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AABBSSTTRRAACCTT  
 

Intentional manipulation on the micro- and nano-scales of surface structures and chemistry on three 

model polymers, by UV exposure and scanning probe microscopy methods, has been the focus in this 

study. A general framework has been built, upon which the ‘marriage’ of the two techniques could be 

explored in order to refine and improve nano-scale manipulation as a future enabling technology. It 

has been shown how the early developments in microscopy and manipulation have paved the way for 

research in the broad area of surface and interface science and technology, and has provided the setting 

for the present work.  

 

Nano-mechanical effects must be taken into account in the case of manipulation of a soft surface such 

as a polymer. The outcomes of manipulation were found to depend on both in- and out-of-plane forces 

acting at the point of contact. Therefore quantification of the interactions that stimulate deformational 

modes have been described. The responses of the lever to changes in scan direction and (in contact) 

force loading, and for isotropic friction in the x-y plane, have been defined. A linear relationship 

between the normal force loading and the in-plane friction force has been adopted as a first 

approximation. A simple description of the functional dependence of the frictional force over a large 

dynamic range of force loadings is inadequate; thus the emphasis has been placed on describing and 

explaining phenomenological trends. In the multi-asperity regime for ‘hard’ surfaces a linear 

dependence is often observed at high loads. 

 

UV patterning of polymeric surfaces on the micro scale has been described in chapter 3. It has been 

shown that the irradiation process (either via the excimer laser or a UV lamp) is capable of physical 

and chemical alteration of the surface. Topographical, micro-mechanical and lateral/chemical 

differentiation has been observed for all three polymer surfaces. For instance, P(tBuMA) and 

polyimide surfaces exhibit shrinkage, while the PDMS sample exhibits swelling. By using tips with 

varying chemistries and working in air and under water, the adhesive, lateral force and snap-on 

features were analysed in greater detail. Surface adhesion, snap-on features and lateral forces all 

increased for P(tBuMA) as a result of irradiation for all tip combinations, when analyzed in air. Due to 

a native oxide layer being present on all as-received tip surfaces (except when Au-coated), a uniform 

hydrophilic surface is created, resulting in a similar tip-to-surface interaction for all tips. Polyimide 

was examined in air with similar results. However when analyzed in water, the lateral force contrast 

was reversed due to the capillary interaction being eliminated, thus revealing the underlying tip-

surface interactions. Details of the snap-on features revealed long-range attraction prior to snap-on in 

air, but repulsion was observed in water. The repulsion is due to a combination of electrostatic and van 
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der Waals interactions. The PDMS surface, on the other hand, exhibited increased adhesion and lateral 

force on the unirradiated surface in air and on the irradiated surface in liquid. Those results are a 

consequence of the irradiation process; PDMS surfaces undergoing UV irradiation in the presence of 

air generally become hydrophilic as a consequence of surface activation and oxidation, causing 

hydroxylation of the surface and a change in surface chemistry. Thus the meniscus force is likely to 

account for the reversal in trends. 

 

It has been demonstrated in chapter 4 that it is possible to create three-dimensional structures on a soft 

polymeric surface on the nanometer scale using the SPM probe. In the cases of P(tBuMA) and PDMS 

samples, it was shown that manipulation required levers with spring constants > 1 nNnm-1, whereas 

imaging could take place with no further alteration of the surfaces with levers with spring constants << 

0.5 nNnm-1. The P(tBuMA) sample was not only able to be altered physically by creating various wells 

and troughs, but also chemically as revealed by friction loop analysis showing a lower lateral force 

within a well. Elastic recovery of up to 90% and a ‘planeing’ effect of the tip over the surface were 

also evident. An increase in the height of material build-up and depth of troughs was observed during 

the acquisition of f-d curves at varying loading forces. It was also shown that a decrease in the angle of 

attack (relative to the horizontal), caused an increase in the lateral force and a decrease in lithographic 

efficiency. 

 

Lithographic results on the PDMS surface revealed stick-slip phenomena in both the fast and slow 

directions of travel. Friction loop analysis revealed that the lateral force increased with the strength of 

trapping of the tip. An increase in the yield of stick-slip features, including an increase in dynamic 

stick-slip amplitude, spacing of stick points/lines and subsequent breakdown just prior to slipping has 

also been documented. The surface exhibited significant in-plane relaxation, i.e., the stick point was 

displaced by the tip due to lateral forces being imposed. Relaxation ranged from ~ 1.5 µm for weak 

trapping and increased to ~ 5.2 µm for strong trapping toward the end of a stick-slip cycle, at a loading 

force of 1113 nN. Thus there was an increase in trapping force with cycle progression. An increasing 

loading force resulted in an increase in in-plane displacement and a greater spacing between the stick 

lines in the slow scan direction. A decrease in trough length in the fast scan direction is also observed 

as a result of an increase in static friction with normal force, resulting in a greater surface relaxation 

and shorter track length for sliding friction. 

 

Stick-slip behaviour was found to be dependent on loading force, attack angle, scan speed and image 

resolution. An increasing loading force resulted in an increase in lateral force, decrease in the trough 

number per unit stage travel, increase in excavated depth and increased spacing between troughs. The 
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attack angle affected trough number and spacing as a result of the out-of-plane force component being 

a significant contributing factor when the fast scan direction was aligned with the y-direction. No 

visible effect on lateral force was observed, however, presumably due to the active feed-back loop 

being able to adjust the force loading back to its set point. As the scan speed increased, the lateral 

force and stick-slip amplitude increased, whereas the number of troughs per unit stage travel 

decreased. By increasing the number of scan lines along the y-direction (increase in image resolution), 

the trough depth increased with a decrease in trough number. 

 

A comparison of the three polymers and a clean silicon surface revealed the dependence of in-plane 

deformation and lateral force on surface properties. PDMS showed the greatest degree of indentation, 

with polyimide and silicon surfaces being essentially incompressible. Friction loop data show a lateral 

force of 868 nN and 1421 nN at the start and end, respectively, of the cycle on the PDMS surface, 316 

nN on the P(tBuMA), and 158 nN for the polyimide and silicon surfaces for a constant loading force of 

972.5 nN. There was a linear relationship between loading force and lateral force for all surfaces. The 

coefficient of friction was found to be ca. 5.3, 6.2 and 6.8 for the beginning, middle and end, 

respectively, of the cycle on the PDMS surface, ca. 1, 0.46 and 0.26, on P(tBuMA), PI and silicon 

surfaces respectively.  

 

The project has shown that the lithographic efficiency is not only dependent on the methodology 

utilized in the manipulation process, but that there is also a contribution from the properties of a 

polymer surface itself. Irradiation and tip-induced manipulation alters the surface both physically and 

chemically, however the properties of the polymer also influences the outcome, as in the case of 

PDMS inducing a stick-slip mechanism.  

 

The overall outcome of the project has extended and enhanced the scientific basis for micro/nano-scale 

lithographic processing as a basis for hypothetical future enabling technologies. With SPM facilities 

now being available in most R&D institutions their importance can be realized and full capabilities be 

exploited. The many emerging fields of research and development, particularly those with a focus on 

nano-scale surface/interface engineering, can benefit from some form of controlled and purposeful 

manipulation of various organic and inorganic surfaces. A union of relevant techniques and expertise, 

will allow further future exploration and exploitation of novel technologies. 
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CHAPTER 1 
 

THE HOW AND WHY 
 

1.1 - INTRODUCTION 

The study of the very small has intrigued and captivated humanity for many centuries. The early 

Greeks and Romans began ‘zooming in’ using a single piece of polished glass, i.e., the first lens, and 

hence the birth of early microscopy. Evidence supporting the early exploration of microscopy and 

manipulation has been confirmed from various archaeological findings, for example, in a French 

Cabinet of Medals, there lies a seal which reportedly belonged to Michelangelo, “the fabrication of 

which, it is believed, ascends to a very remote epoch, and upon which fifteen figures have been 

engraven in a circular space of fourteen millimeters in diameter. These figures are not all visible to the 

naked eye. Cicero makes mention of an Iliad of Homer written upon parchment, which was contained 

in a nutshell. Pliny relates that Myrmecides, a Milesian, executed in ivory a square figure which a fly 

covered with its wings” [Hogg, 1858]. 

 

Modern microscopy began in the early 1600’s with instruments consisting of finely polished lenses 

wrapped in animal skin and illuminated by candle light. Microscopy then progressed into the brass era, 

from simple drum-like construction microscopes in the early 1700’s, to intricate monocular 

microscopes with mechanical stages in the early 1800’s. Figure 1.01 shows photographs of two early 

microscopes used by microscopy students [Watson and Watson, 2004]. 

 

(a) (b) 

Figure 1.01 – (a) A 

photograph of a Cary-type 

traveling microscope. Late 

1700 to early 1800’s. (b) 

shows a late 1800’s brass 

monocular microscope by 

Watson and Sons [Watson 

and Watson, 2004]. 
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Our curiosity with the very small has continued to flourish. The more of the very small we seek out, 

the bigger the questions and challenges become. The beginning of the third paragraph of a notable 

speech given by Richard Feynman at Caltech in December 1959 reads, “What I want to talk about is 

the problem of manipulating and controlling things on a small scale.” This very statement is the 

motivator for this body of work. The problem of manipulating and controlling on a small scale is by no 

means a trivial one. It is a problem which requires the aid of all the major scientific disciplines, as 

Feynman predicted some 50 years ago, beginning with “The marvelous biological system” in which he 

states that “biology is not simply writing information; it is doing something about it…….Many of the 

cells are very tiny but they are very active; they manufacture various substances; they walk around; 

they wiggle; and they do all kinds of marvelous things---all on a very small scale.” Feynman then goes 

further by exploring the unimaginable, “Rearranging the atoms”: 

 
“But I am not afraid to consider the final question as to whether, ultimately---in the great 

future---we can arrange the atoms the way we want; the very atoms, all the way down! What 

would happen if we could arrange the atoms one by one the way we want them…Inspired by 

the biological phenomena in which chemical forces are used in repetitious fashion to produce 

all kinds of weird effects (one of which is the author)…The problems of chemistry and biology 

can be greatly helped if our ability to see what we are doing, and to do things on an atomic 

level, is ultimately developed---a development which I think cannot be avoided.” 

 
The question of manipulation discussed in the speech has been explored as early as the mid 1800’s. 

The first micro-manipulator was invented by William Peters and is shown in figure 1.02 below 

[Turner, 1989]. Today the purposeful manipulation of nano-scale structures and properties is an 

enabling technology in gestation. Definitions of nanotechnology arise either from the evolutionary 

trend whereby the size of industrial objects is reduced from the micro- to the nano-scale, or from a 

focus on the more revolutionary aim of engaging in bottom-up assembly of systems of arbitrary size 

from functional nano-scale sub-units. Whatever definition is adopted, purposeful manipulation is a 

mandatory ingredient, and methods based on Scanning Probe Microscope/y (SPM) (which includes the 

Atomic Force Microscope (AFM)) are the current front-runners, with the instrument being based on 

the exploration of interactions with very high resolution and measurement of various forces and 

interactions acting between a sharp tip and a surface [Young et al., 1972; Binnig et al., 1986]. The 

various discoveries and early days of its development, as well as the well-established and well-known 

technical details have been described and documented in the literature [e.g., Wickramasinghe, 1990; 

Sarid, 1991a, b], and in Chapter 2. Whilst holding great promise, the development of SPM-based 

lithography is still in its infancy, and further development will be required in order to evaluate and 

realise its true potential.  
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Figure 1.02 – Robert James 

Farrants (1810-1870), President 

of the Microscopy Society 1861-

62, with the machine for 

microscopical writing invented 

by William Peters. Photograph 

taken in 1855. [Turner, 1989]. 

 

SPM-based nanolithographic manipulation of polymer surfaces deals with recent phenomenology that 

has, as yet, not been subjected to intensive or systematic investigation. This body of work aims at a 

more complete identification and characterization of the nano-mechanical factors that govern the 

processes leading to the demonstration of 3-dimensional polymeric structures with nano-scale 

differentiated chemistries, and to appreciably extend the current primary technologies employed to 

individually modify small areas of a surface.  

 

1.2 - CONTEXT  

Control and stabilization of molecular assemblies at the nano-meter scale are crucial steps in the 

fabrication of molecular scale devices [Lewis et al., 2001]. Such devices will need to exhibit 

controlled and specific nano-scale architecture and demonstrate nano-scale confinement capabilities. 

The surfaces of such devices/structures will most likely present chemically differentiated patterned 

surfaces. Existing techniques for forming such tailored surfaces such as electron beam lithography, 

photolithography and ‘soft lithography’ have proven to be very useful but are limited by proximity 

effects and/or spatial resolution [Rai-Choudhury, 1997; Xia and Whitesides, 1998; Zhao et al., 1997; 

Morgan et al., 1995; Revzin et al., 2001]. The lateral resolution is limited in part by the diffraction 

limit, and expensive lasers using short wavelength and short pulse lasers are required to achieve sub-

micron resolution. Alternatively, self assembled monolayers (SAMs) show promise for such 

applications. However, precise positioning is still a fundamental problem and will probably require 

simultaneous control of the substrate, film and subsequent reactivity [Gölzhäuser et al., 2000; Heister 
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et al., 2001, Chaudhury, 1995; Cox et al., 1999; Zharnikov et al., 2000]. Thus, while the current 

technologies commonly allow a pre-determined architecture in the z-direction (normal to the surface) 

next generation devices will require a much greater spatial control over the x-y plane of the surface. 

More recently scanning probe microscopy (SPM) has added another tool for surface 

machining/modification demonstrating reproducible nano-scale manipulation and patterning of a range 

of biologically and chemically active surfaces [Galli et al., 2001; Lee et al., 1997; Teuschler et al., 

1995; Maynor et al., 2001; Kim et al., 1998; Notargiacomo et al., 1999; Bushell et al., 1995]. 

 

Purposeful manipulation by SPM methods of nano-scale structures and their properties is likely to 

emerge as a key enabling technology. Its merits vis a vis other micro/nano-patterning/machining 

technologies include: 

 

♦  Spatial resolution and control of manipulation are consistent with that of the SPM system 

(sub-nm laterally and vertically). 

♦  Manipulation and characterization are integrated on the same platform. 

♦  The mechanism is largely athermal, and is not associated with deposition of ionizing 

radiation, nor with collision-transfer of momentum and energy. 

♦  In-principle resolution is on the scale of the single atom, being set by short-range tip-to-

object interactions (as opposed to the diffraction limit in the case of optical lithography, 

and particle range in the case of ion beam techniques). 

 

The present project aims to develop and demonstrate purposeful manipulation on the micro and nano-

scale of surface structures and surface chemistry on model polymers by scanning probe methods and 

UV exposure. The use of UV patterning incorporated into this study is undertaken because of the 

ability to chemically modify relatively large regions of polymeric surfaces, where the capability of 

SPM is at present limited. Thus it is predicted that a ‘marriage’ of techniques, for example micro 

chemical alteration using UV and further physical/chemical modification using SPM techniques, will 

evolve for future nano-fabrication purposes. The fabricated structures will present a range of nano-

scale chemistries exhibiting hydrophilic/hydrophobic surfaces with scales of confinement which are 

beyond currently employed techniques such as photo- and electron-beam lithography. As 

reproducibility is an important aspect of the project, the study will also address the optimum 

parameters for such high resolution lithography.  

 

There is a long tradition in investigation and description of macro-scale interactions between objects in 

sliding contact under the heading of “wear”, due to the obvious industrial relevance. The advent of the 
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SPM has provided added impetus for placing those phenomena on a sound atomistic explanatory basis. 

The group of Bhushan at Ohio State University has been at the forefront of those developments (e.g., 

Bhushan, 2001). However, the best-developed models have focused on explaining the phenomenon of 

‘ploughing’ for materials that undergo plastic deformation, or where wear processes are mediated by 

dislocations, in the limit of single asperity contact (e.g., Hector & Schmid [1998]). The brittle fracture 

mechanism has also been given some attention. Such models/mechanisms are unlikely to form the 

basis for an understanding of asperity-to-surface contact in the case of a polymer. Nevertheless, the 

‘ploughing’ model has been applied to experiments by AFM on polyethylene terephthalate (PET) 

polymer, but with marginal success [Huang & Schmid 2002]. Other studies of SPM-induced surface 

modification of polymers have generally been confined to investigation of phenomenology (e.g., 

Pickering & Vansco [1999]). 

 

The specific aims of the SPM project component flow directly from the observations above: 

 

♦  Correlate tip-induced shear stress and normal force loadings with lithographic efficiency on 

selected model polymers.  

♦  Investigate the efficiency of the lithographic process in producing 2 and 3 dimensional 

differentiated nanostructures. 

♦  Describe the relationship between lithographic outcomes and mechanical properties/surface 

chemistries of the model polymers. 

♦  Investigate the dependence of travel speed of the tip, scan direction, tip angle, and tip 

structure on lithographic outcome and tip-to-surface interface chemistry. 

♦  Predict the tip path on a polymer surface based on SPM scan parameters and polymer 

properties. 
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CCHHAAPPTTEERR  22  
 

TTHHEE  TTOOOOLL  KKIITT  

SSCCAANNNNIINNGG  PPRROOBBEE  MMIICCRROOSSCCOOPPYY  AANNDD  PPOOLLYYMMEERR  SSUURRFFAACCEESS  
 

2.1 – INTRODUCTION 

The following chapter deals principally with establishing the necessary ‘tool kit’ used for the various 

experiments and models, and investigating their varying strengths and limitations. The kit explores 

both the basic introductory and more advanced information regarding the instrumentation, 

methodologies and materials used throughout this journey. Although some of the material covered will 

not always be used within some of the experimental work within the current project, the information, 

nonetheless has been included for completeness. 

 

The subsequent sections introduce the principles of Scanning Probe Microscope/y and its various 

modes of operation. Some of these modes explored include contact and non-contact, force-versus-

distance, and frictional force modes. Several adhesive and elastic deformation models and the nano-

mechanical considerations are also presented as they contribute to the body of results. The goal here is 

to introduce the reader to the capabilities of the instrumentation, while defining the methodologies and 

models. Section 2.3 introduces the polymer materials used, including the molecular structure, 

topography and preparation methods.  

EQUATION SECTION 2 

2.2 – INTRODUCING THE SCANNING PROBE MICROSCOPE (SPM) 

2.2.1 – A TOOL FOR NANO/MICRO- SCALE VISUALIZATION AND MANIPULATION OF SURFACES 

The heart of the SPM system consists of the probe, that is, a cantilever with a sharp tip attached at the 

free end. The cantilever usually has either a V-shape, or is beam-shaped. For simplicity of 

calculations, a beam shaped lever has been utilised throughout the work presented as its physical 

dimensions can be more easily acquired, e.g., length, width, thickness etc., thereby allowing a more 

detailed calculation of the relevant spring constants (see equations 2.1-2.6 below). Generally the tip 

has a radius of curvature between 5 and 100 nm, which enables the measurements of local interactions 

with high spatial resolution. As well, the bending modes of a beam-shaped lever are simpler than those 

of the V-shape. 

 

As the probe is brought into close proximity or contact with a surface, the cantilever bends, buckles 

and twists as it senses the local attractive/repulsive forces. Because the cantilever and tip are 

characterized by spring constants and geometry (see figure 2.01), a detailed study of the surface under 
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investigation can be made. Mate et al., [1987], have demonstrated that the tip will respond to in-plane 

as well as out-of-plane force components. The three familiar expressions for force constants of 

deformation - arising from the simple bending (kN), torsion (kT) and longitudinal buckling (kL) of the 

beam – are shown in equations 2.1 – 2.3 below [Warmack et al., 1994; Gibson et al., 1997; Ogletree et 

al., 1996]. The expressions assume that the deformation of the lever can be described by the lowest 

order modes of a long thin beam. The kT and kL modes are stimulated by force components acting 

along the x- and y-directions, respectively, with reference to a coordinate system anchored in the probe 

as shown in figure 2.01. There will be an additional contribution to the displacement in the y-direction 

of the tip apex, arising from transverse bending of the lever. The corresponding force constant is 

shown in equation 2.4. For completeness it is also noted that shear deformation of the lever and tip, 

and simple bending of the tip, may also contribute. The force constants kCsx (equation 2.5) and kCsz 

(equation 2.6) refer to shear deformation of the cantilever in the x- and z-directions, respectively.  

3
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Figure 2.01 – A schematic 

representation of a ‘beam-shaped’ 

cantilever with a tip attached at the free 

end. The relevant spring constants and 

geometry are defined as follows: w = 

width of lever, L = length of lever, t = 

thickness, h = height of tip, kL = 

longitudinal spring constant, kT = 

torsional spring constant, kN = normal 

spring constant and kC (cantilever 

spring constant) is analogous to kN, but 

represents bending around an axis in the 

z-direction, in response to a lateral force, and is independent of tip height. kCsz represents the cantilever shear 

along the z-axis, kCb = cantilever bending around the z-axis, kCsx = cantilever shear along the x-axis, kTs = tip 

shear along the x, y-axis and kTb = tip bending along the x, y-axis. 
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The force constants for tip bending kTb and tip shear kTs can be calculated from the following 

expressions 

( ) ( ) ( )1 2 1 22 2 2

3
2 1 1 2

Tb
ERk

A A A 1
π

=
+ + + −

 if  and   (2.7) 3h R h AR

( )1 22 1
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GRk
A
π

=
+

 if h        (2.8) AR

where E = Young’s Modulus (see Appendix A for a detailed definition), µ = Poisson’s ratio, A = the 

aspect ratio (half width of tip at its base of attachment to the lever divided by the height of the tip), R = 

the tip apex radius of curvature, and Gx and Gz = the respective shear constants, ( ) 1
2 1G E µ

−
= −⎡ ⎤⎣ ⎦ . 

 

Microfabricated cantilevers made of silicon or silicon nitride are commercially available. They are 

fabricated with: a variety of force constants (anywhere from 0.01 to 100 nNnm-1); a range of resonant 

frequencies; reasonably durable integrated tips made of any material, with silicon nitride being the 

most common due to their durability and relatively inert nature and; with varying tip shapes, from 

pyramidal to conical to tips with a high aspect ratio. The main suppliers are Park Scientific, Digital, 

Nanosensors, Olympus, NT-MDT Ultrasharp. 

 

Because of the small distance between the tip and the surface, specific physical and chemical 

interactions can, therefore, be measured. The resolution of an SPM depends very much on the shape of 

the tip, the stiffness of the lever, and on the characteristic range of the tip-to-surface interaction. In 

general the smaller, i.e., sharper, the tip is, the smaller is the surface area sampled and hence, the better 

is the lateral resolution. However, for long-range interactions the resolution is less dependent on tip 

shape. 

 

As the tip is rastered across a surface by the piezoelectric positional stage in the x- and y- directions, 

the bending, buckling and twisting motion of the lever deflects a laser beam which is aimed at, and 

reflected from, the free end of the cantilever (with the tip attached directly below the point of 

reflection). The reflected laser beam is focused onto a position sensitive photo detector (PSPD), where 

changes in on-axis and off-axis angles generate differential photo-currents on the four quadrants (A, B, 

C & D on the PSPD). Figure 2.02 shows a schematic of the principal elements of the SPM. The 

varying signal changes are monitored via the feedback system, with the output displayed on a 

computer, as both qualitative information, in the way of topographical or lateral images, and 

quantitative information, or force-versus-distance curves (see section 2.2.3) or friction loops (see 

section 2.2.6). 
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Figure 2.02 – A schematic showing the principal elements of the Scanning Probe Microscope. 

 

The sample can be rastered in close proximity beneath the tip apex as shown in figure 2.02 (e.g., in the 

case of the JEOL JSPM 4200), or in other cases (e.g., the TopoMetrix Explorer), the tip can be 

rastered across the sample. Forces acting between the tip and the sample will result in deflections of 

the cantilever. The cantilever bends vertically, i.e., in the ± z-direction, in response to attractive and/or 

repulsive forces acting normally on the tip. When the tip is in ‘hard’ contact with a sample, the 

deflection of the cantilever from its equilibrium position is proportional to the normal load applied to 

the tip by the cantilever. As well as the measurement of the normal forces, twisting motion of the 

cantilever from its equilibrium position makes it possible to measure lateral forces [Carpick and 

Salmeron, 1997]. Depending on the stiffness of the lever, it may sense tip/sample forces in the range 

from 10-6 to 10-12 N. Because the instrument is capable of measuring such small forces with high 

spatial resolution, it is thus possible to study very weak interactions and local surface chemistry [Hoh 

et al., 1992]. 

