzing voor de vorming van grafiet. We 

concluderen dat de eerste glijbewegingen over een DLC-oppervlak leiden tot 

mechanische en chemische veranderingen van de DLC-coating van een 

diamantachtig karakter naar een meer grafietachtige vorm. Het is deze grafietvorm 

die de wrijving verlaagt, zoals we dat van grafiet gewend zijn (zie hierboven), 

precies op die plaatsen waar de DLC-coating in contact komt met het 

tegenoppervlak. 

In Hoofdstuk 5 heb ik laten zien dat de wrijvingseigenschappen van een 

gehydrogeneerde DLC-coating in droge en vochtige omgevingen verrassend sterk 

kunnen afwijken van het typische, tribologische gedrag van dit soort coatings. We 

hebben dit verschil toegeschreven aan de unieke geometrie van ons experiment: in 

onze metingen blijven de meeste microcontacten voortdurend bestaan, als gevolg 

van de combinatie van het microgestructureerde DLC-substraat en het ultravlakke, 

daar overheen glijdende silicium-oppervlak. Deze geometrie versnelde de vorming 

van de ‘third-body’ elementen en van grafiet. Verder bleek vanuit de vochtige 

omgeving gecondenseerd water bij lage glijsnelheden een smerende rol te kunnen 

spelen voor de gegrafitizeerde DLC clusters. Wij associëren dit effect met capillaire 

condensatie van water tussen deze clusters en het DLC-substraat; de clusters 

plakten er daardoor extra goed aan vast. Bij hoge vochtigheid werd de wrijving 

nog verder verlaagd. Wij schrijven dat toe aan het hydrodynamische gedrag van 

water dat direct als een smeermiddel optreedt als zich capillaire bruggen vormen 

tussen de gegrafitizeerde DLC-deeltjes en de hoogste DLC-contactgebieden aan de 

ene kant en het siliciumoppervlak aan de andere. 

Dat de wrijving van grafiet zo laag is, is waarschijnlijk voor een belangrijk 

deel toe te schrijven aan een structureel effect op de atomaire schaal, dat bekend 

staat onder de namen superlubriciteit en structurele lubriciteit. Het is het verschijnsel 

dat twee perfecte roostervlakken, die niet op elkaar passen, vrijwel zonder 

wrijving over elkaar kunnen glijden. Hoewel dit effect op experimentele wijze 

alleen op de nanometerschaal is aangetoond, vertonen grafeen, grafiet en 

structureel vergelijkbare materialen dit smeringsmechanisme mogelijk ook op 

grotere lengteschalen. In Hoofdstuk 6 rapporteerde ik de resultaten van een 
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experiment om structurele lubriciteit op de macroscopische schaal aan te tonen. 

Wij hebben als optimale ‘kandidaat’ voor deze studie gekozen voor grote 

koperoppervlakken, die volledig bedekt waren met een hoogwaardige monolaag 

van grafeen. We hebben laten zien dat de aanwezigheid van het grafeen de 

wrijvingskracht tussen de koperoppervlakken vermindert met ongeveer een factor 

3. Niet alleen de dynamische wrijvingskracht was sterk verlaagd, maar ook het 

statische wrijvingsgedrag werd door het grafeen veranderd. Deze waarnemingen 

kloppen met de verwachting dat het grafeen lage oppervlakte-vrije-energieën 

introduceert, de wisselwerking tussen de contacten minimaliseert, de 

laadcapaciteit verbetert en superlubriciteit veroorzaakt. Helaas is het ons, ondanks 

de goede kwaliteit van het gebruikte grafeen, niet gelukt om direct bewijs te 

verkrijgen voor het rooster-gerelateerde smeringsmechanisme. Met name was er 

geen teken van 60° rotatiesymmetrie in de hoekafhankelijke wrijvingsmetingen. De 

scherpe maxima in de wrijvingskracht, die elke 60° zouden moeten optreden, 

werden uitgesmeerd door de breedte van de verdeling van domeinoriëntaties in de 

grafeenlagen. 

Tenslotte, maten wij een significante, extra verlaging van de 

wrijvingscoëfficiënt met FFM op grafeen op een plaatselijk geoxideerd 

kopersubstraat. We schrijven deze extra verlaging toe aan een vermindering van 

het zogenaamde rimpeleffect, waardoor het grafeen zich voor de FFM-naald 

omhoog kan plooien. Het verhoogde volume van het koperoxide resulteerde 

waarschijnlijk in extra trekspanning in het grafeen. We denken dat er naast deze 

trekspanning ook andere effecten een rol spelen die de wrijving op het grafeen 

verlagen op de geoxideerde plekken. Met name zijn het de sterkere adhesie tussen 

het grafeen en het geoxideerde substraat en de verminderde wisselwerking van de 

FFM-naald met het ruwere landschap van het grafeenbedekte oxide, die het 

rimpeleffect kleiner maken. 

De in dit proefschrift beschreven experimenten leveren nieuwe 

fundamentele inzichten op, die van mogelijk belang zijn voor verschillende 

technologische processen. Ze leveren een bijdrage aan toekomstige ontwikkelingen 

op het terrein van instelbare interactie, wrijving en slijtage tussen oppervlakken op 

verschillende lengteschalen, van atomair tot macroscopisch. 
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