 

In the most commonly used mode of operation (contact mode, constant force/constant deflection (see 

section 2.2.2)), the laser spot is kept at the same vertical position on the detector via a feedback 

system. The data from the scanner (voltages) are processed (converted to distances) to form a 3-D 

representation of the sample surface [Watson, 1996; Bushell et al., 1995]. 
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2.2.2 – CONTACT/NON-CONTACT MODES 

An SPM probes a surface by sensing a force, or its gradient, between the surface and a tip. Therein is 

the underlying principle of operation. It is instructive to consider some of the general characteristics of 

interatomic interactions, as shown schematically in figure 2.03. The short-range repulsive interactions 

combine with the longer-range attractive ones to produce a potential well with a location of lowest 

energy, the binding energy Eb, and zero net force (figure 2.03 (a) & (b)). Figure 2.03 (c) shows a plot 

of the generalized shape of the force gradient; the magnitude of the force gradient is relevant to the 

design and characteristics of the force-sensing element of an SPM instrument. The curves demonstrate 

two operational modes. One is the contact mode, which is within the net repulsive force regime where 

the force gradient is high, and the repulsion is due to the overlaps of the electron clouds of atoms in 

close proximity (the quantum-mechanical exchange interaction). The simplest description of the 

interaction, if the excursion from equilibrium is not too large, is in terms of the Lennard-Jones 

molecular interaction potential function (see equation 2.9 below), however a proper description 

requires a full molecular-dynamics simulation which is well beyond the scope of this work. The other 

is the non-contact mode, which is in the net attractive force regime, where the force gradient is low 

and the attraction is due to dispersion forces of the van der Waals type and other interactions [Myhra, 

1998]. 

 

The sum of all pair interactions i.e., attractive and repulsive forces, can be described using equation 

2.9 below. The model sometimes describes the interaction between one atom in the tip to many on/in 

the surface. 
12 6

int
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∑        (2.9) 

where Vint is the interaction potential energy - microscopic single atom tip-to-surface atoms 

interaction; ε is the depth of the potential well; ς is the separation distance at which V = 0; The first 

term represents the repulsive force and the second term represents the attractive force. 
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Figure 2.03 – Schematic 

representation of tip-to-surface 

interactions in SFM. (a) potential 

energy as a function of separation 

distance; (b), (c) net force and 

force gradient, respectively. The 

repulsive and attractive force 

regimes have been defined 

[Myhra, 1998]. 

In the high-resolution contact mode the signals arising from torsional twisting and longitudinal 

buckling of a lever will reflect the periodicity of the surface atoms or molecules (due to ‘stick-slip’ 

events). These lateral forces, acting along and across the scan direction, dominate unless the 

interaction potentials are very smooth and very stiff levers are being used. Thus, the contrast 

mechanism for viewing atomic scale structure in the contact mode comes about due to the frictional 

forces acting between the tip and the surface (see figure 2.04 (a) and section 2.2.6). In the non-contact 

mode of operation, the force gradient ( 'F F Z∂ ∂= ) between the tip and the surface is greatly 

reduced. The average force gradient  acting on the probing tip is approximated by equation 2.10 

below [Sugawara et al., 1997]. 

'F

0

2' kF ω
ω
∆

=          (2.10) 
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where k is the cantilever spring constant, ω0 is the mechanical resonant frequency of the lever and ∆ω 

is the frequency shift arising from the tip-to-surface interaction. Therefore, true atomic resolution is 

possible under rare and favourable circumstances where atomic scale vacancies can be observed (see 

figure 2.04 (b)). In the contact mode it is difficult to reduce the interaction volume to such a degree 

that the observation of missing atoms or molecules is possible (the strong short-range interaction in 

combination with lateral forces will usually ‘wash out’ atomic-scale information).  

 

 
(a) 

 
(b) 

Figure 2.04 – (a) Contact and (b) non-contact modes of operation. (a) – Contrast mechanism for periodicity 
resulting from in-plane forces (lateral/frictional forces); atomic ‘scale’ resolution possible (i.e., no vacancies 
seen); summation of periodicity due to many-atom interactions and; interatomic forces are repulsive (≤ 0.2 nm). 
(b) – Contrast mechanism for periodicity resulting primarily from out-of-plane forces; true atomic resolution 
possible (i.e., vacancies seen); low amplitude oscillation of cantilever is used and; the interaction is attractive 
with relatively smaller force gradients. 
 
 

2.2.3 – FORCE-VERSUS-DISTANCE (F-D) MODE 

The AFM force-vs-distance mode involves the approaching/retracting tip, at a fixed location in the x-y 

plane, while sensing interactions at the interface in various environments (liquid, gas or vacuum). This 

interaction between tip and sample can be described by force-distance curve analysis. The curves’ 

sensitivity to the tip-to-sample forces is dependent on the cantilever spring constant making the f-d 

curve a result of the interactions and the spring constant. Analysis in the f-d mode is now routinely 

deployed across a wide range of scientific disciplines in order to measure the local z component of the 

force between a tip and a surface. The resolution reaches the low pN range, as described by Smith, 

[2000], van der Vegte and Hadziioannou, [1997], and Zlatanova et al., [2000]. Studies by Engel and 

Müller, [2000], and Fisher et al., [2000] have also shown that the binding of single molecular bonds 

can be characterized. 

 

Figure 2.05 shows a representative f-d curve on a ‘hard’ surface, where compression at the point of 

contact can be neglected, obtained in air. The horizontal axis of the f-d curve represents the position of 
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the sample/scanner-stage along the z-direction. The vertical axis represents the force exerted on the tip 

along the z-direction. The f-d curve can be broken up into a number of points reflecting the tip-sample 

distance and interaction along the z-direction, with the approach curve shown in red and retract curve 

shown in blue. These points (A-G) are described in greater detail below. The hysteresis created 

between the approaching and retracting probe is a consequence of frictional forces acting between the 

tip and surface, and the irreversibility of the meniscus interaction. This is described in greater detail in 

section 2.2.6. The jump-into-contact force shown in figure 2.05 is further explored in Chapter 3 

(section 3.3.2). 

 

Figure 2.05 - Representative 

calibration curve on a hard 

surface (e.g., mica) in air. The 

red curve represents the 

approach cycle and the blue 

represents the retract cycle, 

defined below. 

 

Point A-B and F–G describes the sample and probe as being not in contact, but approaching/retreating 

with no forces acting at these two stages. B–C shows the motion of the lever as it is brought close to 

the sample. The tip senses attractive forces which cause the lever to bend downward, the attractive 

force gradient exceeds the spring constant of the lever, and this instability causes the tip to snap into 

contact with the surface. C–D shows the response of the sensor which measures cantilever 

displacement. The cantilever continues to bend, being the only compliant element, so that extent of 

lever bending is precisely equal to stage travel. D–E shows the tip beginning to retract from the 

surface. Adhesion between the tip and sample maintains the contact. E–F describes the jump of the 

cantilever away from surface, when the cantilever force becomes greater than the adhesive forces. The 

tip is driven towards the surface at a rate which is slow in comparison with the mechanical response of 

the system, but fast in comparison with thermal drift. The net force (deflection of the lever) is sensed 

during the approach, contact and retract parts of the cycle. The vertical excursions BC and EF are 

usually taken to represent the range of the attractive force plus the thickness of any adsorbed layer(s), 

and the adhesion, respectively. 
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2.2.4 – F-D CURVE QUANTITATIVE POWERS 

F-d curves are useful in providing information about micromechanical properties, strength of surface 

forces, and compliance of surfaces in different environments including multi-layered systems. Some 

relevant geometries and useful expressions for common f-d interactions are summarized in table 2.1. 

Figure 2.06 (a) & (b) show the corresponding force relationships and the general shape of the force 

curve [Heinz et al., 1999]. The expressions used to interpret f-d curves describe the normal force (FN) 

as a function of tip-sample separation (D) rather than as a function of the sample (z-piezo) position. 

Therefore the f-d curve needs to be transformed into a form which relates the force as a function of 

separation distance, that is, by subtracting the cantilever deflection from the z-piezo position. 

 

Table 2.1 – Force Relationships for Tip-Surface Non-Contact Interaction ( when D<<R). The 
variables and parameters are: R = radius of curvature of the tip; V = potential; D = tip-to-sample 
separation; a = length of dipole; q = point charge; θ = half-angle of cone, or contact angle for 
meniscus; ε0, ε = permittivity of free space and relative permittivity, respectively; ρ = charge density; 
µ = dipole moment; t = layer thickness; β = polarizability; γLV/SL = surface energy (tension); LV, SL = 
liquid-to-vapor and solid-to-vapor, respectively; H = Hamaker constant; ξ, β, η, δ = constants; A = 
location of charge on tip; B = radius of curvature of tip (patch charge model) [Myhra, 1998]. 
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Figure 2.06 – Some examples of atomic force microscope force-vs-sample position curves and the laws which 
interpret the forces. (a) – (d) represent the approach cycle and (e) – (h) represent the retract cycle. The 
definitions for force constants are given in table 2.2 (adapted from Heinz et al., [1999]). The subscripts “cone”, 
“sphere”, “par” refer to the shape of the tip at the apex. 
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Table 2.2 – Definitions of force constants in equations given in figure 2.06. 

H Hamaker constant δ Indentation depth 
a monomer length ε Dielectric of the medium 
D Probe-sample separation distance γ Surface energy between tip and sample 
E Elastic modulus γL Surface energy of the liquid 
k Boltzmann’s constant ν Poisson ratio 
L Brush thickness in a good solvent Λ Characteristic length of bond 
L* Inverse Langevin function λ Debye length of the medium 
N Number of units in polymer θ Angle related to geometry of tip-sample contact 
R Radius of probe sphere σR Surface-charge density of sphere 
s Mean distance between polymers σS Surface-charge density of sample 
T Absolute temperature τ Period over which the bond will rupture 
U Bond energy τo Reciprocal of the natural bond frequency 
x Elongation of polymer  

 
 

2.2.5 – ADHESION AND ELASTIC DEFORMATION: JKR → HERTZ CONTACT MODELS 

Determination of adhesion and elastic deformation between a tip and sample is generally carried out 

with the adoption of a model based on continuum mechanics – justifiable because even small 

indentations of the tip and sample will lead to a contact area of many tens of atoms. The choice of 

model depends on the experimental situations as each presents varying strengths and weaknesses, and 

it is particularly important whenever a load dependence is required.  

 

In 1881 Hertz presented one of the original contact models whereby the tip is considered as a smooth 

elastic sphere, with a radius of curvature R, while the sample is a rigid flat surface. For a sphere-to-

plane contact with the normal force F, contact radius η (when the sphere is flattened), contact radius at 

zero normal force ηo, deformation σ of the spherical tip, adhesive force Fad, and pressure P are given 

by 
3 2RF

K
η ⎛ ⎞= ⎜ ⎟

⎝ ⎠
  (2.11)   0 0η =  (2.12)   

2 F
R K

ησ
η

= =  (2.13) 

0adF =   (2.14)    ( ) ( ) ( )1 2 1 22 2

2

3 1 3 1
2 2

K x F x
P x

R
η

π π

− −
= =

η
  (2.15) 

where K is the reduced modulus
2 21 3 1 1( )

4
tip sample

tip sampleK E E
µ µ− −

= + , where yx
η

=  with y equaling the 

distance from the centre of the contact circle, µ is Poisson’s ratio (ratio of transverse strain to 

longitudinal strain of the material under stress) and E is Young’s Modulus. 
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The Hertz model holds for low surface forces and/or high normal loads. It does not hold in cases 

where the tip is stiffer than the sample and deformations of both the tip and sample need to be 

considered, as in most AFM experiments [Heuberger et al., 1996]. For sample deformations arising 

from a rigid tip, Sneddon’s analysis can be applied [Sneddon, 1965]. A number of expressions, 

assuming that the sample adopts the tip shape/profile, are available depending on the tip geometry. 

 

For a conical tip the applied force Fcone as a function of sample indentation σ is described by equation 

2.16, where α is the conical half angle and  is the relative Young’s modulus (equation 2.17). *E
 

( ) 22 *
tancone
EF σ σ

π α
=         (2.16) 

2 21 11
*

tip sample

tip sampleE E E
µ µ− −

= +
21(

sampleE
µ−

≈  for )   (2.17) tip sampleE E

The force Fpar for a parabolic tip is given in equation 2.18 with the elastic deformation of the sample 

due to a rigid sphere expressed in equation 2.19, where η is the contact radius. Equation 2.20 shows 

the relationship between the loading force and the contact radius, and finally the indentation 

expression considering the tip as a flat-ended cylinder is given by equation 2.21. 
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1 2

1.54 *
3par
RF Eσ σ=    (2.18)    1 ln
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R
R

ησ η
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( )2 2* ln 2
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η Rη η
η

⎡ ⎛ ⎞+
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⎤
⎥  (2.20)    2 *cylinderF RE σ=   (2.21) 

 

Equations 2.15-2.20 assume deformations arising from perfectly flat elastic substrates with no 

contributions from plastic deformations or surface roughness. Neither the Hertz model nor Sneddon 

theory takes into account the surface energies of the two surfaces.  

 

Theories where adhesion is taken into account include those of Derjaguin, Müller and Toporov (DMT) 

[Derjaguin et al., 1975], and Johnson, Kendall and Roberts (JKR) [Johnson et al., 1971]. The DMT 

model accounts for attractive forces acting outside the contact region. These contact forces in the 

absence of a normal loading force will produce a finite contact area. If a negative lever load is applied, 

the contact area will decrease until it reaches zero.  
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The negative load at this point is equal to the maximum pull-off force. This model corresponds to the 

Hertz description with the normal force FNormal shifted by the total maximum adhesive force (equation 

2.22). In the context of AFM experiments this simply means a force offset to the normal loading force 

which can be calculated using f-d curves. 

 
Total Normal AdhesionF F F= +        (2.22) 

For the DMT model, the corresponding equations to those of equations 2.2-2.6 are 
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where W is the work of adhesion to pull the tip off the sample.  

 

The JKR model neglects forces outside the contact area and considers only short range forces inside 

the contact area predicting a contact radius of 0.63ηo. The DMT model, on the other hand, predicts a 

zero contact area at zero total force. Therefore the predicted pull-off forces for the two models differ, 

with the JKR model predicting 75% of the DMT value. The corresponding equations for the JKR 

theory to those of 2.11-2.15 are 
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Figure 2.07 shows the contact area versus the normal loading force for the models described above 

[Carpick and Salmeron, 1997]. The general qualitative conditions and assumptions for the validity of 

the above models are summarised in table 2.3. 
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Figure 2.07 – Contact model 

relationships between contact area 

and loading force for an elastic 

sphere in contact with a flat plane 

(Redrawn from Carpick and 

Salmeron, [1997]). 

 

Table 2.3 – General qualitative conditions and assumptions for the validity of contact models. 
 

Hertz DMT JKR Sneddon 

♦ High loads and/or 
low surface forces 

 
Applicable for: 
♦ Tip deformations 
♦ No Adhesion 

♦ Attractive forces are 
long range 

♦ Surface forces acting 
outside contact region 

 
Applicable for: 
♦ Hard materials (i.e., 

high modulus) 
♦ Low Adhesion 
♦ Small Tip Radii 

♦ Attractive forces are 
infinitely short range 

♦ Surface forces acting 
inside the contact 
region 

 
Applicable for: 
♦ Soft materials 
♦ High Adhesion 
♦ Large Tip Radii 

♦ Does not take into 
account adhesion 

 
Applicable for: 
♦ Sample deformations
♦ High loads and/or 

low surface forces 

 
 

2.2.6 – PROBING LATERAL/FRICTIONAL FORCES 

Friction is a very well established phenomenon which can be observed between any two sliding 

objects, one of which can be a single asperity, as in the case of an AFM experiment. The essential 

feature is that the AFM is operated in the lateral or frictional force mode (LFM/FFM), while the tip-to-

surface separation is controlled as in the conventional contact mode. Sensors orthogonal to those that 

generate the signal for the AFM control loop, that is, the Left-Right (L-R) quadrants of the detector, 

monitor the torsional deformations of the lever (i.e., off-axis deflection of the reflected laser beam). 

The image contrast generated in a lateral force map is in effect a measure of tip-to-surface friction. A 

plot of the torsional signal versus the signal generating the raster scan will produce a friction loop on 

an oscilloscope from which both static and dynamic friction can be measured [Watson et al., 2000]. 
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Figure 2.08 shows schematically a representative friction loop in (a), and the relative position of the 

laser on the PSPD in (b). The trace begins at position 1 where the probe is stationary. As the stage 

begins to displace in the x-direction (perpendicular to the long axis of the lever), the probe twists 

torsionally (see figure 2.01 for reference) but the tip remains fixed to the local surface due to static 

friction (position 1 to 2). The in-plane displacement (∆x) will result in a differential signal on the 

PSPD, with the relationship between ∆x and the signal ( xdx d∆ ) can be calculated from the inverse of 

the static friction slope, that is: 
 

x x

dx x
dV V

∆
=

∆
        (2.33) 

The probe then begins to move when the lateral cantilever force becomes greater than the static 

friction (position 2 to 3), after which the system comes to a stop and the reverse cycle begins 

completing the loop (position 3 back to 1). 

 
Figure 2.08 – (a) Schematic representation of the friction loop with the corresponding laser position on the 
PSPD traced through points 1-6 in (b). The four quadrants are labeled A → D, with the T-B differential signal 
relating to AB-CD and L-R to AC-BD. 
 

The lateral (frictional) force, FL, is calculated directly from friction loop analysis, with the aid of an 

accompanying illustration in figure 2.09 and equation 2.34: 
 

L T TiF k x= ∆ p         (2.34) 

where tanTipx h θ∆ =  (= x-axis deflection of the tip (figure 2.09)) and kT is the torsional spring 

constant defined using a modified version of equation 2.2, that is, equation 2.35. 
 

( )
2

2

2
3 1T N

Lk k
hµ
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⎥       (2.35) 

 23



where kN = normal spring constant of the lever, L = length of the lever, h = height of the tip and µ = 

Poisson’s ratio of lever material. 

Figure 2.09 – Schematic 

showing tip displacement 

(∆xTip), displacement angle θ 

and tip height, h due to lateral 

forces acting between the tip 

and a surface. 

 

For a ‘soft’ surface (e.g., a polymer) being indented by a blunt tip, the coefficient of friction is 

independent of both contact area and the normal force. The standard linear relationship between the 

normal force loading, FN, and the in-plane friction force, FL, may then be adopted as a first 

approximation [Aoki et al., 1999] 
 

( )L N AdhF F Fϕ= +        (2.36) 

The long dimension of the lever is aligned with the y-axis while the scan direction is along the x-axis 

(see figure 2.01 for reference), ϕ is the coefficient of friction, FN is given by kN∆z – where kN is the 

‘normal’ force constant of the lever and ∆z is the z-axis deflection of the lever, and FAdh is the force of 

adhesion [Gibson et al., 1997b]. Tsukruk and Bliznyuk, 1998, describe ϕFAdh as a “residual force” 

(normal force not accounted for in a spring normal load), which is related to adhesion between mating 

surfaces which can be thought of as the amount of “negative” spring forces to be applied to overcome 

this attraction, with it usually correlating with, but not equaling, adhesion forces obtained from f-d 

measurements. 

 

It is difficult to fully and simply describe the frictional force dependence over a large dynamic range 

of force loading for all AFM experiments. However equation 2.37 below offers a phenomenological 

trend describing ‘hard’ materials in contact [Watson et al., 1998]. 
 

n
L Total Total L ContactF AF BF F −= + +     (2.37) 

where A and B are constants. Schwartz et al. [1997] have proposed a general and similar expression. A 

change in contact area with increasing load will yield the 1n ≠  exponent. In the case of a Hertzian 

contact with an added adhesive force, approximating the DMT model, the area of contact between a 

spherically shaped tip (at the tip apex), and a flat surface (for purely elastic deformations) will be 
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proportional to  and thus the exponent will be 2/3. The equation will describe a multi asperity 

case if A = 0, and where B is the coefficient of friction. The last term in the equation (F

2/3
TotalF

L-Contact) takes 

account of the condition when there is a finite frictional force at zero total load (i.e., a finite contact 

area may be present at zero load as in the JKR model). A model showing a typical lateral force versus 

load relationship for LFM experiments is illustrated in figure 2.10 below. The lateral dependence at 

low loads is non-linear and described by the first term in equation 2.37 while a linear dependence is 

often seen at high loads. 

 

 
Figure 2.10 – An AFM experiment lateral behaviour model with increasing loading force. Single asperity 
contact occurs at low loading forces while a linear relationship occurs at higher forces. The latter is known as 
the multi-asperity regime. 
 

Friction forces can also be determined from friction loops obtained from the differential signal on the 

T-B quadrants of the PSPD, that is, the information from the AFM control loop. Friction loops can 

also be stimulated in the f-d mode due to longitudinal displacement of the apex of the tip when the 

lever is deflected in the z-direction [Watson et al., 2003]. Figure 2.11 below shows the three different 

examples of friction loops used to measure lateral forces/friction [Watson et al., 2000]. Figure 2.11 (a) 

shows a representative force-vs-distance friction loop [Watson et al., 2003; Watson et al., 2004] 

generated while operating in the f-d mode and monitoring the z-piezo movement. Figure 2.11 (b) is a 

longitudinal friction loop which monitors the y - piezo movement, and finally (c) shows the most 

commonly acquired friction loop, that is, monitoring the left-right detector signal from the x - piezo 

movement. 
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z - Piezo

x – Piezo Movement

y – Piezo Movement

(a)

(b)

(c)

 

Figure 2.11 – By using the buckling 

deformation of the lever, it is possible to 

measure lateral forces/friction as seen in 

(a) and (b). The most common method for 

determining friction, however, is from 

torsional deformations of the lever 

monitored by the Left-Right segments of 

the photo-detector, as shown in (c) 

[Watson et al., 2000]. 

 

2.2.7 – NANO-MECHANICAL CONSIDERATIONS  

Manipulation of soft surfaces such as polymers is likely to depend on both out-of-plane and in-plane 

forces acting at the point of contact between the tip and the polymer. Thus, although not required in its 

entirety within this body of work, a quantification of the interactions will require a full description of 

the deformational modes of the lever and tip, and their relationship to forces that are being ‘sensed’ 

and imposed by the probe. The three familiar expression for force constants of deformation – arising 

from simple bending (kN), torsion (kT) and longitudinal buckling (kL) are given in Section 2.2.1, 

equations 2.1 – 2.3. The expressions assume that the deformation of the lever can be described by the 

lowest order modes of a long thin beam. An additional contribution to the displacement in the x-

direction of the tip apex, arising from transverse bending of the lever is shown in the corresponding 

force constant in equation 2.4, with the shear deformation of the cantilever in the x- and z- directions 

defined in equations 2.5 and 2.6, respectively. The force constants for tip bending (kTb) and tip shear 

(kTs) are expressed in equation 2.7 and 2.8, respectively. In general, when one or more deformational 

modes are responding to forces acting on the tip, the excursion of its apex along a particular direction 

is given by 
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 and 1

Cszk
 are negligible. 
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The tip is attached rigidly at the end of the lever such that the apex of the tip is displaced a vertical 

distance from the plane of the lever. Therefore stimulation of either the bending or the longitudinal 

modes will cause displacement not only in the direction of the applied force, but also in the orthogonal 

direction in the y-z plane. For instance, a longitudinal force, FL, (in the y direction) will generate a z-

displacement at the free end of the lever, given by 
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where the sin and cos terms in the equations take into account the tilt of the tip/lever as being some 

angle β. The longitudinal force FL will also generate a y-displacement given by 
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When the longitudinal force is equal to zero (i.e., for 0LF = ), equation 2.40 becomes 
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The longitudinal force generated by both the z and y-displacement can be expressed as 
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with the corresponding normal force described by the following equation 
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When the tip angle is very small such that sin 1h β  and 2sin 1 cos 1β β⇔ →  equations 2.39, 

2.40, 2.42 and 2.43 become 
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When , equations 2.44 – 2.47 simplify down to give equations 2.48 – 2.51, respectively. 2h
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Equation 2.48 now becomes the corresponding expression for total displacement in the z-direction, 

when both normal and longitudinal force components are acting on the apex of the tip. Thus the 

measured z-displacement of the tip apex will result from normal bending of the lever (due to out-of-

plane force components) as well as longitudinal buckling (the second term in equation 2.48 arises from 

in-plane force components). The derivations above have ignored effects such as change in the length 

of the optical path due to displacement of the lever relative to the fixed detector, displacement in the 

location of the laser spot and any angular offset of either surface or probe.  

 

Figure 2.12 illustrates diagrammatically the response of the lever to changes in scan direction and 

force loading while in contact with a sample, exhibiting isotropic friction in the x-y plane. For 

simplicity the diagram shows the condition where changes in the normal force are in phase with the 

time scale required to translate the lever/stage one half cycle. Figure 2.12 (e) shows the lever response 

when the AFM is operated in the f-d analytical mode. In this case it is the act of increasing the force 

loading which brings about the translation of the lever (and thus the tip) in the y direction. Thus, lateral 

travel in the y direction is controlled by the stage travel in the z direction. It is noteworthy that each of 

the situations shown in figure 2.12 probe different environments (i.e., highly specific paths/locations at 

the nanometre scale on the surface).  
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Figure 2.12 – Conventional AFM topographical analysis (where cross-talk between the top-bottom and left-
right segments of the detector needs to be minimised) is obtained when the lever/stage is translated along the x 
direction as shown in (a). A constant normal force is applied while the lever/tip is scanned in a direction 
perpendicular to the long axis of the lever. Thus there is displacement ∆x (i.e. along the x-axis). (b) If the 
normal force is increased, then the path of the tip will have a y component, in accord with equation 4.1 (see 
section 4.3.3 in chapter 4). (c) Scanning at a constant normal force in the direction of the long axis of the lever, 
will induce a displacement of the tip denoted as ∆y1. (d) If the normal force is increased, then total excursion 
will be ∆y1+∆y. The final case (e) shows the lever response when the AFM is operated in the f-d analytical 
mode.  
 

2.3 – INTRODUCING POLYMERS 

Whilst exploring the newly discovered Mayan ruins in Central America, the British found evidence of 

what could possibly be the earliest use of polymers – balls – made for the Mayan children from the 

local rubber trees. Polymers today are indispensable with their use exceeding that of steel, aluminium 

and copper combined. They are not only found everywhere around us, but now they are utilised inside 

our bodies as ‘spare parts’. They also offer a large number of advantages in sensor technology over 

more traditional substrates such as gold. Some of these include low cost, simple fabrication 

techniques, ability to be deposited onto various types of substrates, the availability of a large range of 

molecular structures, with the incorporation of specific side-chains, charged or neutral particles of a 

defined behaviour in either the bulk or surface. In particular, the ability to tailor surface chemistry, 

surface structure and other bulk and surface properties over a broad range accounts for their 

widespread use. Polymeric materials have also played important roles in the development of sensors 

due to their ability to increase analyte sensitivity and selectivity via phase-transfer chemistry. The 

ability for a polymer surface to promote or inhibit adhesion can be achieved by either coating, or 

chemically or physically altering the surface.  
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Several families of polymers are either bio-active/selective in their as-deposited conditions (e.g., 

polyvinyl, polyurethane, polystyrene, etc), or may be rendered so by photo-activation and/or additional 

functionalisation (e.g., PolyMethylMethacrylate (PMMA), Poly(tertButylMethacrylate) (P(tBuMA)) 

and Polyimides (PI)). Polymeric materials that are used in the manufacture of biosensors must also 

satisfy requirements for performance, specificity and biocompatability, particularly with in vivo 

medical applications. The (bio)chemical responses to biomaterials are associated with surface 

chemistry and structure rather than the bulk properties. The mechanical properties of the polymer 

should remain unchanged from post-surface modification, however the biocompatibility, 

biorecognition or biofunctional properties should be enhanced. Furthermore, surfaces can be modified 

in order to introduce sites on the surface to immobilize biomolecules, or to engineer surfaces that 

prevent non-specific interaction or biomolecule adsorption. The confinement of specific biospecies to 

particular regions on the surface is a major requirement for selectivity (e.g., array structures). Surface 

modifications can be grouped into two broad categories:  

 
(1) chemically or physically altering the atoms or molecules in the existing surface (e.g., by 

chemical modification, ultra-violet (UV) irradiation or physical manipulation, e.g., 

‘scratching’), or  

(2)  coating the existing surface with a material having a new composition (e.g., by solvent 

coating or thin film deposition).  

 
The focus here will be on the physical alteration/manipulation of three different polymer surfaces, 

chosen because of their availability, potential application as low cost biosensor devices and ease of 

preparation. A brief description of the general chemical structure, with a high resolution topographical 

AFM image, and an outline of the general methods used for the preparation of 

Poly(tertButylMethacrylate), Polyimide and Poly(DiMethylSiloxane) polymers are given in sections 

2.3.1 – 2.3.3, respectively, with a brief summary of the polymer specifications shown in table 2.4 

below. 

 
Table 2.4 – Polymer Specifications 

Properties* 

(As Cured) P(tBuMA) PI 2730 Series Sylgard – 184 
PDMS 

Glass Transition 
Temperature 107ºC >350ºC < −120ºC 

Young’s Modulus 0.56 GPaa 5.4 GPab 7.5 MPac

Tensile Strength N/A 178 MPa 7.10 MPa 
Molecular Weight 175 K N/A 95 K 

Mw/Mn 2.33 N/A 3.17 
*Specifications obtained, where possible, from the polymer data sheets as supplied by the manufacturer. aYoung’s Modulus 
values obtained experimentally (see Appendix A). bYoung’s Modulus value obtained from suppliers data sheet [HD 
Microsystems]. cYoung’s Modulus value obtained from Armani et al., [1998]. 
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2.3.1 – POLY(TERTBUTYLMETHACRYLATE), P(TBUMA) 

P(tBuMA) has demonstrated potential applications as a bio-active/selective polymer, in particular 

when the surface is manipulated via radiation patterning. Previous work [Nicolau et al. 1999; Watson 

et al., 2003 b] has shown that the polymer surface can be modified through deep UV exposure 

promoting the formation of surface carboxyl groups that act as preferred sites for covalent attachment 

of proteins. Figure 2.13 below shows the molecular structure (a) and a topographical image (b) of an 

unirradiated P(tBuMA) sample. 
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(a) (b) 
 
Figure 2.13 –Molecular structure (a) and surface topography (b) of an unirradiated film of P(tBuMA). The 
surface was scanned over a 5×5 µm2 field of view with the contact mode image shown in pseudo-3D format. 
 

P(tBuMA) (Polysciences, Inc.) was spin-coated (5 wt% solution in cyclohexanone (Sigma Aldrich 

Co.)) at 3000 rpm, for 40 sec on a Specialty Coating Systems spin coater (Model P6708) onto cover 

glass (grade #1 thickness) pre-primed with hexamethyldisilazane (Sigma Aldrich Co.). The spin-

coated substrates were then soft baked in a convection oven for 30 minutes at 90°C and stored in a 

desiccator prior to use. Specimens of 1 cm2 area were sectioned from cover slips for further analysis. 

The Root Mean Square (RMS) surface roughness was determined by AFM; typical values were 17 and 

2 nm for fields of view of 25×25 and 5×5 µm2, respectively. 

 

2.3.2 – POLYIMIDE (PI) 

Polyimides are representatives of high-performance polymers which possess distinct attributes, such as 

good thermal stability (>500°C), exceptional toughness and mechanical strength, chemical resistance 

to many reactive industrial fluids, and resistance to radiation. They have also found applications in the 

semiconductor processing and packaging technologies. PI 2737 investigated in these studies is part of 

the PI 2730 series, which are low stress photodefinable polyimides. The series polyamic esters have 
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been developed by HD MicroSystemsTM as a passivation and an dielectric interlayer. They contain a 

photopackage, e.g., benzophenone, which renders them sensitive to broadband exposure from a 

mercury lamp (350-435 nm range). Some of their general, as-cured, properties are summarised in table 

2.4.  

 

PI 2737 had been assigned by the funding body (CRC for MicroTechnology) as a material of 

particular interest. Although the exact chemistry was not known due to intellectual property 

restrictions, its response to UV exposure has been investigated at a general level, for example, 

topographical, lateral force and adhesive changes [Blach et al., 2002; Blach-Watson et al., 2004]. 

Given that the surface chemistry of PI 2737 can be altered by UV radiation (see Section 3.3.1.2 in 

Chapter 3, Blach et al., [2002] and Blach-Watson et al., [2004]) they may also have potential to act as 

bioactive/selective sensor array elements. A representative structure of the generic class of aromatic 

heterocyclic polyimide molecules is shown in figure 2.14 (a) with a high-resolution 3 – dimensional 

image of an unirradiated polyimide surface shown in figure 2.14 (b). 

(a) 

 
(b) 

Figure 2.14 – (a) A representative 

chemical structure of polyimide. 

(b) Topographical details are 

shown in a higher-resolution 

pseudo-3D image. 

 

The films were spun-coated onto atomically flat silicon wafer substrates, and then allowed to cure at 

350°C for 1 h under an atmosphere of nitrogen. The unirradiated surface topography was characterized 

by AFM in the contact mode. The thicknesses of some films were determined from measurement of 

the step height from the Si substrate (following development and removal of unirradiated material) to 

be ca. 600±100nm.  
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2.3.3 - POLY(DIMETHYLSILOXANE) (PDMS) 

Silicone rubbers have steadily gained importance in industry since their introduction in the 1960’s. 

PDMS is an optically clear, two-part elastomer with a range of excellent physical and electrical 

properties. Some of its common applications include protective coatings (e.g., against moisture, 

environmental attack, mechanical and thermal shock and vibrations), and encapsulation (e.g., of 

amplifiers, coils, connectors and circuit boards). A novel application concerned with soft lithography, 

has been developed by Whitesides et al., at Harvard University [Xia et al., 1998]. Brinkmann et al., 

[2001] have shown that the surface of PDMS can also be modified by ultraviolet radiation in the 

presence of atmospheric oxygen where the modification can result in the conversion of the polymer 

surface from hydrophobic to hydrophilic without ablation. More recently, the polymer surface has 

been subjected to 172 nm UV irradiation which was shown to modify the surface to a silica-like 

surface (SiO2) as monitored by X-ray photoelectron spectroscopy (XPS) and spectroscopic 

ellipsometry (SE) [Schnyder et al., 2003].  

 
The molecular structure of 5 repeat units of a siloxane bond, a model of the single polymer strand and 

a 3 dimensional image of a freshly spun-coated PDMS surface are shown in figure 2.15 (a), (b) and 

(c), respectively. 

 

 
 

(a) 

(b) 
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(c) 
Figure 2.15 – (a) Molecular structure of 5 repeat units of a siloxane bond. (b) Single polymer strand of PDMS 
(Dow Corning). (c) A 3-dimensional 2×2 µm2 AFM image of a freshly spun PDMS surface. 

 33



 

PDMS (Sylgard®-184) was supplied by Dow Corning as a two part silicone elastomer. The base and 

curing agent were mixed at a 10:1 weight ratio, spin-coated onto atomically flat silicon wafer 

substrates and cured in an ambient environment (25°C and 55% relative humidity) for 48 hours before 

any analysis or manipulation was carried out. 
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2.4 – SUMMARY 

 

Since the first introduction of SPM’s in the mid 1980’s they have become a part of a large number of 

laboratories working in the field of surface and/or interface characterisation of materials. The 

popularity of SPM methods is based on their extremely high resolution in real space and time (down to 

the pN range), the relatively low costs compared with e.g., electron microscopes and the easy 

implementation of most of the SPM methods. Their extreme sensitivity to forces and chemical 

changes, particularly with the force-vs-distance mode in atomic force microscopy, provide quantitative 

details about the strength of surface forces at the interface, for example, friction, adhesion, van der 

Waals and electrostatic forces, as well as providing useful information about micromechanical 

properties and compliance of surfaces in different environments, including multi-layered systems. 

Over and above that, the SPM methods can be used for atomic and molecular engineering, i.e., the 

purposeful creation, manipulation and (bio)chemical sensing of structures on a sub-nanometer scale.  

 

Specific physical and chemical interactions can be measured due to the small distances between the tip 

and samples. Due to the small radius of curvature and varied spring constants and geometry of the tip 

and lever, and the characteristic range of the tip-to-surface interaction, the resolution of the SPM can 

be varied according to the specific needs of the experimentalist. This also results in the lateral 

resolution improving down to the nanometre scale, allowing a very comprehensive examination of 

heterogeneous systems, e.g., polymer surfaces. Generally speaking, the smaller, or sharper the tip is, 

the smaller is the surface area sampled and hence, the better the lateral resolution. The resolution is 

less dependent on tip shape for long-range interactions. With well defined methods for coating SPM 

probes, it has become possible to identify or distinguish the chemical functional groups on the surface 

of interest. With the application of quantitative models for tip/surface interactions one can, for 

example, produce information about single chemical bond strengths from the distribution of adhesive 

force measurements. Data acquisition in the force-distance mode is in the range of 0.1 to 2 seconds 

enabling the study of fast changing systems. The SPM family’s use, therefore, is not limited to a single 

branch of science, rather it is truly a multi-disciplinary tool capable of revealing the mysteries in the 

micro- and nano-world. 
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Polymers have now become extremely useful in a wide range of applications within the extremely 

useful and popular sensor technologies. Their effect can be compared to that of silicon and 

microsensors. It is because of their indispensability, particularly within the fascinating world of 

biomaterials, that they have been adopted as the material of choice. Polymers offer a large number of 

advantages over traditional substrates (e.g., gold), some of which include: simple and fast fabrication, 

low cost, capability of deposition on a vast number of substrates, the availability of a large range of 

molecular structures (with or without the incorporation of side-chains, charged or neutral particles in 

either bulk or surface), and the ability to alter the surface or bulk chemically or physically.  

 

P(tBuMA), polyimide and PDMS have been shown to respond favourably to radiation patterning (see 

section 2.3.1, 2.3.2 and 2.3.3, respectively) on the micro scale. This alteration has shown to be not 

only a physical one (e.g., shrinkage for both the P(tBuMA) and polyimide) but also a chemical one 

(e.g., hydrophobic prior to exposure and hydrophilic after exposure). The altering of the surface both 

chemically and physically down to the micrometre scale offers the added advantage of engineering a 

surface specifically to promote or inhibit the adhesion of various biochemical species. The ability to 

manipulate the surface of polymers on the micro and nano scales makes them ideal candidates for 

biosensor platforms.  
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RRAADDIIAATTIIOONN  IINNDDUUCCEEDD  LLIITTHHOOGGRRAAPPHHYY  
Equation Section 3 
3.1 – INTRODUCTION 

Using polymer materials as a base to develop bioactive/selective substrates is becoming more critical, 

particularly in the area of implant research, although the need and uses range far and wide into all 

disciplines of science and technology. Although polymers can be tailor-made during the synthesis 

process, there is a continuing interest in the understanding of the fundamental aspects of radiation 

effects in polymers. The role irradiation plays is varied depending on the type of irradiation utilised 

and the (un)desired physical and/or chemical changes to the polymer. For example, a change in 

functionality can be achieved via the deposition of energy arising from UV irradiation. This process 

can alter the chemistry (i.e., the functionality) as well as mechanical properties of the surface and near-

surface layers [Blach et al., 2001]. Several polymers undergo shrinkage due to irradiation, as in the 

case of P(tBuMA) [Watson et al., 2003], and polyimide [Blach-Watson et al., 2004]. Some polymer 

surfaces however, undergo swelling due to UV irradiation, for example PDMS [Blach-Watson et al., 

2004b]. Spacially resolved irradiation (as in the case of the excimer laser used on the P(tBuMA)) or 

masking (for example (Transmission Electron Microscopy (TEM) grids used in the polyimide and 

PDMS experiments) can result in the formation of specific patterns on a surface, thereby creating 

regions of various specificity/functionality. These are, in essence, examples relevant to the work 

presented in this chapter, of radiation induced lithography. 

 
The chapter explores one of the many alternative methods of surface modification/manipulation, that 

is, as a result of the effects of UV irradiation. Any changes produced are monitored and analysed using 

the AFM as a tool for visualization in real space and time, while refining and maximising the 

experiments with the use of the various modes of operation on offer. The various modes of operation, 

including the irradiation process and all experimental details, are described section 3.2. The work does 

not so much focus on the polymer properties, as on the atomic force microscopes’ optimisation in 

order to extract a range of interesting and useful information. Section 3.3 focuses on monitoring and 

describing the various experimental changes as a result of the irradiation process on the polymer 

surfaces. Some of the changes observed and discussed include topography, adhesion, including the 

snap-on (jump-to-contact) features and friction. Some implications of laterally differentiated surface 

chemistry are also explored in a series of experiments involving selective deposition of various 

functionalised beads, patterns of nucleation and growth of crystals, and cell growth on the UV 

modified polyimide surface. 
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3.2 – EXPERIMENTAL DETAILS 

3.2.1 – MATERIALS PREPARATION AND PROCESSING AND SPECIMEN CONFIGURATION 

The materials preparation and processing has been previously described in Chapter 2. P(tBuMA), 

polyimide and the PDMS sample preparation is described in sections 2.3.1, 2.3.2 and 2.3.3, 

respectively. 

 

The RMS surface roughness for all three polymer surfaces was determined by AFM contact mode 

analysis. The typical values found, with the relevant fields of view are shown in table 3.1 below. 

 

Table 3.1 – Surface roughness values and the relevant fields of view obtained from image analysis of 
the various polymer surfaces. 
 

Polymer Surface Field-of-view  
(µm2) 

RMS roughness  
(nm) 

Unirradiated P(tBuMA) 25×25 15-20 

 5×5 1-5 

Irradiated P(tBuMA) 5×5 0.2-0.4 

Unirradiated Polyimide 10×10 5-10 

Irradiated Polyimide 10×10 20-25 

Unirradiated PDMS 10×10 1-5 

Irradiated PDMS 10×10 2-4 

 

3.2.2 – AFM INSTRUMENTATION AND PROBES 

The analysis was carried out using two instruments: A TopoMetrix TMX 2000 Explorer, with 

130×130 µm2 tripod air and liquid scanners, with a z-range of 9.7 µm; and a JEOL JSPM-4200, with 

25×25 and 85×85 µm2 tube scanners, with a z-range of ca. 3 µm. Data were obtained in the contact 

imaging, force-versus-distance (f-d) and lateral force modes of operation. The fields-of-view ranged 

from 130×130 down to 2×2 µm2. The image scan rates ranged from 900 down to 5 µms-1, with the 

lowest rate corresponding to the smallest field of view. The lever-imposed loading force depended on 

the choice of lever stiffness, and ranged from 12 to 55 nN during topographic and friction loop 

analyses. F-d curves were acquired at rates of translation in the z-direction in the range 1 – 15 µms-1; 

the highest value corresponded to the smallest dynamic range. The relatively low values of approach 

and retract speed were chosen in order to avoid tip oscillations during lift-off from surfaces in air, and 

to eliminate effects of drag in water (Milli-Q). Each f-d curve consisted of 600 data points. F-d curves 

were taken at randomly chosen locations within a typical field of view, in order to average out possible 
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topographical effects on the data. Experiments were carried out under air-ambient conditions at 

temperatures and relative humidity ranging between 21-25°C and 50-60%, respectively. 

 
The probe consists of a lever and an integral tip. The tip-to-surface point of contact defines the 

interaction volume, of molecular size, from which information is extracted, (e.g., topography, strength 

of in-plane and out-of-plane forces, etc) and through which purposeful manipulation is effected. In the 

context of AFM analysis, polymers can be considered to be ‘soft’ objects; imposition of forces at the 

point of contact will cause deformation and indentation (see Appendix A), and will result in an 

increase in the contact area. Accordingly it is necessary to use levers with low force constants (e.g., kN 

≤ 1 nNnm-1) in order to avoid the tip-induced surface modifications. 

 
Probes were obtained from Ultrasharp NT-MDT. A beam-shaped variety was chosen in order to 

facilitate interpretation of lateral force data. The normal spring constants, kN, relevant to the present 

study were calculated from equation 3.1 [Cleveland et al., 1993], on the basis of measurement of the 

resonance frequency as opposed to equation 2.1 which takes the lever thickness into account, and are 

summarised in table 3.2. The data for RTip, Ar, and surface chemistry are summarized from the 

supplier’s specifications, while the lateral kL, and torsional kT force constant values were calculated 

using equation 2.3 and equation 2.35, respectively, for a long and thin beam-shaped lever [Gibson et 

al., 1997]. 

( )
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33 32Nk L w

E
ρ

oπ υ
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

   (3.1) 

where L, w, ρ, E, µ and υo are the length, width, density, Young’s Modulus, Poisson’s ratio and 

resonance frequency of the lever, respectively. 

 
Both nominally ‘bare’ and Au-coated etched Si tips were used during the analysis of the polyimide 

films. The manufacturer had placed all of the as-received probes on a silicone pad for transport and 

storage. An unintended consequence of that procedure is that the probes will become coated by 

Poly(DiMethylSiloxane) (PDMS), which forms a thin hydrophobic contaminant layer [Lo et al., 

1999]; the as-received condition of the probes thus represents a known hydrophobic surface chemistry. 

Chemical treatment in ‘piranha’ solution (3:1 mixture of sulfuric acid and 30% hydrogen peroxide) is 

required to remove the film, and thus produce hydrophilic Si-oxide or metallic Au surface chemistry 

on the tip. In order to prepare a hydrophilic tip surface at near-neutral pH, two gold coated tips, 

denoted COOH_1 and COOH_2, were functionalised by dipping the probes in a 1 mM solution of 11-

Mercaptoundecanoic acid (HS(CH2)11COOH) in ethanol for ca. 12 hours, rinsing in ethanol and drying 

under a stream of air. The relevant characteristics of the modified and unmodified probes used in these 

experiments are summarised in table 3.2 below. 
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Table 3.2 – Characteristics of both modified and unmodified probes. 
 

Probe 
Designation 

 

Rtip  
(nm) Ar

Surface 
Chemistry 

kN  
(nNnm-1) 

kT  
(nNnm-1) 

kL  
(nNnm-1) 

A <10 <20° Si-oxide/PDMS 0.6 13 - 

B <30 <20° W2C-(oxide) 0.6 13 - 

C <30 <20° TiN-(oxide) 0.6 13 - 

D 50 72° Si3N4-(oxide) 0.4 - - 

E <10 <20° COOH_1 0.023 4.72 3.07 

F <10 <20° COOH_2 0.13 13.6 8.84 

G <10 <20° Si-oxide/PDMS 0.035 7.18 4.67 

H <10 <20° Si-oxide/PDMS 0.1 10.5 6.8 

I <10 <20° Si-oxide/PDMS 0.058 6.07 3.95 

J <10 <20° Si-oxide/PDMS 0.065 13.3 8.67 

K <10 <20° Si-oxide/PDMS 0.077 8.06 5.24 

L <10 <20° Si-oxide/PDMS 0.13 13.6 8.84 

M <10 <20° Si-oxide/PDMS 0.034 6.97 4.53 

N <10 <20° Si-oxide/PDMS 0.015 2.36 1.53 

 

3.2.3 – AFM OPERATIONAL MODES 

The following is a list of the modes of operation used during the analysis of irradiated polymers. 

 
♦ Contact mode: Topographical imaging was carried out at constant force with a lever-imposed 

loading in the range 10-100 nN. The scanning rate in the fast-scan direction was ca. 3 Hz, and a 

typical image was composed of 500×500 pixels. 

♦ Force versus distance (F-d) analysis: With the tip held stationary at an x-y location and then 

ramped along the z-axis, first in the direction of approach and contact with the surface, and then in 

the reverse direction, the following information can be extracted. The approach curve will reveal 

information on snap-on features, long-range tip-to-surface interactions and on surface stiffness, 

through the relationship between imposed force and extent of tip indentation, while information on 

force of adhesion and extent of elastic recovery can be inferred from the retract curve [Blach et al., 

2001].  

♦ Lateral force analysis (LFM): Lateral force acting on the tip manifests itself through a torsional 

deformation of the lever, which is sensed by the difference signal on the Left-Right segments on 
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the quadrant detector. If the torsional force constant of the lever, kT, is known, then the system can 

be calibrated and the lateral force quantified. The difference signal can be plotted as a function of 

x-y location in the topographical field of view, and the resultant friction force image can then be 

correlated directly with the topographical image. Alternatively, a friction loop can be generated by 

carrying out a back-and-forth line scan. Details of optimal procedures for quantitative analysis 

have been described in the literature [Gibson et al., 1997b]. Friction loop data has been acquired 

by a Macintosh computer-based data acquisition system (MacLab, ADInstruments). A total of 

2×103 data points were acquired per friction loop; the acquisition time per loop was 0.1-0.3 s. 

 

It is notoriously difficult to reproduce precisely the qualitative and quantitative features of a particular 

force versus distance (F-d) curve. A number of factors cannot readily be controlled and/or reproduced 

in that analytical mode. For instance, the surface topography of the specimen may differ from one 

location to another and the shape of the tip at the apex may change during acquisition of F-d data (due 

to, for example, the transfer of material to/from the tip, or tip apex breakage). Either effect will change 

the contact area and thus affect the measurement. Similarly, the surface chemistry of the surface may 

be laterally differentiated, and the surface chemistry of the tip may change during the experiment. 

Finally, the characteristics of a particular probe, (radius of curvature at the tip apex, force constant, 

effective length of the optical lever, etc.), may change from one probe to another, even from within the 

same batch. Accordingly, all work presented in this thesis has adopted a twofold strategy for 

improving the quality of the measurements. Only those average trends that are reproducible within a 

large data set have been reported. Also, the measurements have been ’normalized’ through acquisition 

of data in a pair-wise fashion, whereby one measurement is taken from a ‘standard’ surface (the silicon 

or unirradiated polyimide surfaces as both have been shown to be incompressible). 

 

3.2.4 – DATA PROCESSING 

Topographical images were processed by subtraction of background; some images were 

computationally enhanced through shading by a synthetic light source. The raw results of both LFM 

and F-d analysis are presented without any further processing. Subsequent data reduction is described 

below. 

 

3.2.5 – THE IRRADIATION PROCESSES 

The P(tBuMA) surface patterning was performed with an excimer laser system Series 8000 (Exitech 

Limited, UK) equipped with a Lambda Physik LPX210i laser source operating at a wavelength of 193 

nm. Exposure doses ranged from 10 to 100 mJcm-2, stepped in units of 1 mJcm-2. The pitch of the 

pattern ranged from 10 to 40 µm with linewidths of half the pitch [Nicolau et al, 1999; Gabor et al., 
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1996; Aoki et al., 1999]. Specimens of 1 cm2 area were sectioned and attached to standard AFM 

mounts. 

 

The PDMS and polyimide surface processing routes consisted simply of masking and irradiation, 

without any additional processing. The surface exposure was then carried out with a Super Spot MK 

III High Intensity Ultraviolet Light Spot Curing System (LESCO, Lightwave Energy Systems Co., 

Inc.) using a 100 W mercury lamp. The system can deliver a maximum intensity of 20 Wcm-2 in UVA 

and 25 Wcm-2 in UV-VIS. The spectral output (factory preset) was centred at 365 nm (UVA). The 

surfaces were masked by square copper (40 µm spacing) or stainless steel (80 µm spacing) TEM grids. 

The duration of exposure ranged from 90 to 540 s, at 90 s increments. The temperature rise of the 

specimen was limited to a maximum 85°C by placing the specimen a distance of 1.5 cm from the 

aperture of the source (see figure 3.01). In addition, a second route was taken to manipulate the 

polyimide surface. This consisted of the patterned films being subjected to further negative resist 

processing through exposure to the recommended developer, followed by a rinse to remove the 

unirradiated regions of the film.  

 

 

Figure 3.01 – The UV irradiation process whereby the polymer sample is placed 1.5 cm below the UV source 
and masked with a TEM grid. The UV source is then activated for the desired amount of time, after which the 
TEM grid is removed and the sample is then ready for analysis. 
 

 

3.3 – THE EXPERIMENTAL RESULTS 

3.3.1 – A TOPOGRAPHICAL VIEW  

 
3.3.1.1 – P(TBUMA) 

The surface topographies of the unirradiated films were imaged in the constant force contact mode 

using probes with both standard and sharpened Si tips (types ‘D’ and ‘A’, table 3.2). A typical 

outcome is shown in a 3-dimensional image in figure 3.02 for an unirradiated P(tBuMA) surface. 

Some particulate contamination was evident from the topographical imaging, arising from fabrication 

and handling conditions.  
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Figure 3.02 – Surface 

topography of an unirradiated 

film of P(tBuMA) over a 5×5 

µm2 field of view; the contact 

mode image is shown in 3-D 

format. 

 

Topographical imaging revealed that there was volumetric change associated with radiation patterning 

of P(tBuMA). The effect is illustrated in the image and respective contour line in figure 3.03; the 

contour line reveals a radiation-induced height modulation of 3-4 nm for a dose of 65 mJcm-2. The 

contour line in figure 3.04 shows the first few lines of a pattern of parallel lines with a pitch of 10 µm, 

and demonstrate unequivocally that the darker contrast and recessed regions corresponded to those 

being exposed to radiation. 
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Figure 3.03 – Contact mode image of P(tBuMA) (a), and contour line of the radiation-pattern (b). The images 
show volumetric change arising from irradiation with the dark bands in (a) showing the irradiated areas (marked 
‘Irr’). The contour line in (b) was drawn along the line in the image showing a height difference of 3-4 nm.  
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Figure 3.04 – Contour line of 

P(tBuMA) showing topography at 

the edge of the pattern. The 

recessed regions are clearly 

associated with radiation exposure.  

 

The most likely pathway for the radiation chemistry of P(tBuMA) is summarized in figure 3.05. The 

unirradiated surface is hydrophobic due to the tbutyl side chains. Following exposure the polymer will 

become hydrophilic due to photo-oxidation and subsequent COOH - termination. In the presence of 

H2O (i.e., air with 60-70% relative humidity and an adsorbed thin aqueous film) there will presumably 

be a release of tbutyl alcohol (CH3)3COH. Loss of species (refer to figure 3.05), along with possible 

radiation-induced bulk densification and surface ‘reconstruction’, will presumably account for the 

observed shrinkage in figure 3.03. An alternative pathway is related to deposition of thermal energy 

from the laser patterning process, whereby isobutylene is eliminated. The net result is again formation 

of carboxylic acids. 
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Figure 3.05 – The proposed radiation chemistry pathway for P(tBuMA). A transition from hydrophobic CH3 
side chains to hydrophilic COOH termination due to UV exposure is apparent. 
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3.3.1.2 – POLYIMIDE (PI) 

Topographical images of the unirradiated spin-coated polyimide sample were taken in the contact 

mode using probe type ‘D’ in table 3.2. A resulting representative 5.5×5.5 µm2 image can be seen in 

figure 3.06 (a), with a 2×2 µm2 high resolution 3-D image in (b). The surface roughness (RMS) for the 

unirradiated surface is shown in table 3.1. The average height and diameter of the highest features 

were 19 nm and 415 nm, respectively. After UV irradiation, as with the P(tBuMA) surface, shrinkage 

was found to be the resulting by-product (see figure 3.09). Similar observations have been made for 

other polymers [Blach et al., 2001; Hasegawa and Horie, 2001].  

 

 
(a) 

 
(b) 

Figure 3.06 – (a) Typical surface structure of unirradiated polyimide thin films as revealed in a gray-scale 
contact mode image. (b) Topographical details are shown in a higher-resolution 3-D image. 
 

Polyimide systems that possess low molecular weight photoreactive groups are called photosensitive 

polyamides (such as PI-2737), and are used as high temperature photoresists for passivation layers and 

interlayer dielectrics. The PI-2730 series of products (supplied by HD Microsystems) are typically 

exposed using a 350–435 nm source forming negative resists i.e., the exposed areas are cross-linked 

and become insoluble, unexposed areas are washed off using solvent. Typically cross-linking is 

achieved by radical mechanisms involving hydrogen abstraction from a hydrogen donor on one 

component with benzophenone units on another component. Irradiation using deep UV in air for 

extended periods of time probably causes cleavage of the α N—CO bond with concurrent photo-

oxidation and subsequent photoablation in many PI films giving rise to hydrophilic surface 

chemistries. However irradiation under an inert atmosphere results in little chain scission and minimal 

surface damage [Hasegawa and Horie, 2001]. Figure 3.07 shows the possible irradiation pathway 

described. 
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Figure 3.07 – Schematic showing the possible irradiation pathway of polyimide. A resulting hydrophilic 
surface chemistry is obtained. 
 

Polyimide shrinkage was measured by contact mode imaging in an air ambient environment and found 

to be linear with the duration of the radiation dose. The data is presented in figure 3.08. The shrinkage 

effect here is due to either the loss of material and/or densification arising from UV exposure.  
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Figure 3.08 – Dependence of 

radiation-induced shrinkage 

of polyimide with delivered 

dose showing a linear 

dependence. 

 

Figure 3.09 (a) shows a representative 72×72 µm2 topographical image and corresponding line profile 

for over-lapping exposures of 90 and 180 s. The grid pattern is outlined as the topographical contrast 

was not fully developed due to the shorter irradiation time. The overlap resulted from a slight 
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displacement of the mask after the first 90 seconds of exposure. A 103×103 µm2 topographical image 

and line profile for a longer exposure of 540 s are shown in figure 3.09 (b). The line profiles clearly 

show the ‘steps’ resulting from the polymer shrinking as a result of UV exposure. 
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Figure 3.09 – Topography (72×72 µm2) and line profile of a polyimide surface exposed for 90 and 180 s (a). 
Topography (103×103 µm2) and line profile after 540 s exposure (b). 
 

3.3.1.3 – PDMS 

Spin coated unirradiated and irradiated PDMS samples were imaged in the contact mode with a low 

spring constant lever (tip ‘G’ in table 3.2) in an air ambient environment. The topographic images 

(loading force = 36 nN) of the unirradiated and irradiated (540 s exposure) surfaces are shown in 

figure 3.10 (a) and (b), respectively. A small amount of particulate contamination was seen from the 

images due to the fabrication and handling conditions. The irradiated surface shows only minor 

differences in morphology (some texturing). The roughness, as defined by root mean square values, of 

both of the surfaces is shown in table 3.1 (section 3.2.1) and did not show significant difference 

between the two. In general, it is not possible to discriminate with any certainty between the two 

surfaces solely on the basis of surface roughness or topographical features. 
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Figure 3.10 – Surface topographies of an unirradiated (a) and irradiated (b) PDMS surfaces shown in 3-D 
format. The field of view for both is 5×5 µm2. 
 
By masking the surface it is easier to discern any topographical changes which may result due to 

contrast within the same field of view. Unlike the polyimide and P(tBuMA) surfaces, the PDMS 

surface experienced significant swelling due to the irradiation process, as seen in the topographical 

image and height profile in figure 3.11 (a) and (b), respectively. UV irradiation results in the scission 

of the Si-CH3 and SiCH2-H bonds causing polymer degradation and resulting in the evolution of 

entrapped gasses (such as CH4, H2 and C2H6) with concurrent swelling of the material [Miller, 1960]. 

During the course of UV irradiation, the presence of air proximal to the surface of the polymer results 

in the formation of ozone. This has been shown to cause the hydroxylation of the PDMS surface layers 

with a concomitant change of polarity, causing the surface to become hydrophilic [Efimenko et al., 

2002]. 
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Figure 3.11 – Topography (a) and line profile (b) of a UV patterned (540 sec) PDMS surface clearly showing 
the grid outline. The image in (a) clearly shows polymer swelling due to irradiation (the lighter regions). 
 

3.3.2 – CHANGE IN ADHESION FROM UV EXPOSURE – EFFECT ON SURFACE CHEMISTRY 

F-d analysis is a rich source of information about the chemical and mechanical surface properties at 

the tip-to-surface point of contact, e.g. Burnham et al. [1993] and Xiao and Qian [2000]. Some of the 

finer details have been described in the previous chapter (see sections 2.2.3 and 2.2.4). This section 

focuses on the adhesive and f-d snap-on features of the polymer surfaces. Experiments performed on 
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P(tBuMA), polyimide and PDMS samples were performed under air-ambient conditions (21-25ºC and 

50-60% relative humidity). The polyimide and PDMS surfaces were also examined under water 

(Milli-Q) in order to investigate the effects of the meniscus layer on the adhesive and snap-on 

interactions. The data consisted of f-d curves obtained at random locations on silicon, unirradiated and 

irradiated surfaces located within the same field of view, making the regions accessible by the same 

probe. The intention was to ensure that the maximum number of experimental variables remained 

constant during an analysis session, and on using the silicon surface as a quality control on the tip 

during the conduct of the experiment. During any study however, there will be systematic differences 

from one experimental session to another; most likely due to changes in tip shape and/or chemistry. 

All f-d curves studied showed general trends which were then the subjects of further analysis and 

displayed using representative curves from a large data set. 

 
The lift-off feature in the retract curve is conventionally taken as a measure of tip-to-surface adhesion, 

Fadh. In the present context the contact regime would best be described as a combination of the JKR 

and DMT models (see section 2.2.5, Chapter 2) whereby the contributions to the adhesive force come 

from the tip sample contact area and outside the contact area. Therefore, the contributions to adhesion 

can be written as 
 

adh meniscus hyd TSF F F F= + +      (3.2) 

where Fmeniscus (meniscus force) dominates in air (in the range 20-200 nN), Fhyd arises from 

hydrophobic/philic interactions (<5 nN), while FTS is the tip-to-solid interaction (<1 nN).  

 
Non-linearities in the approach and/or retract curve, when the tip is in contact, will be due to relaxation 

and/or compression at the point of contact arising from dependence on force loading. The linearity 

observed in experiments on polyimide (see section 3.3.2.2) is consistent with that surface being an 

incompressible element, (the measured elastic modulus for the bulk polymer is 5.4 GPa), in 

comparison with the lever with its spring constant of 0.13 nNnm-1 (tip ‘L’ in table 3.2). 

 
3.3.2.1 – P(TBUMA) 

Figure 3.12 shows two retract f-d curves taken on the unirradiated (dashed line) and irradiated (solid 

line) P(tBuMA) surface. The asymmetry in the snap-on and lift-off discontinuities is due to the 

inherent hysteresis when, after contact, the hydrophilic tip is wetted by the aqueous phase (i.e., the 

ever-present meniscus layer). The inset in figure 3.12 shows the snap-on features for the unirradiated 

and irradiated P(tBuMA) surface regions. Discounting the range of the van der Waals interaction (1-2 

nm), the thicknesses of the layers of adsorbed moisture were 0.8±0.3 and 2.3±0.4 nm, respectively. 

The particular adhesive ‘lift-off’ forces were ca. 30 and 50 nN, respectively, for unirradiated and 

irradiated regions of P(tBuMA).  
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Figure 3.12 – Representative retract curves of 

f-d analysis of unirradiated and irradiated 

P(tBuMA) surfaces. The greater lift-off feature 

for the irradiated specimen corresponded to 

greater tip-to-surface adhesion. The inset 

shows details of the approach curves at the 

point of snap-on. Extent of snap-on deflection 

is representative of thickness of adsorbed 

water. 

 
In experiments performed on P(tBuMA), each subset of data showed that adhesion was higher on 

irradiated regions. The outcomes arising from processing the total data base for unirradiated and 

irradiated P(tBuMA) are summarized in table 3.3. While there was variability in the absolute values of 

adhesive force from one analysis session to another, the important observation is that adhesion 

increased by some 30% as a result of irradiation to a dose of 65 mJcm-2. That conclusion is evident 

from the entries in the final column where the data have been normalized ( I UF F – the ratio of 

adhesion for irradiated and unirradiated surfaces). 

 
Table 3.3 – Outcomes of f-d analysis on unirradiated and irradiated P(tBuMA). 

Surface Type  Tip chemistry 
(Tip designation) 

Adhesive Force 
(nN)b Nb Ratio I UF F  

  FU   
 Si-oxide (A)* 54.4 ± 22.5 43  

Unirradiated Si-oxide (A)* 42.7 ± 9.4 85  
P(tBuMA) TiN (C) 141 ± 35 22  

 W2C (B) 68.7 ± 23.9 48  
  FI   
 Si-oxide (A)* 79.4 ± 24.3 43 1.45 

Irradiated Si-oxide (A)* 50.3 ± 9.4 85 1.18 
P(tBuMA) TiN (C) 165 ± 18 22 1.18 

 W2C (B) 98.1 ± 31.3 48 1.42 
*refers to repeat analysis with a nominal identical probe from the same batch; brefers to the size of the data set 
with the uncertainty referring to the statistical standard deviation. 
 
At first glance one might have expected that the different surface chemistries of the tip (Si, W2C and 

TiN) should produce different outcomes (due to different wetting of the tip and/or different interface 

chemistries at the tip-to-polymer point of contact). However, a native oxide layer will always form on 

a Si tip stored in air, and thus create a hydrophilic surface. Likewise, carbide- and nitride-derived 

surfaces will, in general, be terminated by a native oxide following atmospheric exposure [Kisi et al., 
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1998; Myhra et al., 2001]. On the other hand, as the tip scans, it becomes contaminated by P(tBuMA) 

and adventitious atmospheric hydrocarbon contamination which is ubiquitous on all surfaces. Thus 

there are two possible reasons for the tips to present apparent similar surface chemistries, that is, that 

the tip apex might possibly present either a hydrophilic oxide or hydrophobic surface due to 

hydrocarbon contamination. Since the contaminant layer is unlikely to be durable under contact mode 

conditions, while the oxide layer is both relatively more durable and renewable, the latter is more 

plausible. On some occasions there was a transient reversal of contrast in the lateral force image (see 

section 3.3.3), that is, indicating that the irradiated regions now had the lower friction. That effect can 

only be ascribed to changing surface chemistry of the tip (e.g., the tip being intermittently 

hydrophobic, thus reversing the sign of the meniscus force). Thus the zeroth order assumption is that 

all tip surfaces stored under ambient conditions will present a hydrophilic oxide surface during use. 

The differences in outcome of adhesion measurements from one session to another must therefore be 

ascribed to tip shape. It is known from high resolution Scanning Electron Microscopy (SEM) imaging 

and from ‘reverse’ imaging [Hellemans et al., 1991] by AFM that coating of tips will generally lead to 

greater radii of curvature, in agreement with the specifications of the supplier. Thus there will be 

greater contact area and a greater average adhesion (arising from the meniscus force), in accord with 

the present observation that the adhesive lift-off force was relatively greater for coated tips. Scatter 

within a given data set must then be due to transient tip change, and/or variations in local topography 

of the film, and/or variations in local surface chemistry of the film. The RMS roughness in the range 

1-5 nm (5×5 µm2), obtained from contact mode imaging on the P(tBuMA) surface, suggests that the 

effect of topography may be the dominant source of statistical uncertainty. 

 
Generally, the forces of adhesion are high, by as much as a factor of 10-100, in comparison with those 

that are normally measured in experiments that are designed specifically to measure intermolecular 

interactions [van der Vegte and Hadziioannou, 1997; Zlatanova et al., 2000]. The principal reason for 

that apparent discrepancy is that the present measurements have been carried out in air. Thus there will 

be a layer of adsorbed moisture present on all exposed surfaces, and the contribution from the 

meniscus force, 50-100 nN, will swamp the forces arising from tip-to-polymer interactions (typically < 

1 nN for the lift-off force in water). Accordingly, if the irradiated regions were more hydrophilic, in 

comparison with unirradiated regions, then one would expect a greater thickness of adsorbed moisture, 

as evidenced by the snap-on feature, and thus increasing adhesion as inferred from f-d analysis. If the 

present set-up is modelled as a sphere (the apex of the tip) in contact with a flat surface, and with 

moisture present, then the meniscus force Fmeniscus, is [Grigg et al., 1992] 
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=
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where Es is the surface energy of the film (0.072 Jm-2 for water), θ is the contact angle, D is the 

separation between tip apex and surface, and d is the height of the meniscus on the tip. The meniscus 

force arises from interaction between the aqueous film and the tip. Since the chemistry at that interface 

remains the same, it is only the factor D/d that will affect the value of Fmeniscus. The data in figure 3.12 

shows that the adhesive meniscus force depends indirectly on change in surface chemistry of the 

polymer surface. The change in thickness of the aqueous film will then be reflected in the change in 

the parameter d. Numerical evaluation showed that the thickness of adsorbed moisture was a factor of 

2.5±0.5 greater on the irradiated surface regions in comparison with the unirradiated regions, in good 

agreement with the respective thicknesses inferred from the snap-on features in the f-d approach 

curves.  

 
3.3.2.2 – POLYIMIDE (PI) 

The snap-on feature in the approach curve, when the analysis takes place under air-ambient conditions, 

will occur at the point where the tip ‘senses’ the short-range interaction with the adsorbed aqueous 

phase. The system is unstable when the effective force constant of interaction exceeds that of the lever. 

The range of adhesive interaction is typically 0.5 – 1 nm (e.g., when the force constant attributable to 

the van der Waals interaction exceeds that of the lever). The size of the snap-on is a measure of the 

thickness of the compressible/penetrable surface layer; the snap-on is terminated when the short-range 

repulsive interaction balances the attractive interaction. In the case of polyimide, the surface is 

effectively incompressible (see table 2.4, ‘Polymer Specifications’ in chapter 2) and therefore the 

snap-on distance in air is a measure of the thickness of the adsorbed water layer. The snap-on feature 

is usually much less prominent when f-d analysis is undertaken under water. The 

compressible/penetrable adsorbed water layer and the capillary force are then removed from the 

environment, no longer masking those interactions that are direct consequences of the surface 

chemistries, e.g. hydrophobicity/philicity and other short-range interactions at the tip-to-polymer 

interface.  

 

Figure 3.13 (a) and (b) shows representative snap-on features as a result of using tips of two different 

chemistries (tips ‘E’ to ‘M’ in table 3.2), on the incompressible unirradiated and irradiated polyimide 

surface in both air and in Milli-Q water (DDH2O). Assuming that the tip geometry and chemistry 

remain invariant, then the greater meniscus force for the irradiated surface, in comparison with an 

unirradiated surface, must be due to a greater thickness of adsorbed moisture. Similarly, the greater 

thickness of adsorbed moisture will manifest itself as a larger snap-on distance. A hydrophilic tip 

therefore, will exhibit greater snap-on distances, and greater capillary attraction, in comparison with a 

hydrophobic tip. This is demonstrated in figure 3.13 (a) which shows in finer (higher resolution) detail 

representative snap-on features on f-d curves. By performing the experiments in Milli-Q water the 
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capillary interaction is eliminated, and the interaction is thus represented by the chemical nature of the 

two surfaces in contact (figure 3.13 (b)).  

 
The approaching curve, just prior to snap-on demonstrated a downward trend in experiments 

performed in air (figure 3.13 (a)), and an upward trend for the liquid experiments (figure 3.13 (b)). 

This is a result of the surface and tip experiencing attraction and repulsion, respectively, just prior to 

contact. In air, the attraction is due to the hydrophilic nature of both the tip and surface as a result of a 

thin meniscus layer. The degree of attraction is dependent on the thickness of the meniscus layer, that 

is, the more hydrophilic the surface, the thicker the meniscus layer, and the greater the snap-on feature. 

This is demonstrated in figure 3.13 (a) where the hydrophilic COOH tip interacting with the 

hydrophilic irradiated polyimide surface exhibited a snap-on distance of 33.6 nm, whereas the 

hydrophobic PDMS coated tip interacting with the hydrophobic unirradiated polyimide surface 

exhibited a snap-on distance of only 8.6 nm. When both the tip and surface have interfaces at, and are 

submerged in a liquid medium, bound charges will, in general, be present at the interface between the 

solid and liquid [Watson et al., 2003b]. The repulsion evident from figure 3.13 (b) is generally a result 

of a culmination of electrostatic (separation of > 10 nm) and van der Waals forces [Lee and Sigmund, 

2001 & 2002] (separation of < 5 nm). A full analysis of these interactions however is beyond the scope 

of this study. 

(a) 

(b) 

Figure 3.13 – General 

representative curves showing 

higher resolution details of 

approach curves on the polyimide 

surface. Tips ‘E’ to ‘M’ (see table 

3.2) were used to collate the data. 

The curves show dependence of 

snap-on distances on surface 

chemistry of tip (PDMS and COOH 

functionalization), surface 

(irradiated versus unirradiated) and 

ambient (air (a) and Milli-Q water 

(DDH2O) (b)). 
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The thickness of the adsorbed layer will depend of the ambient humidity and on the surface chemistry 

of the substrate [Xiao and Qian, 2000]. As a result there will always be an attraction when two 

surfaces in air are connected by a meniscus bridge. Even though gold tips contaminated by PDMS are 

hydrophobic, the interaction with a hydrophobic surface in an air environment will also be attractive, 

but the strength of attraction will be less than that for two interacting hydrophilic surfaces.  

 
The strength of the adhesive interaction will depend on the degree of hydrophobicity/philicity on both 

the tip and surface. When contact is made in water between tip and surface, where both are 

hydrophilic, then the adhesive force will be greater than that when both surfaces are hydrophobic 

[Sinniah et al., 1996]. The adhesive forces are also dependent on the pH of the medium, due to 

electrostatic interactions, on van der Waals interactions, and on steric/topographic factors. As the pH is 

raised above the iso-electric point (ca. 5), many of the COOH groups either on the tip or on the surface 

become deprotonated increasing the repulsive electrostatic interactions and consequently decreasing 

adhesive interactions [Okabe et al., 2000; van der Vegte and Hadziioannou, 1997b; Vezenov et al., 

1997]. In the present case the pH of the Milli-Q water was ca. 5.8 and thus the COOH-terminated tips 

will present a negative surface charge density. 

 
Representative overlapping f-d curves illustrating and contrasting outcomes of analyses of unirradiated 

and irradiated polyimide regions, under water and in air are shown in figure 3.14 (a) and (b), 

respectively. The large difference in scale in (a) and (b) is a result of the meniscus layer dominating 

during experiments performed in air (b), overwhelming the small surface forces (e.g., snap-on features 

as described above and adhesive interactions). The meniscus is eliminated under water (a) revealing 

more accurate surface forces. Representative force curves obtained in air for the developed pattern 

(irradiated film versus the Si substrate) are shown in figure 3.14 (c). The lower adhesion for the 

irradiated film in (c) (green curve), in comparison with that shown in figure 3.14 (b) (red curve), is due 

principally to the difference in the radius of curvature of the tip (10-20 and 30-40 nm, respectively, for 

the curves in (c) and (b), respectively). The respective strengths of adhesion in (c) were ca. 12 and 15 

nN, with the Si substrate exhibiting the higher adhesion. A Si-substrate exposed to air will be 

terminated by a thin native oxide layer, therefore clean Si-oxide is hydrophilic. Accordingly a layer of 

moisture will be present on the surface, giving rise to a meniscus force; the data in figure 3.14 (c) 

suggest that Si-oxide is more hydrophilic than irradiated polyimide.  
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Figure 3.14 – Representative approach and retract 
curves for the unirradiated and irradiated polyimide 
surfaces taken in Milli-Q water (a) and air (b). 
Outcomes of F-d analysis for a patterned and 
developed polyimide film on a Si-substrate (c). 

3.3.2.3 – PDMS 

Typical F-d curves (tip ‘N’ in table 3.2) for the irradiated and unirradiated PDMS samples in air and 

water are shown in figure 3.15. The loading force, FLoad, in air and water was 3.61 nN and 3.97 nN, 

respectively. As with the polyimide surface, a reversal of data is evident. However the adhesive force 

is 10% greater on the unirradiated surface measured in air and 20% greater on the irradiated surface 

when measured in water. As previously discussed, the PDMS surfaces undergoing UV irradiation in 

the presence of air generally become hydrophilic as a consequence of surface activation and oxidation, 

causing hydroxylation of the surface and a change in surface chemistry [Efimenko et al., 2002]. One 

would therefore expect the adhesive force to be greater on the more hydrophilic irradiated surface in 

air. Because intense irradiation eventually causes polymer degradation with the formation of silicates 

and amorphous carbon residues [Graubner et al., 2002], it will therefore cause the surface to ‘harden’. 

As a result, tip indention on the irradiated surface will be lower reducing the contact area and therefore 

the adhesive interaction. In water the contrast is reversed because the meniscus layer is eliminated.  

Figure 3.15 – Representative F-d curves 

taken on the irradiated and unirradiated 

PDMS surface in both an air and water 

environment. A reversal in contrast is 

evident between the air and water 

experiments. 
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3.3.3 – LATERAL FORCE ANALYSIS 

The image contrast in a lateral force map is effectively a measure of tip-to-surface friction as described 

previously in greater detail in Chapter 2, section 2.2.6. A plot of the torsional signal versus the signal 

generating the raster scan will produce a friction loop from which both static and dynamic friction can 

be measured. In the case of a ‘soft’ surface being indented by a blunt tip, the coefficient of friction is 

independent of contact area and the normal force. The standard linear relationship between the normal 

force loading, FN, and the in-plane friction force, FL, may then be adopted as a first approximation 

[Aoki et al., 1999] 

( )L N AdhF F Fµ= +        (3.4) 

where FL is given by kT∆y – where kT is the torsional force constant of the lever and ∆y is the y-axis 

deflection of the tip at its point of contact with the surface. The long dimension of the lever is aligned 

with the y-axis while the scan direction is along the x-axis (see figure 2.01 in Chapter 2), µ is the 

coefficient of friction, FN is given by kN∆z – where kN is the ‘normal’ force constant of the lever and ∆z 

is the z-axis deflection of the lever, and FAdh is the force of adhesion (obtained from the f-d retract 

curve) [Gibson et al., 1997b]. 

 

3.3.3.1 – P(TBUMA) 

The contact mode topographic images and friction loops obtained in air in figure 3.16 (a) → (d) 

illustrate the raw data obtained from radiation-patterned P(tBuMA) surfaces. Images and friction loops 

in (a) and (b) refer to a pattern of parallel lines with a pitch of 40 µm, and show that a dose of ca. 65 

mJcm-2 has given rise to some 10-15% greater friction than was the case for the unirradiated polymer 

surface (for the same lever-induced normal force of ca. 100 nN and for the same tip). Figure 3.16 (c) 

illustrates the lateral force contrast in greater detail. The measured coefficient of friction was typically 

in the range 0.3 – 1.0. A lateral force modulation of 10 nN of a pattern with a pitch of 10 µm is 

illustrated in (d). Effects of irradiation were resolvable in the lateral force mode at doses down to 10 

mJcm-2. 

 

The friction forces observed by lateral force analysis were broadly consistent with the additional 

normal force expected to arise from changes in hydrophilicity, as revealed by f-d analysis (see 

previous section). The data in figure 3.16 shows that there was an additional lateral force of some 10 

nN associated with radiation-induced alteration in surface chemistry. The corresponding additional 

normal force was then ca. 20 nN, taking the coefficient of friction as 0.5. The additional adhesion 

force inferred from f-d analysis was the same, within the spread in outcomes. However, that 

conclusion does not rule out a direct effect on adhesion arising from other tip-to-surface interactions 

(e.g., van der Waals forces). 
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Figure 3.16 – Correlation between friction loop lateral force data and topographical surface mapping on the 
P(tBuMA) surface. (a) and (b), show that irradiation causes an increase in friction (U-unirradiated, I-irradiated). 
The results in (c) constitute an illustration of higher resolution data obtained from friction loop analysis. The 
lateral force contour in (d) was obtained from a pattern with a smaller pitch. The friction loop data are shown as 
a superposition of several repetitive scans. 
 

The analyses were carried out in air. Accordingly, as discussed previously, there will be a contribution 

to the normal force from adsorbed moisture, as is the case for all ambient AFM measurements. One 
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would expect a thicker layer of adsorbed moisture on the more hydrophilic surface regions. Moisture 

will contribute to the normal force, FN, through a meniscus force acting on the tip. Contributions from 

adhesive interactions arising from alterations in surface chemistry at the tip-to-surface point of contact 

may cause additional increase in friction. The f-d data (see section 3.3.2.1) were consistent with a 

radiation-induced change of ca. 20 nN in the normal force loading. 

 
3.3.3.2 – POLYIMIDE (PI) 

Figure 3.17 (a) and (b) show a lateral force map and friction loop data from a masked and irradiated 

polyimide sample (540 s exposure time) obtained in water (Milli-Q). The lower friction on the 

irradiated regions is consistent with that surface being hydrophilic, and is in agreement with the 

observed lower adhesion described in section 3.3.2.2. The lateral offset of the features in the friction 

loop is due to the lateral relaxation of the polymer surface, and the relative displacement, 2∆y, of the 

tip for the back and forth scan directions. 

Irradiated

Unirradiated

30   mµ

(a) 

 
 

(b) 

Figure 3.17 – Lateral force map (a) and friction loop (b) for a masked and irradiated polyimide surface. The 
analysis was carried out in water (Milli-Q), and exhibits lower lateral forces in the irradiated regions. 
 
The dependence on strength of adhesion is illustrated in figure 3.18 (a) and (c). The capillary force is 

the dominant adhesive interaction during analysis in air, and will produce contrast that is proportional 

to the thickness of the layer of adsorbed moisture. Thus the more hydrophilic regions will have 

brighter contrast (i.e., higher lateral force). A condensation experiment is shown in figure 3.18 (b). The 

sample was exposed to steam (~ 5 sec) clearly showing water congregating within the irradiated 

regions. These are therefore exhibiting greater hydrophilicity. When the analysis is carried out under 

water, the capillary force is eliminated, showing that the more hydrophilic regions have lower 

adhesion, and the contrast will reverse. A comparison of outcome of lateral force analysis for a 

hydrophobic PDMS coated tip or a hydrophilic COOH terminated tip, shows that the adhesion, and 

thus lateral force, is lowest when a hydrophilic tip is interacting with a hydrophilic surface. Those 

results are consistent with previous work [Okabe et al., 2000; van der Vegte and Hadziioannou, 

1997b; Werts et al., 1997]. 
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30   mµ

(a) (b) 

µ30   m

(c) 

Figure 3.18 – Lateral force maps taken in air (a), and in water (c) with a condensation experiment (b) on the 
patterned polyimide surface, revealing greater hydrophilicity on the irradiated regions evidenced by the 
congregation of water. The brighter contrast represents higher friction. 
 

The effect of the hydrophobic/philic interaction can also account for a particular kind of artefact that 

occurs frequently in lateral force images of surfaces with laterally differentiated chemistry. For 

instance, sudden reversal in contrast has been observed (figure 3.19). In the present case such an 

anomaly can be ascribed to a loss of PDMS coating on the Au-tip during repetitive scanning. Thus 

there will be a sudden transition in tip surface chemistry from hydrophobicity to hydrophilicity.  

 

µ30    m
 

(a) 

30    mµ
 

(b) 

Figure 3.19 – (a)→(b) shows a reversal in lateral force contrast during the course of an experiment on the 
polyimide surface, as a result of the loss of the PDMS coating on the Au-tip as a result of repetitive scanning. 
 

Figure 3.20 shows a diagrammatic representation of the general adhesive and frictional trends using 

the various tips, mediums, and surfaces. A reversal in trends between experiments performed in air 

and liquid are evident for both adhesion and friction, hydrophobic and hydrophilic tips, and the 

irradiated and unirradiated surfaces. 
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Figure 3.20 – A general diagrammatic representation of adhesive and frictional trends with respect to 
environment (air and water) on polyimide surfaces, using both hydrophobic and hydrophilic probes on the 
irradiated and unirradiated surfaces. Relative magnitudes are indicated by the arrows on the left, with zero at the 
horizontal. 
 
The implications of laterally differentiated surface chemistry were explored in a series of experiments. 

The optical images in figure 3.21 (a) and (b) illustrate an ordered array arising from condensation of 

water vapour on hydrophilic regions, while spatially resolved precipitate decoration is shown to result 

from evaporation of droplets containing salt in solution. Exposure of the patterned surfaces to 

hydrophilic and hydrophobic beads in solution lead to inclusion and exclusion, respectively, from the 

hydrophilic regions, figure 3.21 (c) and (d). The effect arises from the beads being trapped in solution 

in an ordered array of droplets. The hydrophilic beads will simply plate out onto the irradiated regions. 

The hydrophobic beads, on the other hand, will be expelled from those regions during evaporation, 

and will preferentially attach to the hydrophobic regions. Functionalised beads of different chemistries 

can be confined to specific regions determined by the irradiation surface maps. Figure 3.21 (e) shows 

precipitated BaCl crystals preferentially growing on the irradiated regions of the polyimide surface. 

 
Generating patterns on surfaces in order to encourage cell growth within a certain pattern is important 

in various fields including biosensor technology, tissue engineering and fundamental studies in cell 

biology. Cell-based screening is a useful tool in biosensor technology. Environmental and/or chemical 

monitoring may involve either the need for perturbation and monitoring of the cell’s response, or 

simply monitoring whether cellular growth or attachment occurs. Techniques such as microcontact 

printing [Kumar and Whitesides, 1993; Jackman et al., 1995], microfluidic channels [Folch et al., 

1999; Folch and Toner, 1998] and laminar flow patterning [Takayama et al., 1999] provide reasonably 

high resolution (e.g., <1 µm for microcontact printing), shape flexibility, and the ability to pattern 

delicate objects (e.g., proteins). 
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Figure 3.21 (f) shows a human fibroblast grown on the patterned polyimide surface. There was no 

evidence for preferential growth on either the irradiated or unirradiated surface.  

 

 

20    mµ

Irradiated

Unirradiated

 

f 

Figure 3.21 - Optical images taken of the UV-patterned polyimide surface of: (a) adsorbed moisture; (b) salt 
precipitation; (c) hydrophilic beads; (d) hydrophobic beads, and; (e) BaCl crystal formation. The outlined 
squares show the UV-exposure pattern. (f) An AFM image of human fibroblast growth on the patterned 
polyimide surface. Grid size for (a) – (e) is 80 µm2. 
 

Lateral force analysis was also carried out for a patterned and developed polyimide film on a Si 

substrate in air. Figure 3.22 (a) and (b) shows a lateral force map and the corresponding friction loop 

over a field of view that included irradiated film as well as the Si substrate. The lateral force on the 

respective surfaces was quantified and found to be ca. 13 and 34 nN. The data in figure 3.14 (c) 
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suggest that the Si-substrate is more hydrophilic than irradiated polyimide. Accordingly the Si 

substrate should have exhibited the higher lateral force (if FL ∝ Fadh). The friction loop data in figure 

3.22 show the reverse outcome, however. The apparent anomaly can arise from either a genuine higher 

‘friction’ on the polyimide surface, and/or a greater tip-to-surface contact area on the relatively softer 

polymer (the respective elastic moduli are 5.4 (polyimide) and 125 GPa (Si)).  

 

20    mµ

Silicon

Silicon

Polyimide

Polyimide

(a) 

 
 

 

(b) 

Figure 3.22 – Lateral force map (a) of an irradiated and developed polyimide film, with the corresponding 
friction loop and scale bar in (b). 
 

3.3.3.3 – PDMS 

Figure 3.23 shows the lateral force images obtained on a patterned PDMS sample irradiated for 540 

seconds and imaged in air (a) and water (b). The grid outline is clearly visible. The image in (a) shows 

higher friction on the unirradiated region which is consistent with the F-d data shown in figure 3.15 in 

section 3.3.2.3. The contrast is reversed when imaged in water (Milli-Q), again consistent with f-d 

data.  
 

30   mµ

Unirradiated

Irradiated

(a)  

Unirradiated

Irradiated
(b) 25   mµ

 
Figure 3.23 –Lateral force images of the PDMS surface taken in air (a) and water (Milli-Q) (b) showing a clear 
reversal in contrast. 
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3.4 – SUMMARY 

 

Radiation patterning has proven to be a reliable and convenient tool for producing laterally 

differentiated surface chemistries on various polymer surfaces. Imaging of irradiated surfaces revealed 

shrinkage in the case of P(tBuMA) and polyimide surfaces, and also strong evidence for a change in 

chemistry from hydrophobic to hydrophilic. Irradiation was found to cause an increase in both 

adhesion and friction on both surfaces measured in air which arises from an increase in hydrophilicity 

and thus greater capillary interaction. The polyimide surface was also investigated in air using 

hydrophobic and hydrophilic probes in order to investigate the snap-on features. These showed a clear 

dependence of the snap-on distances on surface chemistry of the tip (either PDMS or COOH coated), 

the surface (irradiated or unirradiated), and the environment (air or liquid (Milli-Q)). In liquid, the 

capillary force was eliminated revealing the dominant attractive interaction associated with 

hydrophobicity. UV patterning will promote spatially resolved aqueous condensation, and thus offer 

preferred sites for adsorption of species from solution. 

 

The irradiation on the PDMS surface revealed swelling due to scission of the Si-CH3 and SiCH2-H 

bonds and concurrent gas evolution. The irradiation also resulted in the surface becoming hydrophilic 

due to the formation of ozone during the irradiation process, causing the hydroxylation of the PDMS 

surface layers. Both the f-d curves and lateral force data however revealed that adhesion and friction 

was greater on the hydrophobic regions when analysed in air, with the contrast being reversed when 

performing the experiments in a liquid environment. Due to the intense irradiation, the PDMS surface 

undergoes degradation with the formation of silicates and amorphous carbon residues. This results in 

the hardening of the surface, reducing the contact area and therefore the adhesive and lateral 

interactions. 

 

The principal outcome of this chapter is the demonstration of the AFM system as an integrated 

platform for effective, reliable and convenient non-destructive and spatially resolved characterization 

of polymer surfaces. Lateral discrimination of surface chemistry can be obtained either by lateral force 

mapping, in combination with friction loop analysis, or by f-d analysis. In the case of P(tBuMA) and 

polyimide the results show that there is shrinkage arising from UV exposure, and significant swelling 

shown on the PDMS surface, and that the hydrophilicity of the surface can be tailored and patterned 

by ionising radiation. 
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SSPPMM  BBAASSEEDD  NNAANNOOLLIITTHHOOGGRRAAPPHHYY  
Equation Section 4 
4.1 – INTRODUCTION 

The physical, chemical and structural properties of a polymer will affect its functionality in a wide 

range of applications including biosensors, semiconductor processing industries, biofouling 

prevention, tissue engineering and biomaterials technology. Some of those applications require precise 

manipulation of laterally differentiated regions, for example creating array structures for multi-

channel/multi-analyte biosensors, and patterning surfaces in order to hinder or promote the adhesion of 

various (bio)chemicals. While such tailoring is currently taking place on the µm-scale as illustrated in 

Chapter 3, it is now apparent that the need for manipulation and characterization of patterned surfaces 

is constantly evolving and must be driven further into the nm-regime.  

 

The AFM is a leading contender as a favoured processing tool. At present the explanatory models for 

tip-induced manipulation of polymer surfaces are in their infancy. Earlier studies have approached the 

problem from several perspectives, generally based on insight gained from unrelated materials [Hector 

et al. 1998; Schmid et al., 1998; Fang et al., 2000; Bhushan, 2001; Pickering and Vancso, 1999; 

Capella et al., 2002]. The principal objective of Chapter 4 is to explore the relative importance of the 

physico-chemical variables of polymeric surfaces and parameters of the instrument, with a view to 

establishing mechanistic relationships with the aid of work on two well-defined polymer surfaces, 

Poly-tert-ButylMethacrylate, P(tBuMA) and Poly(DiMethylSiloxane), (PDMS). 

 

In the previous chapter, it has been shown that both P(tBuMA) and PDMS polymer surfaces can be 

patterned through UV exposure, where in the case of P(tBuMA), the incident radiation promotes 

formation of surface-carboxyl groups (refer to figure 3.05, Chapter 3, section 3.3.1.1) that will act as 

preferred sites for covalent attachment of proteins [Nicolau et al., 1999]. Both P(tBuMA) and PDMS 

have again been adopted as surfaces for investigation as a follow-on from experiments described in the 

previous chapters and studies, e.g., Watson et al., [2003].  

 

Section 4.3 identifies conditions which result in tip-induced structural alteration and nano-machining 

using the P(tBuMA) polymer surface. Section 4.4 investigates lithographic outcomes during tip-

induced manipulation of PDMS. The associated frictional effects (including any in-plane relaxation), 

and their dependence on the scan speed, loading force, attack angle and image resolution are also 

examined. The methodologies follow on from earlier demonstrations of the merits of polymer 
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characterization by AFM [Tsukruk and Huang, 2000]. Aspects of those methodologies have been 

described in recent published work, e.g. Blach et al., [2001]; Gibson et al., [2001]. 

 

4.2 – EXPERIMENTAL DETAILS 

4.2.1 – MATERIALS PREPARATION AND PROCESSING AND SPECIMEN CONFIGURATION 

A 5 wt% solution of P(tBuMA) (Polysciences, Inc.) in cyclohexanone (Sigma Aldrich Co.) was spin-

coated at 3000 rpm, for 40 sec on a Specialty Coating Systems spin coater (Model P6708) onto cover 

glass (#1 thickness) pre-primed with hexamethyldisilazane (Sigma Aldrich Co.). The spin-coated 

substrates were then soft baked in a convection oven for 30 minutes at 90°C and stored in a dessicator 

prior to use. Specimens of 1 cm2 area were sectioned from cover slips for further analysis. The RMS 

surface roughness was determined by AFM; typical values were 17 and 2 nm for fields of view of 

25×25 and 5×5 µm2, respectively. 

 

PDMS (Sylgard®-184) was supplied by Dow Corning as a two part silicone elastomer. The base and 

curing agent were mixed at a 10:1 weight ratio, spin-coated onto atomically flat silicon wafer 

substrates and cured in an ambient environment (25°C and 55% relative humidity) for 48 hours prior 

to any analysis or manipulation. 

 

4.2.2 – AFM INSTRUMENTATION AND PROBES 

The work was carried out on two multi-technique/multi-mode Scanning Probe Microscope (SPM) 

instruments: a ThermoMicroscope TMX-2000 Explorer/Discoverer and a JEOL JSPM-4200. The 

instruments have broadly comparable capabilities and are based on the detection of tip-to-surface 

forces through the monitoring of the optical deflection of a laser beam incident on a force-

sensing/imposing lever. Several scanners (JEOL JSPM-4200 – 25 µm and 85 µm tube scanners, with a 

z-range of ca. 3 µm, and ThermoMicroscope – 130×130 µm2 tripod scanner, with a z-range of 9.7 µm) 

were used in order to cover the scales of lateral topographical and chemical differentiation; the fields-

of-view ranged from 130×130 down to 2×2 µm2. The analyses were carried out under air-ambient 

conditions (20-23oC and 60-70 % relative humidity). 

 

The probe consists of a lever with a tip coupled at one end. The tip-to-surface point of contact defines 

the interaction volume, of molecular size, from which information is extracted, (e.g., topography, 

strength of in-plane and out-of-plane forces, etc.) and through which purposeful manipulation is 

effected. In the context of AFM analysis polymers can be considered to be ‘soft’ objects; imposition of 

forces at the point of contact will cause deformation and indentation (see Appendix A), and will lead 

to an increase in contact area. Accordingly it is necessary to use levers with low force constants (e.g., 
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kN ≤ 1 nNnm-1) in order to avoid these, whereas, using levers with higher force constants (e.g., kN ≥ 4 

nNnm-1) will allow manipulation to occur. The characteristics of probes employed in the present study 

are listed in table 4.1. The data for RTip, Ar and surface chemistry are summarized from the suppliers’ 

specifications and defined in table 4.1. The kN values of the probes were determined from the 

resonance method described by Cleveland et al., [1993] and in Chapter 2, and the torsional kT and 

longitudinal kL force constants were calculated from the expression for a long and thin lever described 

by Gibson et al., [1997] and in Chapter 2. 

 

It must be noted that the etched Si tips were placed on a silicone pad for transport and storage by the 

manufacturer. An unintended consequence of that procedure is that the probes will become coated by 

Poly(DiMethylSiloxane) (PDMS), which forms a thin hydrophobic contaminant layer [Lo et al., 

1999], thereby rendering the probes hydrophobic. 

 
Table 4.1 – Characteristics of probes utilised in this chapter 

 

Tip Rtip (nm) Ar Tip Chemistry kN (nNnm-1) kT (nNnm-1) kL (nNnm-1) 

A <30 <20° Si-oxide/PDMS 0.33 9 6 

B <30 <20° Si-oxide/PDMS 0.40 80 53 

C <30 <20° Si-oxide/PDMS 6.9 193 127 

D <30 <20° Si-oxide/PDMS 5.2 145 96 
E <10 <20o Si-oxide/PDMS 10.6 230 149 
F <10 <20o Si-oxide/PDMS 4.5 127 83 
G <10 <20o Si-oxide/PDMS 4.6 130 85 
H <10 <20o Si-oxide/PDMS 0.015 3.1 2 
I <10 <20o Si-oxide/PDMS 10.26 222 145 
J <10 <20o Si-oxide/PDMS 0.072 11.3 7.4 
K <10 <20o Si-oxide/PDMS 6.79 147 95.6 
L <10 <20o Si-oxide/PDMS 0.032 5.03 3.27 
M <10 <20o Si-oxide/PDMS 9.21 200 130 
N <10 <20o Si-oxide/PDMS 7.93 172 112 
O <10 <20o Si-oxide/PDMS 7.14 155 101 
P <10 <20o Si-oxide/PDMS 0.098 15.4 10 
Q <10 <20o Si-oxide/PDMS 13.95 302.3 196.5 
R <10 <20o Si-oxide/PDMS 14.02 303.8 197.5 
S <10 <20o Si-oxide/PDMS 0.033 5.18 3.37 

RTip = Manufacturers radius of curvature at tip apex; Ar = quoted opening half-angle of the tip; kN, kL and kT are 
the force constants of the lever for normal, longitudinal and torsional deformation, respectively. 
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4.2.3 – OPERATIONAL MODES 

The following subset of the overall capabilities of the AFM system was used during the present 

project. 

♦ Contact mode: Topographical imaging was carried out at a constant contact force (see Chapter 2, 

section 2.2.2) with a lever-imposed loading in the range 10-100 nN. The scanning rate in the fast-

scan direction was ca. 3 Hz, and a typical image was composed of 300×300 pixels, unless stated 

otherwise. 

♦ Force versus distance (f-d) analysis: The motion of the tip is only monitored in the ±z direction 

while remaining stationary at an x-y location chosen by the operator. A detailed description has 

been given in Chapter 2, section 2.2.3. 

♦ Lateral force analysis (LFM): This mode of operation has been described in detail in chapter 2, 

section 2.2.6. Friction loop data has been acquired using a Macintosh computer-based data 

acquisition system (MacLab ADInstruments) with a total of 2×103 data points acquired per loop; 

the acquisition time per loop was 0.1-0.3 s. 

♦ Lithography: Lithographic patterning of the polymer was carried out by translating the surface 

with respect to the tip at various angles with reference to the fixed geometry of the lever (see 

sections 4.3.1 and 4.5.4) and varying parameters such as loading force, scan speed, tip angle and 

image resolution (see sections 4.5.2, 4.5.3, 4.5.5 and 4.5.6, respectively). Some lithographic 

patterning was carried out under full software control implemented on the JEOL instrument. 

 

4.2.4 – DATA PROCESSING 

Topographical images were processed by subtraction of background. The raw results of both LFM and 

f-d analysis are presented without any further processing. 

 

4.3 – LITHOGRAPHIC RESULTS ON P(TBUMA) 

4.3.1 – TOPOGRAPHIC ANALYSIS  

The surface topography of the P(tBuMA) film was imaged by AFM in the constant force contact mode 

using tip ‘A’ (described in table 4.1). A typical outcome for a P(tBuMA) surface is shown in a 3-D 

format in figure 4.1. Some particulate contamination was evident, arising from fabrication and 

handling conditions. The RMS surface roughness was determined; typical values were 4 and 2 nm for 

fields of view of 25×25 and 5×5 µm2, respectively. 
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Figure 4.01 – Surface topography 

of unirradiated films of P(tBuMA) 

over a 5×5 µm2 field of view, 

using tip ‘A’ described in table 

4.1. The image is shown in a 3-D 

format. The z-scale is shown in 

nm. 

 

4.3.2 – TIP-INDUCED ALTERATION OF SURFACE STRUCTURE AND SURFACE CHEMISTRY 

The manipulation of a surface, due to scanning in the contact mode, is often an undesired effect. This 

manipulation can however be intentional, for example viral nano-dissection [Bushell et al., 1995], 

cellular manipulation [Watson et al., 1999], or the creation of holes and grooves in gold [Schumacher 

et al., 1995]. Interest in the mechanical manipulation of polymer surfaces is also fast gathering 

momentum due to the number and potential commercial applications and low material cost. Polymer 

surfaces can be manipulated on the micro-scale using various well-established methods, including UV, 

with or without subsequent development, as shown in the previous chapter. Tip-induced alteration of 

surfaces by AFM methodologies is becoming increasingly topical and may prove to be valuable. By 

rastering the tip over a polymer surface, it is possible to not only alter it physically, but there may also 

be chemical alteration. An example from recent work in the Griffith University SPM laboratory 

illustrates these assertions [Watson et al., 2003; Blach et al., 2004; Blach-Watson et al., 2004]. 

 

A single raster cycle allows the excavation of a rectangular pit of ca. 8 nm depth and 1×1 µm2 area. 

The feature on the P(tBuMA) surface is shown in figure 4.02 (a). The lever was aligned with the y-axis 

(see figure 2.01 in Chapter 2) while the fast-scan direction was along the x-axis (see figure 2.01 in 

Chapter 2). The image shows that the excavated material has been preferentially deposited at the edges 

perpendicular to the fast scan direction (i.e., when the tip was stationary). Lateral force analysis by 

way of a friction loop (see section 2.26 in Chapter 2) revealed in figure 4.02 (b) that the ‘friction’ 

inside the pit was lower than on the original surface. A frictional contrast represents laterally 

differentiated surface chemistry. Thus the effect of tip–induced surface manipulation is to alter the 

surface chemistry, presumably due to chain scission. 
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(a) 

 
 

(b) 

Figure 4.02 – (a) Topographic image of pit arising from rastering at a normal force of 1 µN using tip ‘F’ 
defined in table 4.1. (b) The trace represents 4 repeat line scans across the field of view in (a) along the y-axis. 
A lower lateral force (FL) was observed when the tip traversed the region of the pit. 
 

4.3.3 – POLYMER LITHOGRAPHY – ELASTIC RECOVERY 

Figure 4.03 shows the results of carrying out single line scans, with the tip moving at a constant linear 

speed (100 µms-1), but for different force loadings (tip ‘F’, table 4.1). As expected, higher force 

loadings resulted in the formation of deeper troughs. At a loading of 60 nN (figure 4.03 (d)) the 

polymer undergoes plastic deformation with a line depth less than 1 nm and a line width of ca. 20 nm. 

The same tip, at lower force loading, was used to image the surface following the lithographic 

procedure. Since elastic recovery of the polymer is likely to take place, there may be some restriction 

on access of the tip to the trough. On the other hand, the force loading used to image the surface (ca. 

20 nN) is a significant fraction of the loading that causes permanent deformation. It is likely transient 

elastic deformation will thus lead to an over-estimate of the extent of surface alteration. An f-d curve 

was obtained on both the polymer and a hard silicon surface in order to determine the extent of quasi-

static indentation (see Appendix A) as a function of force loading (figure 4.03 (g)). The f-d data show 

that for a given normal force the static indentation is an order of magnitude greater than the depth of 

the trough arising from permanent deformation. For example, the f-d data show an indentation of 60-

70 nm while the measured depth of the trough was ca. 6 nm (figure 4.03 (e)). This observation 

suggests that the polymer will recover elastically up to 90% of the total dynamic deformation, while 

only some 10% of the original deformation will not recover. However as the troughs are created from 

dynamic sliding events the probe may be induced to undergo surface planeing (as in the case of a surf 

board) where the polymer elastic response, and the upward force component, restricts the tip to an 

equilibrium depth during the scanning event. This effect would presumably be reduced during the 

quasi-static indentation as that carried out in the f-d mode. 
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(a) (b) 

 
(c) 

 

Figure 4.03 – (a)-(c) Topographic images of P(tBuMA) surfaces after single line scans in the y-direction along 
the long axis of the lever (tip ‘F’, table 4.1) as defined in figure 2.12 (c), section 2.2.7 in Chapter 2. (d)-(f) The 
corresponding line profiles are for lever-induced normal force loadings of 60, 260 and 450 nN. The linear scan 
speed was held constant at 100µms-1. (g) The f-d curve shows extent of quasi-static tip indentation as a function 
of force loading. 
 

Figure 4.04 shows the effect of performing an f-d curve on the polymer surface. The intention was to 

explore the polymer response to increasing force loading. The data show the features of the polymer 

manipulation with two different tips. The asymmetric shape of the indents is due to the lever tilt angle 

where the tip will experience a lateral travel in the y-direction when the scanner is raised up (see 

section 2.27, Chapter 2, figure 2.12). On a frictionless surface this will result in a movement of the tip 

apex by an amount in accord with equation 4.1, where ∆y is the in-plane movement of the tip arising 

from the z-deflection of the lever.  

2 cos 3 sin
2 sin 3 cos

L hz
L h

yβ β
β β

−
∆ = ∆

+
      (4.1) 

where h, L and β are the tip height, length and lever tilt angle, respectively. 

 
It is apparent from figure 4.04 that tips of different shape will produce indentations of different 

geometries. The tip corresponding to figure 4.04 (a) (tip ‘C’ in table 4.1) produces a trough with build-

up of material at all the edges of the tip path. The tip corresponding to figure 4.04 (b) (tip ‘D’ in table 

4.1) shows that the build-up of material is now concentrated at the end of the tip path. The relevant 

height profiles taken along the long axes of the deformations are shown in figure 4.04 (c) and (d). The 

build-up at the end of the trace shown in figure 4.04 (b) suggests that material has been carried along 

and deposited at one location, where the tip is stationary. Conversely, the effect in figure 4.04 (a) is 

reminiscent of simple ‘ploughing’. The respective tip shapes were analysed by ‘reverse’ imaging over 
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an array of conical spikey features; the results are shown in figure 4.04 (e) and (f). The images show 

that the tip corresponding to the outcome in figure 4.04 (a) was symmetrical and spherical. The second 

tip had an asymmetrical shovel-like appearance. These examples highlight the need to determine the 

tip shape when attempting to describe the mechanism(s) of tip-induced alteration of surface structure.  
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Figure 4.04 – (a) and (b) Topographical images of the P(tBuMA) polymer surface after performing f-d curves 
along the long axis of the lever as shown in figure 2.12 (e) (section 2.2.7 in Chapter 2), using tip ‘C’ and ‘D’, 
respectively. The images suggest that the geometry of features arising from plastic deformations will depend on 
tip shape. (c) and (d) The respective line profiles taken along the length of the deformation. (e) and (f) Reverse 
images of the two tips obtained by scanning over a conical spikey array confirm that tip shape is an important 
parameter. 
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Dependence on the duration and sequencing of force loading was explored, figure 4.05 (a). The 

outcomes are imaged within a single field of view; the conditions are summarized in the caption. f-d 

curves were carried out with the shovel-like tip (tip ‘B’, table 4.1). The maximum height of displaced 

and/or redeposited material was taken as a measure of extent of deformation. That height was 

measured and plotted versus the number of f-d cycles (one cycle consisted of approach and retract 

half-cycles). The dependence is shown in figure 4.05 (b) and (c). The rate of increase of build-up of 

material is seen to decrease sharply with the number of cycles (the effect is exaggerated by 

measurement of height as opposed to calculation of displaced volume). The diminishing return is 

probably due to the force loading being spread over an increasingly large contact area for successive f-

d cycles. As well, the displaced material is increasingly being deposited laterally, as well as at the end 

of the scan trace. There may also be a contribution from polymeric strain hardening. 

a b

c

h

d
g

e

f

 

(a) 

 

Cycles

0 200 400 600 800

H
ei

gh
t (

nm
)

10

20

30

40

50

60

70

a

gf
e

d
c

b

h

(b) 
Cycles

0 200 400 600 800

D
ep

th
 (n

m
)

0

5

10

15

20

25

30

35

a

g

d
e

a

f

h

b
c

(c) 

Figure 4.05 – (a) Topographic images (tip ’B’, table 4.1) of a P(tBuMA) surface after multi-cycle f-d 
indentations at different locations (maximum lever applied force FN2 of 600 nN see figure 2.12 (e) (section 
2.2.7, Chapter 2). The line diagrams show that (b) the resulting maximum height of material build-up, and (c) 
the maximum depth of the troughs, depend on the number of f-d cycles. 
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4.3.4 – SHEAR FORCES AND PLOUGHING 

The line profiles in figure 4.03 show that the excavated material is deposited along the length of a 

trench, while the image in figure 4.02 shows that the material can be deposited at the end of a trace 

where the tip reverses direction and is momentarily stationary. Those observations are consistent with 

there being a contribution from a ploughing mechanism. In the case of the JEOL JSPM instrument, the 

lever is tilted by 10o with respect to the horizontal. The lever tilt angle varies with the instrument used. 

In the case when the opening half-angle of the cone is 10o, the forward and reverse angles of attack 

(referenced to the normal to the surface) of the tip will then be 0o and 20o, respectively. These tilt 

angles contribute to the ploughing of the tip. A diagrammatic representation of the tilt angle and 

forward and reverse directions of the tip is presented in figure 4.06 below. The tilt angle must be 

greater than 0° in order to meet the requirements for optimal performance of the optical detection 

system. Geometrical considerations require that the laser beam be reflected from the end of the lever at 

an angle greater than 0° with respect to the z-axis, in order to reach the PSPD. Also, occasionally a 

surface being studied is not perfectly flat which may result in the chip (the anchor to the lever) 

colliding with the surface resulting in misleading imaging conditions, sample damage and/or laser 

misalignment.  

 

 

Figure 4.06 – Schematic diagram 

showing the tip/lever in relation to the 

horizontal surface, tilted at an angle of 

10°. As the tip traverses in the forward 

direction, the attack angle will be 20°, and 

0° in the reverse direction. The tilt angle 

is responsible for the ploughing 

mechanism. 

 

The angle is 10o when the scan direction is perpendicular to the long axis of the lever. The results 

obtained from inscribing linear trenches using tip ‘G’ (see table 4.1) revealed that the lateral force 

increased with decreasing angle of attack, but that the lithographic efficiency decreased (less material 

excavated). Figure 4.07 shows the dependence of the lithographic efficiency, in terms of the cross-

section of the trench, versus the angle of attack, and the ratio of shear force to loading force (FT/FN). A 

normal force of 850 nN and scan speed of 10 µms-1 were maintained constant. The cross-sectional area 

of the trench decreases with increasing ratio of shear force to normal force. The area however 

increases with an increase in attack angle. The relationships between extent of removal of material 

(material removed from the trench and built up on an edge), lateral force and normal force are shown 

in figure 4.08. The linear tip speed was kept at 10 µms-1, and the length of each trench was 3-5 µm. 
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The dependence is non-linear and suggests that a minimum force is required in order to initiate 

removal of material. However, within the experimental accuracy there was a linear relationship 

between normal and lateral force components. 
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Figure 4.07 – The relationships 

between the cross-sectional area of the 

trench on P(tBuMA), the angle of 

attack (♦) (in radians), and the ratio of 

shear force to normal force (■) 

(FT/FN). The normal force and scan 

speed were maintained constant at 850 

nN and 10 µms-1, respectively. 
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Figure 4.08 – The relationships 

between the P(tBuMA) material 

removed, normal force (■) and lateral 

force (□) acting on the lever. The 

measure of removed material is 

essentially the cross-sectional area of a 

trench (depth × width nm2). The linear 

tip speed = 10 µms-1. The length of 

each trench was 3-5 µm. 

 

4.3.5 – NANO-MACHINING OF P(TBUMA) 

Tip-induced nano-machining is shown in figure 4.09. Nanomanipulation using tip ‘C’ (see table 4.1) 

and the appropriate scan speeds and force loadings, can produce structures of various depths and sizes. 

The material that was initially excavated from the wells was deposited along the edges. However, 

subsequent scanning over a larger field of view at lower force loading removed the material from the 

edges indicating that it was loosely bound to the surface. The structure shown in figure 4.09 was re-

imaged after 100 hours; there was no apparent change in height or size of the structure. Accordingly, 

any long-term elastic recovery was below the level of detectability. Figure 4.10 shows a grid pattern 

created for the specific purpose of being a platform for directional motion of molecular motors 

[Watson et al., 2004]. The pattern comprises entry and exit points for molecular motor transportation. 

The specific patterning can also be applied to nano-fluidic templates. 
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Figure 4.09 – The line profiles (a)-(c) show resultant wells with applied force loading and number of raster 
cycles: (a) 680 nN and 2 rasters, (b) 870 nN and 3 rasters, and (c) 680 nN and 7 rasters, for a constant linear 
scan speed of 350 µms-1. (d) Topographic image of P(tBuMA) surface after rastering the tip (‘C’ in table 4.1) 
over the field of view corresponding to lateral size of the square well.  
 

10 µm

Figure 4.10 – A grid pattern 

produced on the P(tBuMA) surface 

with defined entry and exit points, 

using tip ‘M’ in table 4.1. The 

pattern was produced as a platform 

for molecular motors [Watson et al., 

2004]. Another possible application 

is the production of nano-fluidic 

channels. 

 
Scanning at selected linear tip speeds and force loadings force loadings can be used to construct three-

dimensional structures of arbitrary geometry. Figure 4.11 (a) shows a 3-tiered well with terraces 

spaced at ~15 nm. The line profile in figure 4.11 (b) shows relative heights of the 3 tiers. 

 
(a) 

 
 

(b) 
Figure 4.11 – (a) A three-dimensional terraced structure (tip ‘C’, table 4.1) formed by multiple scans at 
different force loadings and linear tip speeds. (b) A line profile of the structure. 
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4.4 – LITHOGRAPHIC RESULTS ON PDMS 

4.4.1 – TOPOGRAPHIC ANALYSIS 

Figure 4.12 shows a topographical image, in 3-dimensional representation, of an unirradiated PDMS 

sample. The topographical image was obtained using a probe with a relatively low spring constant 

(table 4.1, tip ‘C’) in order to evaluate the ‘true’ polymer surface topography with minimal surface 

alteration. This was confirmed by scanning a larger field of view including the previously imaged 

region. The image showed no notable change in surface characteristics/relief and no build up at the 

scan edges. The surface roughness for a 1 µm square region was 0.5±0.1 nm.  

 

Figure 4.12 – High resolution 

Topographical image (3-d 

representation) of the 

unirradiated PDMS surface. 

 

Figure 4.13 shows f-d curves obtained on a ‘hard’ surface (clean silicon wafer) and the PDMS surface 

showing the extent of tip indentation. The slope of the f-d curve taken on the PDMS surface shows 

significant out-of-plane deformation of the polymer. At a force of 600 nN, the tip indents ca. 960 nm 

into the PDMS surface. The data was obtained using tip ‘K’ defined in table 4.1. 

 

 

Figure 4.13 – F-d curves on 

incompressible and PDMS 

surfaces showing the extent of tip 

indentation. An indentation of ca. 

960 nm is evident for an imposed 

force of ca. 600 nN. 
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4.4.2 – IMAGE DISCONTINUITIES IN THE SLOW SCAN DIRECTION 

Figure 4.14 shows a topographical image of a PDMS surface obtained by scanning a cantilever (tip 

‘O’) with probe characteristics described in table 4.1. The lever was scanned at a velocity of 125 µms-1 

in the constant normal force mode. The applied normal force was 952 nN and the fast scan direction 

was perpendicular to the long axis of the lever with a scan size of 20×20 µm2, that is, along the x-axis 

(see figure 2.01, section 2.2.1, Chapter 2). The image was generated from 300 scan lines. The image 

shows a series of similarly spaced discontinuities along the slow scan direction, that is, along the y-

axis (see figure 2.01, section 2.2.1, Chapter 2). In contrast P(tBuMA) showed no such discontinuities. 

The discontinuities in the image suggest that the polymer-to-tip contact undergoes some form of 

instability (see Appendix B) where new contact points are established during the imaging cycle. 
 

5 µm

Slow
Scan

Fast Scan

 

Figure 4.14 – Topographical 

image of PDMS during the 

acquisition of an image showing 

the formation of similarly spaced 

discontinuities. The inset shows 

the orientation of the lever (tip 

‘O’, table 4.1) 

 

In order to gain greater insight into this process, contact and lateral force images of the scanned area 

were carried out using a probe with a force constant approximately 3 orders of magnitude less than 

that for the initial scanning of the region (tip ‘P’ table 4.1), thus precluding any further alteration of the 

surface. The topographical image in figure 4.15 (a) shows an array of troughs created during the scan 

cycle. The spacing of the troughs (line profile along the slow scan direction in (b)) correlates well with 

the discontinuities observed in figure 4.14. The line depths are in the range of 159-256 nm. The 

lengths of the troughs along the fast scan direction are less (around 22 µm) than the scan lines in the 

original image 20×20 µm, figure 4.14, taking into account the overscan of the image (a 20 µm scan in 

the fast scan direction corresponds to actual tip travel of 24 µm along the fast scan direction). The 

overscan ‘artefact’ arises in the case of the TopoMetrix instrument, where the manufacturer has 

attempted to eliminate effects of static friction at the commencement of each scan line. The lateral 

force image in figure 4.15 (c) reveals the troughs and a series of sloping lines connecting successive 

troughs. The discontinuities/troughs are spaced around 1.8 µm apart. Because the raster pattern is 

composed of 300 scan lines, the scanning stage movement for a 20 µm image incorporates 300 scan 

lines spaced 66 nm apart. Thus there will be ca. 27 scan lines for a 1.8 µm path along the slow scan 

direction. 
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Figure 4.15 – (a) Topographical image and 
contour line (b) along the slow scan 
direction, and (c) a lateral force image 
scanned over the manipulated region using a 
soft lever (tip ‘P’, table 4.1, FLoad = 223 nN) 
showing the resulting horizontal troughs and 
the lines connecting each successive one. 

 

4.4.3 – STICK-SLIP IN THE SLOW SCAN DIRECTION 

The topographical and lateral images indicate an interesting mechanism of tip-induced manipulation of 

the polymer surface. In the ‘normal’ mode of operation on a hard surface e.g., silicon, successive scans 

along the fast scan direction are implemented by movement of the stage along the slow scan direction 

resulting in travel of the tip apex equal to the stage movement (for large stage movements of 10’s of 

nm). This is not the case for the PDMS surface due to the tip being elastically restrained at a stick 

point. When lateral restraining forces exceed that of the opposing lever-imposed force, while the 

polymer surface undergoes lateral relaxation, a movement of the stage of approximately 1.8 µm is 

required before the tip is released to the new equilibrium position. Figure 4.16 shows a schematic 

diagram showing the behaviour of the stick-slip mechanism in the slow scan direction. As the tip 

sticks along the slow scan direction, with each progressive scan in the fast direction it is further 

embedded into the surface. However, the stage travel will generate an increasing lateral force. The tip 

is released when the latter exceeds the restraining force of the trough. 
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Figure 4.16 – A schematic 

showing the stick-slip 

behaviour in the slow scan 

direction. With each 

progressive scan in the fast 

direction, the tip will create a 

deeper trough creating a larger 

potential barrier in the slow 

scan direction. Simultaneously 

stage travel will generate a 

greater lateral force. The tip 

will escape when the latter 

exceeds the static ‘friction’ in 

the slow scan direction. The tip 

then slips onto its next stick 

position. 

Thus at the start of the scan cycle the tip travels across the surface of the polymer in the fast scan 

direction. The tip remains in the trough during successive scans and removes more polymeric material 

as the scanning continues, while being deflected in the direction of the slow scan, until a lateral force 

causes escape from the stick-region, and allows the next point of tip-polymer stability to be 

established. That is, the effective spring constant of lateral interaction exceeds the longitudinal spring 

constant of the lever, when the tip is trapped, while the reverse is the case when it escapes in a 

discontinuous manner. As a consequence, only a small spatial region along the slow scan direction is 

imaged. As there will be significant polymer deformation during this process the stick region along the 

slow scan direction will be dragged along due to the longitudinal/buckling force imposed by the lever 

and displaced to the tip polymer contact region. Figure 4.17 (a) illustrates the stick mechanism along 

the slow scan direction during the acquisition of an image using a stiff lever (tip ‘O’, table 4.1). The 

formation of the stick start and end cycles is clearly evident, where one of the broad horizontal bands 

represents one full stick cycle. Figure 4.17 (b) shows a lateral force image, clearly revealing the stick 

(the horizontal lines) and slip lines. The yellow arrows point out the path taken by the tip while 

slipping from one stick line to the next. Figure 4.17 (c) is a diagrammatic representation of this event, 

where the tip begins its raster motion at point A towards point B, becoming ‘stuck’ within the orange 

bands until the buckling spring constant of the lever exceeds the constant of the restraining force 

causing the tip to slip into the next stick line. 
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            (c) 

Figure 4.17 – (a) A topographical image of PDMS during 
the acquisition of an image showing the formation of the 
stick start and stick end cycles, where one of the broad 
horizontal bands represents one full stick cycle. (b) shows 
a lateral force image scanned over the manipulated region 
with a soft lever (tip ‘P’, table 4.1) showing the resulting 
stick lines and the path taken by the tip during the slip 
stage (yellow arrows). (c) A diagrammatic representation 
of the tip sticking, A to B, then slipping through to the next 
region. Tip orientation is shown in the inset in (a). 

 

Although stick-slip behaviour has been observed macroscopically for many decades, its 

micro/nanoscopic behaviour has only been investigated for a short period of time. Early attempts at 

gaining insight into the stick-slip process include those by Rabinowicz, [1965] who used the pin-on-

disk tribometer, Gee et al. [1990] used the surface-force apparatus and Kato et al. [1970] utilised the 

machine tool slideway. They made various observations based on their experiments. One included that 

the amplitude of the stick-slip decreases as the driving speed, damping coefficient and the pulling 

stiffness increases and the mass of the scratching object decreases. The other observation was that the 

frequency of the ‘chatter’ motion increased with an increase in the driving speed. The maximum value 

of this frequency approached the undamped natural frequency of the system. In some cases, however, 

it was found that the oscillation ceased at a level below the natural frequency [Dokos, 1946; Bell and 

Burdekin, 1969-70]. In general terms stick-slip behaviour occurs when a reasonably flat surface is 

‘scratched’ with a sharp object, and is induced by a frictional oscillation of the ‘scratching’ object, 

commonly observed at slow sliding speeds where the static friction coefficient exceeds the kinetic 

friction coefficient. The static friction is the force required to break away from a stick condition, and 

the kinetic friction is the force needed to maintain relative speed motion [Zhang and Li, 2003]. 
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The first reported stick-slip behaviour on the nanoscale was by Mate et al., [1987]. The study involved 

utilising lateral force microscopy and measuring lateral forces at the atomic scale using a tungsten tip 

and a graphite surface. At a load range of 7.5×10-6 to 5.6×10-5 N stick-slip response was observed 

showing a periodicity equal to that of the lattice parameter of the a-b plane of graphite. The 

phenomenon is the origin of the misguided belief that contact mode imaging by AFM can in some 

cases reveal atomically resolved information.  

 

As the buckling and normal forces are both detected on the T-B segments of the detector, it is difficult 

to decouple experimentally the contributions of these deformational modes of the lever. However, 

because the L-R detector measures lateral forces imposed on the lever orthogonal to both the normal 

loading forces and the long axis of the lever (where the normal force is sensed on the T-B segments of 

the detector), then the lateral twisting of the lever can be monitored simultaneously with minimal 

cross-talk between the two signals. 

 

In the case of stick-slip being observed on the meso-scale on soft and disordered surfaces, such as 

polymers, the literature is relatively silent. Accordingly it was decided to explore the phenomenon in 

some more detail. 

 

4.4.4 – CONSIDERING THE IN-PLANE DISPLACEMENT IN THE FAST SCAN DIRECTION 

Five representative friction loops are shown in figure 4.18. Part (a) shows a calibration loop on a clean 

silicon surface, with parts (b), (c), (d) and (e) showing progressive loops taken on the PDMS sample 

(tip ‘I’, table 4.1). The friction loops were acquired in the fast scan direction and taken during the 

imaging cycle of 300 scan lines. Thus the friction loops show the progression of the lateral forces 

when the tip is restricted along the slow scan direction, that is, trapped within the progressively formed 

trough in the y-direction (see figure 2.01 in Chapter 2). The vertical scale of the friction loop (∆Vx in 

figure 4.18 (d)) refers to the signal from the left-right (L-R) segments of the detector which monitor 

the torsional twisting of the lever. The x-stage displacement of the stage is monitored on the horizontal 

scale, with ∆x in figure 4.18 (d) representing the in-plane deformation of the polymer surface (the 

extent to which the stick point is dragged along in response to the lever-imposed lateral force). The 

inset in part (a) shows a very steep slope – as would be expected for a stiff non-compliant surface. In 

this case, in-plane sub-nanometre sample deformation and tip bending contribute to the static friction 

region of the friction loop. The point at which the motion of the tip and sample are coupled (for the 

polymer-tip contact), that is, due to the static friction, is also shown in part (d) and is represented in 

green. It can be measured directly by monitoring the slope with respect to the vertical axis. The 
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dynamic amplitude and spacing of the stick-slip features are also defined. The apparent complete 

dynamic stick-slip breakdown in (e) is further examined in section 4.4.6. As a result, the breakdown 

has been omitted from the results in section 4.4.5. 

 

 

Figure 4.18 – (a) Calibration friction loop obtained on a silicon surface with the inset showing the detail of the 
vertical slope. (b), (c), (d) and (e) Friction loops obtained on a PDMS surface (tip ‘I’, table 4.1) showing the 
progression of the stick-slip behaviour in both the x and y directions. The loop in (b) represents the beginning of 
a cycle with an increase in lateral force in both the x and y scan directions, progressing to the loop in (c) and 
finally to (d) which clearly shows the characteristic stick-slip features. A few rasters prior to the tip slipping (e), 
the stick-slip features degrade completely. ∆Vx in part (d) represents the L-R detector signal with ∆x showing 
the lateral (in-plane) displacement of the stage (see also section 2.1.6 in chapter 2). 
 

Figure 4.19 shows a schematic representation of the stick-slip behaviour in the fast scan direction. As 

the tip moves across the surface (x-direction) it becomes stuck at the first stick point (orange band) 

until the torsional force of the tip exceeds the stick force whereby the tip then slips and jumps to its 

next stick position, repeating the cycle in both the forward and reverse directions of travel. 

 

Figure 4.19 – Schematic 

representation of the fast 

scan stick-slip motion of the 

lever. The lever is oriented 

orthogonally to the direction 

of travel (i.e., along the x-

direction). 

 

The lateral force response of the lever in figure 4.18 was obtained with tip ‘I’ (see table 4.1) while 

scanning with a loading force of 1113 nN. The friction coefficient on the Si surface is 0.1 ± 0.05 

which is in close agreement with values in the literature (e.g., 0.09 ± 0.03 [Crossley et al., 1998]). The 

lateral force on the PDMS surface, in contrast to that of the silicon surface, shows a change in 
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magnitude as the scanning cycle progresses (b-d) with an increase in lateral forces to 2471 nN (∆FL in 

figure 4.18), as the raster progressed. Initially, at the start of the stick cycle in the slow scan direction, 

the lateral force is 1235 nN (FL in figure 4.18) and shows no stick-slip behaviour. Toward the middle 

and end of the cycle, however, the stick-slip responses of the lever/tip are evident. The periodicity and 

amplitude in the dynamic region of the stick-slip responses are almost identical (see figure 4.18 (d)).  

 
The initial stick response in the static friction parts of the friction loop shows an in-plane deformation 

of the polymer surface of ~ 1.5 µm at the start of the stick region along the slow scan direction, and 

increases to 5.2 µm at the end of the stick-slip cycle. Thus, significant deformation of the polymer 

surface is experienced during the scan cycle, and the trapping force increases as the cycle progresses. 

The distances between stick-slip regions in the fast scan direction in figure 4.18 show a spacing of ca. 

2.3 µm. This is similar to the distances observed in the spacing between stick-slip regions along the 

slow scan direction at the same ‘normal’ force loadings. The lateral force response of the probe along 

the two directions can be attributed to the corresponding force constants kT (222 nNnm-1) and kL (145 

nNnm-1) which are similar in magnitude.  

 

The in-plane displacement (∆x) of the stick point shown in figure 4.18 was found to vary with loading 

force, that is, as the normal force was increased, the spacing between stick lines increased, reflecting 

an increase in trapping efficiency with normal force. Figure 4.20 shows topographical (a) and lateral 

(b) images for PDMS taken during the acquisition of a 10×10 µm2 image, while the loading force is 

changed during the scan. The image clearly shows an increase in the number of horizontal lines with 

the decreasing load. 

 

2 µm

1237 nN

579 nN

251 nN

 (a)
2 µm

 (b)
Figure 4.20 –Topographical (a) and lateral force (b) images (tip ‘J’, table 4.1) of PDMS taken during the 
acquisition of an image showing an increase in the number of horizontal lines with a decreasing loading force. 
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Figure 4.21 shows the resulting topographical image using a soft lever (tip ‘I’, table 4.1) over the 

manipulated area shown in figure 4.20. It is clearly seen that the trough spacing increases with the 

increasing loading force. Another interesting observation is that the trough lengths increase with 

decreasing loading force in agreement with the in-plane deformation data, as inferred from 

corresponding friction loops (see figure 4.22). This effect can be attributed to the increase in static 

friction with normal force, causing greater surface relaxation, and thus a shorter track length of 

dynamic friction. The initial acquisition of the image using a stiff lever (designation ‘J’ in table 4.1) 

was over an area of 10×10 µm2. There is a 2.56 µm overscan in the x-direction (that is, the fast scan 

direction as seen in the inset in figure 4.21 below) associated with imaging on a ‘hard’ surface over 

that scan area due to scanner displacement, that is, a 10×10 µm2 pre-set scan range will produce an 

image of 12.56×12.56 µm2. In figure 4.21 the resultant trough length for a 251 nN loading force is 

12.4 µm. As the polymer deforms, it restricts the tip from scanning fully across its full range of 

12.56×12.56 µm2. Therefore, the trough is 0.16 µm short of a full scan at a loading force of 251 nN, 

2.26 µm at 579 nN and 5.46 µm at 1237 nN. 

 

1237 nN

579 nN

251 nN
12.4 µm

10.3 µm

7.1 µm

Slow
Scan

Fast Scan
Figure 4.21 – Topographical image 

scanned over the manipulated region 

using a low spring constant lever (tip 

‘I’, table 4.1) showing the increase in 

lateral displacement (from 7.1 µm 

upto 12.4 µm) with a decrease in 

loading force. Also, an increase in 

length of trough with decreasing 

normal force is evident. 

 

Figure 4.22 shows representative friction loops taken in the middle of the scanning cycle (20×20 µm2 

scan area). These show the extent of in-plane displacement of the stick-point as the loading force is 

increased while scanned using the same probe (tip ‘R’ described in table 4.1). Segments (1) to (4) 

show the extent of increase in displacement with an increasing loading force. These were; (a) 1168 

nN, (b) 2629 nN, (c) 4089 nN, and (d) 5550 nN, with the corresponding in-plane displacement of the 

polymer values of (1) 4.3 µm, (2) 6 µm, (3) 7 µm, and (4) 9.7 µm, respectively. This effect, again, 

shows that the increase in static friction with loading force causes the surface to relax thereby 

shortening the track length of the dynamic friction trace.  
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Figure 4.22 – Representative friction loops (middle of the cycle) using the same probe (tip ‘R’, table 4.1) but 
varying the loading force; (a) 1168 nN, (b) 2629 nN, (c) 4089 nN, and (d) 5550 nN. Points (1) to (4) show the 
varying increase in the in-plane displacements; 4.3, 6, 7, 9.7 µm, respectively, with increasing loading force. 
 

4.4.5 – DYNAMIC STICK-SLIP AMPLITUDE 

When the loading force was gradually increased during an experimental run over a 10×10 µm2 scan 

area (tip ‘K’, table 4.1), the dynamic stick-slip amplitude (see figure 4.18) was found to increase 

linearly, within experimental error. Figure 4.23 shows a general trend whereby the systematic increase 

in loading force results in the increasing dynamic stick-slip amplitude. The correlation coefficient, R = 

0.099. 
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Figure 4.23 – Dynamic stick-

slip amplitude dependence on 

increasing loading force, 

measured using tip ‘K’, 

defined in table 4.1. R = 

0.099. 

 

A simultaneous measurement of the number of dynamic stick-slip points and distances between them 

is shown in figure 4.24 (a) and (b), respectively. The graphs show a clear decline in the number of 

stick-slip points and an increase in the distance between them with an increase in loading force in 

agreement with friction loop data shown in figure 4.22. 
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Figure 4.24 – (a) Trend 

showing a decrease in the 

number of stick-slip points, and 

(b) an increase in the distance 

between two stick-slip points 

with an increasing loading force, 

measured using tip ‘K’ (table 

4.1). Note that the displacement 

of the scanner remained constant 

at 10 µm. 

 

4.4.6 – DYNAMIC STICK-SLIP BREAKDOWN IN THE FAST SCAN DIRECTION 

A few rasters prior to the slip of the tip in the slow scan direction, the dynamic stick-slip features in 

the fast scan direction completely degrade as seen in figure 4.18 (e). This behaviour becomes more 

prominent as the loading force is increased. Figure 4.25 shows a diagrammatic representation of the 

behaviour responsible for this event. The tip progresses along the slow scan direction during the 

acquisition of an image resulting in an increasing buckling force which pushes the tip upwards and 

against the compliant polymer surface, as shown in (a). The surface of the polymer applies an 

opposing force, forcing the tip to slide further up its walls, as seen in (b). The continuing slow scan 

movement  within the trench imposes an increasing buckling force on the lever, bending the tip further  
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until finally the sides of the tip and the polymer slide against each other resulting in the stick-slip 

failure as described in (c). In essence, the model proposes that the tip will no longer ‘sense’ tip-

induced corrugations in the fast scan direction when the lateral tip-induced force in the slow scan 

direction forces the tip to partially slide out of its trough, just before it slips to a location where a new 

trough can be generated. 

 

 

Figure 4.25 – Diagrammatic representation 

showing the behaviour leading to the loss of 

the dynamic stick-slip breakdown just prior 

to slipping. (a) As the tip progresses along 

the slow scan direction, the increasing 

buckling force pushes the tip upwards and 

further against the compliant polymer 

surface, which applies an opposing force 

(b), until finally only the side of the tip 

slides along the polymer before it slips into 

the next stick position shown in (c), 

repeating the cycle. 

 

The spacing of the dynamic stick-slip features during the manipulation process does not correlate with 

the spacing after manipulation has been done. This inconsistency is a result of a combination of plastic 

and elastic deformation during the image acquisition/manipulation process. The topographical and 

high resolution lateral images in figure 4.26 show evidence of ‘real’ plastic deformation obtained 

using a soft non-manipulating lever (tip ‘S’ in table 4.1), after manipulation with a hard lever (tip ‘R’ 

in table 4.1) had been carried out. During manipulation, the polymer experiences both plastic and 

elastic deformation with elastic recovery occurring after the tip-induced manipulation is completed. 

These effects can be seen when comparing the stick-slip features in the friction loops (see figure 4.22 

(d) in section 4.4.4) during manipulation, and the features seen when the same area is subsequently 

imaged with a soft lever (figure 4.26), whereby evidence of only the plastic deformation remains. 

 95



1 µm

(a)
(b)

(c)

5 µm

 

-29.3

-24.65

-20 nA

0 3.45 6.9 µm

-28.9

-24.6

-20.3 nA

0 3.45 6.9 µm

-29.9

-24.05

-18.2 nA

0 3.45 6.9 µm

(a)

(b)

(c)

Figure 4.26 – Topographical image of a manipulated area (top) and a zoomed in high resolution lateral force 
image (bottom) of the manipulated area (FLoad = 5550 nN) using a soft lever (tip ‘S’, table 4.1). The line profiles 
on the right show the progression of the plastically deformed trenches, from the middle (a), at the height of the 
stick-slip formations, through to the final stage (c), before the tip slips through to the next stick phase. 
 

4.4.7 – LOADING FORCE DEPENDENCE 

The dependence of the lateral force on loading force (tip ‘O’, table 4.1) for the start, middle and 

toward the end of the scanning cycle, while in the confined trough, is shown in figure 4.27. The 

relationship is linear within experimental error upto the point when the tip is close to escaping from 

the confining trough. 

Loading Force (nN)

-200 0 200 400 600 800 1000 1200

Fr
ic

tio
na

l F
or

ce
 (n

N
)

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

5500

6000

Start of Cycle
Middle of Cycle
End of Cycle

 

Figure 4.27 – Dependence 

of lateral force (nN) on the 

loading force (nN) for three 

successive stages of the 

cycle using tip ‘O’ (defined 

in table 4.1). Correlation 

coefficient, R = 0.986, 0.986 

and 0.994 for the start, 

middle and end of the cycle, 

respectively. 
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Figure 4.28 (a) shows a comparable linear dependence of the lateral force on various force loadings 

using a similar stiff lever (tip ‘K’, table 4.1) in the middle of the scan cycle of the slow scan direction. 

Due to the loading force applied by the probe showing a strong dependence on the lithographic 

outcome, at higher force loadings the elastic limit of a softer surface will be exceeded and thereby 

resulting in plastic deformation. In this case, the area of contact can be proportional to the loading 

force (Greenwood et al., 1967). The relationship between loading force and number of troughs per unit 

length, depth and spacing is shown in figure 4.28 (b), (c) and (d), respectively, again using tip ‘K’ 

defined in table 4.1. The results show that the number of troughs per unit stage displacement decreases 

as the loading force increases due to the tip being embedded deeper into the surface, thus causing an 

increase in contact area, greater trapping and consequently greater torsional lateral force required to 

escape from the trap. This also results in the depth and trough spacing increasing with loading force.  
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Figure 4.28 – Dependence of lateral force (R = 0.999) (a), number of troughs created per unit stage 
displacement  (b), trough depth (R = 0.963) (c) and spacing between successive troughs (d) on loading force. 
There is a linear dependence of lateral force with respect to normal force. The number of troughs decreases with 
increasing loading force due to the deeper penetration of the tip into the soft polymer surface. This results in an 
increase in the contact area, a higher ‘friction’ (i.e., strength of confining force) and consequently a greater tip-
induced lateral force will be required in order to escape from the stick line. This also results in the depth and 
trough spacing increasing with loading force. 
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Figure 4.29 (a) and (b) shows the resulting topographical and lateral force image, respectively, of the 

five areas (S→W) scanned at different loading forces (82 nN, 218 nN, 491 nN, 764 nN and 1037 nN, 

respectively), corresponding to data presented in figure 4.28. The images are a result of the 

manipulated regions being scanned with a low spring constant tip (‘L’ defined in table 4.1) to ensure 

no further manipulation takes place. From the topographical image in figure 4.29 (a), the squares 

acquired at the lower loading forces (square S and T) are marginally visible indicating that plastic 

deformation of the surface was only modest. There is however, a lateral contrast observed in (b) 

indicating a change in contact geometry between the tip and surface. 
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Figure 4.29 – (a) Topographical and 

(b) lateral force images obtained using 

a soft lever (tip ‘L’, table 4.1) showing 

the five areas previously scanned using 

a stiff lever (tip ‘K’, table 4.1) at 

loading forces of 82 nN, 218 nN, 491 

nN, 764 nN and 1037 nN for squares S, 

T, U, V and W, respectively. The areas 

‘S’ and ‘T’, scanned at a low loading 

force are not revealed by topographical 

contrast, however there is a lateral 

force contrast indicating a change in 

the contact geometry. 
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4.4.8 – ATTACK ANGLE DEPENDENCE 

The slow scan direction can induce buckling of the lever in either the y or –y directions, depending on 

the scan rotation. Unlike in section 4.3.4 where the attack angle is defined with respect to the normal 

to the surface (z-axis) for a simpler definition, in this section the angles are defined with respect to the 

y-axis. The y-buckling is induced at 0° rotation and –y-buckling is induced at 180°. The corresponding 

attack angles, α and β, and geometry are illustrated schematically in figure 4.30. 

 

 

Figure 4.30 – A simple 

schematic representation of the 

lever orientation in the slow scan 

direction. The angles α and β 

represent the ‘attack’ angles 

when the lever moves in either y- 

(0º rotation) or the –y- (180º 

rotation) direction, respectively. 

 

From figure 4.30 above it can be seen that the attack angle α is less than the angle β in the slow scan 

direction, whereas the attack angle, φ, remains constant in the fast scan direction. By resolving the tip-

induced forces for both the in- and out-of-plane forces in figure 4.31 (a), as opposed to the forces 

which the polymer exerts on the tip, it can be seen that when the tip is travelling in the –y-direction, 

the out-of-plane force being exerted on the tip is lower than if the tip were travelling in the y-direction. 

The higher out-of-plane force will allow an easier escape of the tip out of the trough. This will result in 

an increase in the number of troughs created per unit stage travel due to the lower restraining force of 

the probe within the trough, and this will therefore also lead to a decrease in the trough spacing. The 

trough number and spacing are therefore dependent on forces acting in the slow scan direction and 

independent of the fast scan direction.  
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(a) 

(b) 

Figure 4.31 – (a) Schematic 
showing the in- and out-of-plane 
forces. As the tip scans in the y-
direction (coded in blue), the 
leading face of the tip makes an 
angle, α, to the surface, with the 
reactive force, FReactive2 equalling 
the sum of the in-plane force, FIn-

plane2, and the out-of-plane force, 
FOut-of-plane2. Likewise with the tip 
scanning in the –y-direction 
(coded in red). (b) Shows a 
schematic resolving the relevant 
lateral forces. The frictional 
force of the tip, FTF, is the 
opposing force to the leading tip 
face. For example, when the tip 
moves in the y-direction, the 
frictional force corresponding to 
this motion is FTF1 and FPF1 (all 
coded in blue). Any changes to 
the pre-set normal force, FN, as a 
result of friction, topography 
etc., will be compensated for by 
the feedback system, thereby 
resulting in comparable result in 
lateral force. 

 

By schematically resolving the frictional forces of the tip with respect to the polymer surface as seen 

in figure 4.31 (b), one would expect this lateral force to be lower when the tip is travelling in the y-

direction. However, any changes to the pre-set normal force as a result of friction, topography etc., 

will be compensated via the feedback system (when the instrument is operated in the constant force 

mode). That is, in the case of the y-direction angle (α) being lower, the feedback system will 

compensate via an increase in the normal force, FN, in order to maintain the pre-set values. An 

opposing compensation of the normal force will apply when the tip is moving in the –y-direction. This 

should result in the frictional force outcome being comparable. A serious complication, however, will 

arise should an attempt be made at resolving the buckling and bending signals. This would have to be 

attempted by turning off the feedback response and increasing the scan speed in order to minimise 

drift. This is not possible in the present case due to the polymer surface not being sufficiently flat. 
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The trends described above have been observed during preliminary experiments using tip ‘M’ defined 

in table 4.1. Figure 4.32 shows representative graphs demonstrating that when the tip is travelling in 

the –y-direction, there is a higher number of troughs created per unit stage travel due to the lower 

restraining force of the probe within the trough (a), and this, therefore, leads to a decrease in the trough 

spacing (b). These results show that the two different out-of-plane forces, resulting from the attack 

angle of the tip, dominate over the compensating normal force applied by the feedback system. 
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(b) 

Figure 4.32 – The dependence of loading force on the number of troughs created (R = 1 (orange line) and 0.997 
(green line)) (a) and the spacing between them (R = 1 (orange line) and 0.987 (green line)) (b), as the tip 
traverses in either the 0° or 180° direction, using tip ‘M’ (see table 4.1). As the loading force is increased, the 
number of troughs decrease, and the spacing increases regardless of the tips direction of travel. There is, 
however, a dependence of the number of troughs created and the spacing between them on the tips direction of 
travel. 
 
Figure 4.33 shows the corresponding frictional/lateral force as a function of the loading force obtained 

in the fast scan direction. The two curves represent the slow scan travel in both the y- (orange) and –y- 

(green) directions described in figure 4.30 above. The results show no discernable difference in lateral 

force as the feedback system will compensate for any effects which may perturb the pre-set normal 

force.  
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Figure 4.33 – Loading force 
dependence on the lateral 
force. The data (tip ‘M’, 
table 4.1) shows the general 
increase in lateral force with 
increasing loading forces, 
however, there is no clear 
dependence between the 
lateral force and the tip’s 
direction of travel. R = 1 
(orange line) and 0.999 
(green line). 
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4.4.9 – SCAN SPEED DEPENDENCE 

The scan speed refers to the rate at which the probe/scanner travels in the fast scan direction. There has 

been a number of studies with a focus on scan speed dependence of the stick-stick mechanism, e.g., 

Matthias [2001], Butt et al., [1993] and Stark et al., [2004]. These, however, have primarily focussed 

on atomic scale effects taking place between a hard, spherically shaped tip, and an incompressible 

surface. The conditions presented in this study include an incompressible tip and a very soft, compliant 

surface, all on the micron scale. Thus current investigations of scan speed dependence cannot readily 

be correlated be previous work in the literature. Also, the present result should be considered to be 

preliminary. 
 
The first preliminary experiments completed and presented here were carried out using an unirradiated 

PDMS sample, the tip ‘R’ defined in table 4.1, at 300×300 lines resolution, over a 20×20 µm2 field of 

view, with 0° scan rotation (y-direction) and at a constant loading force of 1168.4 nN. The scan speed 

was increased gradually from 75 to 500 µms-1. 
 
Figure 4.34 shows representative data demonstrating a clear dependence of lateral force on the scan 

speed in the fast scan direction. The lateral force was measured in the middle of the scan cycle for 

consistency. As the probe travels across the soft polymer surface in both the fast and slow scan 

directions, the tip sticks and slips due to the relaxation and deformation of the polymer. As the speed 

increases, there is an increase in contact between the sides of the polymer surface and the leading face 

of the tip, resulting in an increase in lateral force in the slow scan direction. Also, the probe may be 

increasingly restrained by the polymer, restricting its motion. A similar trend occurs in the fast scan 

direction, whereby the dynamic stick-slip amplitude also increases as seen in figure 4.34 (b). These 

trends are possibly the result of the relaxation of polymer surfaces increasingly lagging behind the 

dynamic motion of the tip. Alternatively the response of the feed-back loop may increasingly 

exaggerate the response of the surface at higher tip speeds.  
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Figure 4.34 – Representative graphs showing a clear loading force (a) and dynamic stick-slip amplitude (b) 
dependence on the increase in scan speed. 
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The representative data presented in figure 4.35 shows a gradual increase in the number of troughs 

created (a) and a decrease in the spacing between them (b). As the tip scans across the surface, the 

tip/polymer stick points are less stable as the scan speed increases, possibly due to the feed-back being 

unable to track topographical contours. As a result the tip will tend to escape from the stick point more 

easily with increasing scan speed, decreasing the spacing between the troughs. 
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Figure 4.35 – Graphs showing the dependence on the number of troughs created (a) and the spacing between 
them (b) on the scan speed. The data was obtained using tip ‘R’ defined in table 4.1. 
 

Figure 4.36 shows representative data demonstrating the dependence of the number of stick-slip lines 

(a) and the spacing between them (b) on increasing scan speed. As the tip traverses within the trough 

at greater speed, the number of stick-slip lines decreases, with a corresponding increase in the stick-

slip line spacing. The rate at which the polymer relaxes and deforms as the tip traverses the trough 

remains constant. As the scan speed increases, the ability of the polymer to deform fully is inhibited by 

the tip repeating its raster cycle within the slow scan direction stick trough. The polymer spring 

response is slower than the scan speed of the lever. This causes the number of stick-slip lines to 

decrease with a corresponding increase in the line spacing. There may also be a contribution from an 

inability of the feed-back to maintain contact. This possibility will be investigated by reducing the 

feed-back response, which will enable the monitoring of the probe response via the lateral mode. It is 

also possible that the polymer is either ‘softening’, or getting ‘stickier’ due to greater power deposition 

at higher scan speed. By investigating the adhesive interactions of the troughs and surrounding 

polymer surface, it could potentially be determined whether the polymer becomes softer or ‘stickier’. 

These possibilities can be further investigated experimentally utilising the SPM’s various operational 

modes in order to establish which specific effect(s) contribute to these observations, and in what way. 
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Figure 4.36 – Dependence of the (a) 

number of stick-slip lines, and (b) 

the spacing between them, on scan 

speed. The results show a decrease 

in the number of lines and an 

increase in the spacing. 

4.4.10 – IMAGE RESOLUTION DEPENDENCE 

An investigation of the dependence of the number of troughs, trough spacing and depth on image 

resolution has been made. The resolution is defined as the number of lines scanned across a surface to 

obtain an image (e.g., 64, 128, 256 or 512 for the JEOL, and operator determined for the Explorer). 

The number of times the tip traverses in the stick line (trough) increases with increasing resolution. 

Table 4.2 below indicates from experiments that, as the resolution increases, the spacing between each 

successive raster increases, as does the number of scans per single trough created. That is, the higher 

the resolution, the greater the number of times the tip traverses within a single trough before slipping 

to the next stick point. 

 
Table 4.2 – The spacing between each consecutive raster, and the number of scans per trough for a 

scanning stage movement of 10×10 µm2 at various resolutions  

Resolution Single scan line 
spacing (nm) # of scans / trough 

50×50 200 3 
100×100 100 11 
300×300 33 66 
400×400 25 78 
500×500 20 98 
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Figure 4.37 shows the general trends observed as the resolution was gradually increased. The probes 

utilised during and after manipulation were tip ‘K’ and ‘L’, respectively, defined in table 4.1. The 

loading force of 464.7 nN during manipulation, scan speed of 125 µms-1 and field of view of 10×10 

µm2 were all kept constant for consistency. The results in (a) show a drop in the number of troughs 

between a resolution of 100 and 300 lines. The trend is reversed with the spacing (b) and depth (c) 

both rising between 100 and 300 lines. This trend will be further investigated in the near future. 
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Figure 4.37 – Representative graphs 

showing the dependence of the number of 

troughs created (a), the spacing between 

them (b) and their depth (c) on image 

resolution.  

 

Figure 4.38 shows the general features of the stick-slip regime for high (a) and low (b) resolution 

image lithography. As the probe traverses the trough at a low resolution (e.g., 50×50 or 100×100 

lines), the incremental movement of the tip in the y-direction is greater (200 nm for a 50×50 resolution 

as per table 4.2) than that at a high resolution (33 nm for a 300×300 resolution as per table 4.2). This 

results in a lower number of rasters within a single trough allowing the tip apex to be removed from 

the trough stick region. As the resolution increases, the number of rasters within a trough increases 

allowing time for the tip apex to embed further into the polymer surface, trapping the tip within the 

trough more efficiently, and providing a stronger restraining stick region. This results in the reduction 

in the number of troughs created over a scan area.  

 

 105



 
Figure 4.38 – Schematic representation of the general stick-slip features for high (a) and low (b) resolution 
image lithography. At a high resolution (a), the raster increment, E1, is lower than the raster increment, E2, at a 
low resolution (b). The stick region is also greater at a high resolution, that is, D1 > D2. 
 

4.5 – THE THREE POLYMERS COMPARED 

A comparison of the three polymer surfaces used throughout this body of work has been carried out. A 

loading force of 972.5 nN, applied by tip ‘Q’ (defined in table 4.1), at a scan speed of 125 µms-1 and at 

300×300 lines of resolution was used. The three polymer surfaces, and a clean silicon surface were cut 

into small 0.5×0.5 cm squares and placed on a stub. Figure 4.39 shows a series of representative 

friction loops obtained during the scanning of the PDMS surface at the beginning, middle and end of 

the cycle, as well as data for the P(tBuMA), polyimide and silicon surfaces. The loops show an 

increase in lateral force, from 868 to 1421 nN during the generation of a trough on the PDMS sample, 

while constant lateral forces of 316 nN on the P(tBuMA), and 158 nN were measured for the 

polyimide and silicon surfaces. The friction/lateral data also show the varying degrees of in-plane 

deformation, with silicon and polyimide showing a vertical static friction slope indicative of an 

incompressible surface. The PDMS sample shows the characteristic stick-slip behaviour with the 

characteristic loss of stick-slip resolution towards the end of the cycle. 

 
Figure 4.39 – Representative friction loops (FLoad = 972.5 nN) using tip ‘Q’ in table 4.1, taken on all four 
surfaces; PDMS, P(tBuMA), polyimide and silicon. The extent or absence of in-plane surface relaxation is also 
evident. 
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By gradually increasing the loading force, the general trend of the lateral force was observed and 

plotted. The results are shown in figure 4.40 below. The lateral force increases linearly with increasing 

loading force for all the surfaces, however, the absolute increase is quite different. Again, the 

polyimide and silicon surfaces are comparable, showing no resolvable differences. The P(tBuMA) 

surface shows an increase, with the PDMS sample showing the most dramatic increase. In general a 

softer surface leads to greater tip indentation, higher contact area, and therefore a higher lateral force. 

These effects are amplified at higher loading forces. 
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Figure 4.40 – Lateral force 

dependence on loading force for 

all four surfaces, with PDMS 

represented by the start, middle 

and end of the cycle. R = 0.691, 

0.929, 0.857, 0.948, 0.994, 0.961 

for silicon, polyimide, PtBuMA, 

PDMS (Start), PDMS (Mid) and 

PDMS (End), respectively. 

 

The respective coefficients of friction for all of the polymer surfaces were also calculated. The PDMS 

has a range of coefficients of friction for the beginning, middle and end of the cycle of ca. 5.3, 6.2 and 

6.8, respectively. The P(tBuMA), PI and silicon surfaces coefficients are ca. 1, 0.46 and 0.26, 

respectively. The coefficient of friction for the silicon surface is slightly elevated when compared to 

the literature values of 0.09 ± 0.03 [Crossley et al., 1998]. This is due to the tip being contaminated 

after the analysis on the PDMS and P(tBuMA) surfaces. The silicon surface was investigated with the 

tip after the other surfaces in order to reduce the risk of damaging/breaking the tip apex. 

 

Figure 4.41 shows a direct comparison of the out-of-plane deformation of the two ‘soft’ polymer 

surfaces under investigation, that is PDMS and P(tBuMA), using the same tip and experimental 

conditions (tip ‘Q’ defined in table 4.1). Figure 4.41 (a) shows a graphical relationship between the 

force (nN) and indentation (nm), and (b) gives a direct f-d comparison between PDMS, P(tBuMA) and 

the incompressible polyimide surface, which was taken as the model ‘hard’ contact curve. The results 

clearly show the extent of compliance of the soft PDMS surface. As the force increases from 500 nN 
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to 1000 nN and 1500 nN, the PDMS surface indentation was ca. 1385 nm, 1846 nm and 2192 nm, 

respectively. The P(tBuMA) indentation increased until a force ca. 320 nN, after which the indentation 

remained constant at ca. 173 nm. The changes in contact areas for all the samples indicated by the 

indentation curves correlates well with the lateral responses.  
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Figure 4.41 – (a) Force versus indentation curve comparing P(tBuMA) and PDMS, and (b) representative f-d 
curves showing the extent of indentation using tip ‘Q’ in table 4.1. The polyimide curve is taken as the hard, 
incompressible surface as there was no difference when compared to a silicon surface f-d curve. 
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4.6 – SUMMARY 

It has been shown that the AFM modification of a polymer surface is a reliable means of producing 

predictable and well-defined surface features on the nano-scale. The use of the AFM, in comparison 

with other lithographic techniques, such as electron-beam or UV treatment, provides greater spatial 

resolution and eliminates proximity effects. As well, the process is athermal, and avoids the effects of 

deposition of ionising radiation. 

 

The tip-induced manipulation of P(tBuMA) has proven to be an effective method in the creation of 

three dimensional structures in the form of rectangular pits and channels. After the pit formation, 

lateral data confirmed a change in chemistry by way of a lower lateral force within the pit. As the 

loading force is increased, the depth of the pits and channels increases, all other variables remaining 

constant. Elastic recovery of as high as 90% was observed for P(tBuMA), with 10% plastic 

deformation. Channels were created on P(tBuMA) surfaces from dynamic sliding where the probe tip 

may undergo surface planeing, an effect reduced during quasi-static indentation (e.g., f-d curves). 

Effects of the attack angle of the tip/lever in the forward and reverse direction are consistent with a 

ploughing mechanism. 

 

By performing f-d curves on the polymer surface, and then scanning over the region with a lever with 

a low spring constant, it was possible to not only explore the polymer response to increasing force 

loading, but also to investigate the indentations. By using two different tips, it was shown that two 

indentations of different geometries were created. The depth and height of the indentations also 

revealed a dependence on the number of cycles. 

 

It has been shown that by selecting the appropriate parameters, structures such as wells of varying 

widths and depths, grid patterns and three-dimensional terraced surfaces can be produced.  

 

The lithographic results on the PDMS proved to be very interesting and unique. In the process of 

imaging the PDMS surface with a stiff lever, various image discontinuities were observed. By 

scanning over these with a soft lever << 0.5 nNnm-1 (ensuring no further manipulation took place as a 

result of imaging), troughs aligned with the fast scan direction were revealed. These were determined 

to be the result of stick-slip phenomena. An explanatory model was constructed with the aid of friction 

loop analysis, whereby the tip not only sticks and slips within the trough, in the fast scan direction, but 

also from one trough to another, in the slow scan direction. The process was consistently reproduced 

with levers with a spring constant of > 1 nNnm-1. Because stick-slip phenomena on the meso-scale has 
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not been identified previously, it was decided to explore the process in greater detail by considering 

the dependence on loading force, attack angle of the lever, scan speed and resolution. The in-plane 

displacement of the surface in the fast scan direction, dynamic stick-slip amplitude and conditions for 

loss of definition have also been examined. 

 

The data revealed that an increasing loading force will result in an increase in the in-plane 

displacement of the surface, the spacing between the troughs, the depth of the troughs, the lateral 

force, the dynamic stick-slip amplitude and the spacing between them. The rate of increase in lateral 

force with increasing loading force showed no clear dependence on the tips direction of travel, i.e., 0° 

rotation or 180° rotation, in the y- and –y-directions, respectively. The change in rotation did, however, 

show a higher number of troughs created per unit stage travel due to lower restraining forces on the 

probe within the trough. This, in turn, leads to a decrease in the spacing between the troughs. These 

results have also shown that the attack angle of the tip will dominate over the compensating normal 

force applied by the feedback system. 
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CCHHAAPPTTEERR  55  
  

CCOONNCCLLUUSSIIOONN  
 
5.1 – THE CONCLUDING REMARKS 

Surface manipulation on the nano-scale is currently still at an evolutionary stage, with the desire for 

further progress mounting. The main focus of this study has been to develop and demonstrate 

purposeful manipulation on the micro and nano-scale of surface structures and surface chemistry on 

model polymers by scanning probe microscopy and UV exposure. The two techniques investigated in 

this case are UV patterning (in Chapter 3) and scanning probe microscopy (SPM) based 

nanolithography (in Chapter 4). SPM is the generic term for a large family of related techniques. 

Atomic force microscopy (AFM) has emerged as the most popular variation on the theme, and is the 

principal tool of the trade being exploited in the present study. 

 
Surface patterning using an excimer laser, and masking and irradiating with a high intensity ultraviolet 

light were the main irradiation processes adopted. Using the excimer laser to irradiate the P(tBuMA) 

surface showed a volumetric shrinkage revealed via topographical analysis. The polymer also 

exhibited a change from a hydrophobic state to a radiation-induced hydrophilic change. This change is 

a result of photo-oxidation and subsequent generation of COOH – termination, with a release of tbutyl 

alcohol in the presence of H2O. This loss of species, including the possible radiation-induced bulk 

densification and surface reconstruction, will account for the shrinkage. Masking and irradiating with a 

high intensity ultraviolet light was adopted for the polyimide and PDMS surfaces. Shrinkage of the 

polyimide surface was also evident whereas the PDMS exhibited distinct ‘swelling’, presumably due 

to scission of the Si-CH3 and SiCH2-H bonds with a concurrent evolution of trapped gases. 

 
Adhesive and snap-on changes due to the irradiation process were examined (section 3.3.2). The 

P(tBuMA) surface adhesion and snap-on features were analysed in air using a range of tips with 

varying chemistries (Si-oxide, TiN and W2C tips). The results showed a higher adhesive and snap-on 

interaction on the irradiated surface for all tip chemistries. The results are consistent with a native 

oxide layer being present on all of the tip surfaces, creating a uniform hydrophilic surface, and 

therefore a similar tip-to-surface interaction. The PI surface was examined both in air and under water; 

in the latter environment the meniscus layer is eliminated revealing the underlying forces of 

interaction. In air, hydrophilic tips exhibited greater snap-on distances and greater capillary attractions. 

In water however, this capillary interaction is eliminated and a reversal in f-d data is evident. High 

resolution snap-on details (figure 3.13) revealed a distinct attractive trend in air, and repulsive trend 

under water just prior to snap-on. Repulsive trends in water are a result of a combination of 
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electrostatic and van der Waals forces. Adhesion was higher for the irradiated surface in air in 

comparison with unirradiated areas, with the trend reversed in a water environment. The PDMS 

surface showed stronger adhesion on the unirradiated surface in air, in comparison with the irradiated 

area, while the result was reversed in liquid. This is a consequence of the surface becoming 

hydrophilic due to the formation of ozone during irradiation. This in turn causes the hydroxylation of 

the surface layers with a change of polarity. Eventually intense irradiation causes polymer degradation 

with a formation of silicates and amorphous carbon residues whereby the surface hardens, reducing the 

contact area, and therefore adhesion. 

 
Lateral force analysis (section 3.3.3) was consistent with the adhesion data. Friction loop data revealed 

a lower lateral force on the unirradiated P(tBuMA) and on polyimide samples in air, in comparison 

with measurements on irradiated regions. The lateral contrast was reversed under a water environment 

on the polyimide sample. The PDMS surface experienced a higher lateral force on the unirradiated 

region in air and on the irradiated region under water. 

 
Tip-induced manipulation/nanolithography was carried out on the unirradiated P(tBuMA) and PDMS 

samples (chapter 4) using levers with a high spring constant (> 1 nNnm-1). The manipulated regions 

were then imaged using very soft levers (<< 0.5 nNnm-1) in order to examine them in greater detail, 

while ensuring no further surface manipulation.  

 
Various three dimensional structures are machined on P(tBuMA); a single raster cycle results in the 

formation of a rectangular pit. An effect of tip-induced surface manipulation is an alteration of the 

surface chemistry (i.e., a friction loop revealed lower friction inside the pit) (figure 4.02). Single line 

scans resulted in formation of troughs; increasing loading forces had the effect of increasing the 

amount of material excavated. The actual measured depth was not consistent with indentation 

measurements determined from f-d analysis. F-d data showed an indentation of 60-70 nm, whereas the 

measured depth off the topographical images was only ca. 6nm. The observation implies a 90% elastic 

recovery of the total dynamic deformation of the polymer, with only 10% due to plastic deformation. 

Another implication is that as the tip creates the troughs from dynamic sliding, it may be induced to 

undergo surface planeing whereby polymer elastic response and the upward force component both 

restrict the tip to an equilibrium depth during scanning. F-d analysis was also carried out on the 

P(tBuMA) surface in order to explore the polymer response to increasing duration and sequencing of 

the force loading. The results show an increase in both the height of the material build-up and depth of 

troughs, but a dimishing return as the load is being spread over an increasing surface area (figure 

4.05). 
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Tip-induced structures were created as a result on nano-machining of P(tBuMA). A grid pattern was 

produced with the aid of lithographic software by making single line scans perpendicular to each 

other. The grid was created in order to serve as a platform for inducing directional travel of molecular 

motors with both entry and exit points. These features can also be used as nano-fluidic templates. By 

rastering the tip across the surface, and while sequentially increasing the field of view and loading 

force with each scan, a three-dimensional terraced structure can also be produced. 

 
F-d analysis of the PDMS surface resulted in a tip indentation of 967 nm at a loading force of 600 nN, 

indicating the extent of surface compliance. The acquisition of a topographical image with a stiff tip 

resulted in the observation of discontinuities in the slow scan direction. Subsequent scanning over the 

same region with a very soft lever (kN ~ 3 orders of magnitude lower), revealed that the discontinuities 

were associated with the creation of parallel troughs. Simultaneous acquisition of a lateral force image 

revealed a series of sloping lines connecting the successive troughs. This was the result of stick-slip 

behaviour in the slow scan direction. The tip becomes trapped within a trough until the longitudinal 

buckling force of the lever exceeds the effective spring constant of lateral interaction of the polymer, 

and the tip slips into its next stick position, in a repetitive manner. The slip motion (sloping lines 

connecting the troughs) is clearly seen in the lateral force image in figure 4.17 (b). 

 
During the image acquisition, simultaneous friction loop data were acquired revealing stick-slip 

behaviour in the fast scan direction. Friction loop analysis revealed a number of interesting effects. 

There was an increase in the lateral force with increasing scan duration, as the tip was confined to a 

restricted path within a trough. Evolution of the formation of the stick-slip features, including the 

increase in dynamic (see definition in 4.18 in chapter 4) amplitude and spacing, and the subsequent 

breakdown was also observed and investigated. The PDMS surface was found to undergo significant 

in-plane deformation in response to the tip-induced lateral force. It was observed that at a loading 

force of 1113 nN, at the start of the stick regime along the slow scan direction, the deformation was ~ 

1.5 µm, increasing to 5.2 µm at the end of the cycle, correlating with an increase in the trapping force 

with cycle progression. This in-plane displacement was also found to increase with increasing loading 

force, creating greater spacing between the stick lines in the slow scan direction. Simultaneous 

generation of a lateral displacement in the fast scan direction caused a decrease in trough length with 

increasing loading force. This is a result of an increase in static friction with normal force, resulting in 

a greater surface relaxation, and thus shorter track length of dynamic friction. 

 
The dynamic stick-slip amplitude (section 4.4.5) was found to increase with an increase in loading 

force. Towards the end of a cycle, the amplitude was found to break down completely prior to 

slipping. This is presumably due to the increase in buckling force as the tip progresses within the 
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trench, which pushes the tip upwards and towards a laterally displaced point in the trough where it is 

close to being released. 

 
An increase in the loading force gives rise to an increase in lateral force, a decrease in the number of 

troughs per unit length, and an increase in trough depth and the spacing between them. This is a result 

of the tip being embedded deeper into the surface. This, in turn, causes an increase in the contact area, 

stronger trapping and consequently a greater torsional lateral force required to escape from the trough. 

The attack angle of the tip, that is, either the 0° (y-buckling) or the 180° (–y-buckling) rotation, affects 

the number of troughs being created per unit length and the spacing between them. This is a result of 

the out-of-plane force dominating when the tip travels in the y-direction (as shown schematically in 

figure 4.32) enabling an easier escape from the trough, as opposed to the tip travelling in the –y-

direction. As a result, when the tip is travelling the y-direction, fewer troughs are created with greater 

spacing between them. The attack angle did not seem to have an effect on the lateral force.  

 
Preliminary results of increasing the scan speed showed an increase in lateral force and dynamic stick-

slip amplitude, with a decrease in the number of stick-slip points and a corresponding increase in the 

spacing between these. The number of troughs being created also increased slightly with a 

corresponding decrease in the trough spacing. This may be a result of the tip/polymer stick points 

becoming less stable/less efficient, as the speed increases, releasing the tip from the stick point more 

frequently. The inability of the feed-back to maintain contact may also be a contribution, as may be the 

possibility that the polymer is either ‘softening’, or getting ‘stickier’ due to greater power deposition at 

higher scan speed. These possibilities will be investigated in the near future.  

 
By increasing the image resolution from 50×50 up to 500×500, the number of scan lines along the y-

direction is increased. As the probe traverses the trough at a low resolution, there is a higher 

incremental movement of the tip in the y-direction, resulting in a lower number of rasters within a 

single trough. This allows for easier removal of the tip apex from the trough stick region. A higher 

resolution results in the number of rasters within a trough to increase. The tip becomes trapped within 

the trough as the trapping efficiency is increased, providing a more restraining stick region. This 

results in the reduction in the number of troughs created over a scan area. 

 
Finally, a comparison was made of the three polymers and an incompressible silicon surface. Friction 

loop results showed a decrease in lateral force from 868 nN on the PDMS surface (start of the cycle), 

down to 158 nN for both the polyimide and silicon surface for a loading force of 972.5 nN. The loops 

also reveal the extent of in-plane deformation, with the PDMS sample being the softest and the silicon 

and polyimide being almost identical, and essentially incompressible.  
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Dependence of the lateral force on loading force was plotted for all surfaces. Lateral force data showed 

a great deal of change, with the silicon and polyimide surfaces being comparable and showing the 

smallest increase, and the PDMS showing the greatest increase at the end of the cycle. Out-of-plane 

deformation was measured for the two softest polymer surfaces, with the incompressible polyimide 

used as the reference. The data clearly shows the large extent of compliance of the soft PDMS surface. 

At forces of 500 nN, 1000 nN, and 1500 nN the indentation of the PDMS surface was 1385 nm, 1846 

nm and 2192 nm, respectively. The indentation of the P(tBuMA) surface at a loading force of ca. 320 

nN was 173.1 nm. Forces exceeding this resulted in minimal additional indentation of the P(tBuMA) 

surface. At higher force loadings, the contact area of the tip and polymer is significantly increased, 

causing diminishing return in turns of additional indentation.  

 
The coefficient of friction was calculated for all of the surfaces, with PDMS having a range of values 

for the beginning, middle and end of the cycle of ca. 5.3, 6.2 and 6.8, respectively. The P(tBuMA), PI 

and silicon surfaces coefficients were ca. 1, 0.46 and 0.26, respectively, with the value for the silicon 

surface being slightly elevated, with respect to values quoted in the literature, due to the tip being 

contaminated after the analysis on the PDMS and P(tBuMA) surfaces. (The silicon surface was 

investigated with the tip after the other surfaces in order to reduce the risk of damaging/breaking the 

tip apex). 

 
Further work on the PDMS surface is underway, with descriptive and predictive models and 

mechanisms being developed in order gain a greater understanding of the stick-slip mechanism on the 

meso-scale. Further analysis of the dependence on scan speed and image resolution will also proceed. 

The literature is sparse on this phenomenon, particularly on polymeric surfaces and on meso-scale, 

therefore any further investigations will contribute greatly to the understanding and further 

development of methodologies enabling this technique to be utilised in various fields of science and 

technology. 

 
There is no doubt that since Feynman’s after dinner speech in 1959, the progress in discovering, and 

ultimately manipulating materials -(an ‘inner’ universe)- on the nano-scale has progressed. The 

methods by which this can be accomplished are still being developed, refined and investigated. Two of 

these methods have been utilised here in the hope of advancing this capability. Radiation-induced and 

SPM-based nano- and micro-manipulation of polymer surfaces has the potential to contribute greatly 

to the enabling technologies for exploitation in the broad fields of nano(bio)technology and nano-

engineering. Some examples of the many possibilities would include applications in the study of 

sticking behaviour in micro-machined gears and other micro-mechanical devices, various medical or 

environmental biosensors, nanofluidics, drug delivery, and banknote security.  
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AAPPPPEENNDDIIXX  AA  

 
YYOOUUNNGG’’SS  MMOODDUULLUUSS  ––  IINNDDEENNTTAATTIIOONN  ((∆∆zz))  DDEETTEERRMMIINNAATTIIOONN  

 

Young’s Modulus, E, is the coefficient of elasticity of stretching, and can be calculated from F-d data. 

The numerical value for E is indicative of the ‘stiffness’ of the material: smaller values indicate that 

lower stress corresponds to greater strain. Given a particular tip shape, E can be calculated using 

equations 1, 2 or 3 below: 

( ) 22 *
tancone
EF z

π α
∆ = ∆z        (1) 

( ) 1.54 *
3parabola

RF z E z∆ = ∆       (2) 

( ) 2 *cylinderF z RE z∆ = ∆       (3) 

where R is the radius of curvature of the tip, F is the total force, α is the half angle of a conical tip, ∆z 

is the indentation, and E* is the relative Young’s modulus defined in equation 2.17 in Chapter 2. ∆z is 

determined using F-d curves by calculating the distance (nm) between a calibration curve (taken on a 

hard surface) and the approach curve (taken on the sample). Figure A.01 (a) shows an example of ∆z 

determination using a calibration curve on a mica surface with the approach curve on a human hair 

sample [Blach et al., 2000 and 2001]. By plotting ln(∆z) versus ln(F), (figure A.01 (b)), a slope can be 

found to determine the equation (1, 2 or 3) to be used to calculate Young’s Modulus. If the gradient d 

≈ 2, then equation 1 should be used, if d ≈ 1.5, then use equation 2, and finally if d ≈ 1.0 then equation 

3 should be used. 

 

The radius of the contact circle (r) as a function of the indentation (∆z) for the three possible tip shapes 

can be determined using equations 4, 5 or 6 below. 

( ) 2
tanconer z

π α
∆ = ∆z        (4) 

( )parabolar z R z∆ = ∆        (5) 

( )cylinderr z R∆ = = constant      (6) 

The theory of elasticity on the microscopic scale can utilise classical theories (e.g., Hooke’s law in 

terms of stress and strain) due to the fact that the tip indents over 100 atoms of the surface. 
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Figure A.01 - Indentation (∆z) of a 

‘soft’ surface is determined by 

comparison with a calibration curve 

and calculating the distances between 

the two slopes (a). Then ln(∆z) is 

plotted against ln(F) to obtain a 

gradient, d (b). The ‘d’ value 

determines which E equation will be 

used [Blach et al., 2000 and 2001]. 

The Hertz theory describes the deformation, τ, of an elastic sphere under an external load, F, against a 

rigid flat substrate, and can be found using equation 7 below 

( )22 2
3

2

9 1
16

tip

tip

F
E R
µ

τ
−

=        (7) 

where R is the radius of curvature of the tip and Etip and µtip are Young’s modulus and Poisson’s ratio 

of the tip, respectively. Poisson’s ratio is defined as the ratio of the transverse (orthogonal) strain to the 

strain along the direction of elongation. It is useful for determining how much the material extends 

orthogonally to the direction in which the force is applied [Weisenhorn et al., 1993]. 

 

The elastic deformation of the sample from a rigid sphere can be expressed using the following: 

1 ln
2

Rz
R

ηη
η

⎛ +
∆ = ⎜ −⎝ ⎠

⎞
⎟        (8) 

The relationship between the loading force and the contact radius is expressed below: 

( ) ( )2 2
2

ln 2
2 1

s
sphere

s

E RF R
R

η Rη η
ηυ

⎡ ⎤⎛ ⎞+
= + −⎢ ⎜ ⎟−− ⎝ ⎠⎣ ⎦

⎥    (9) 
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AAPPPPEENNDDIIXX  BB  
  

FF--DD  AANNDD  LLFFMM  DDIISSCCOONNTTIINNUUIITTIIEESS  
 

Two cases of discontinuities are presented; the force-versus-distance (F-d) case, and the lateral force 

case. The two are represented schematically in figure B.01 (a) and (b), respectively.  

 

 

 
 

Figure B.01 – Schematic diagram showing the combined action 
of two springs with one end attached to a tip and the other to 
either the fixed point of the lever or a fixed point of the surface, 
for the F-d (a) and LFM (b) case. 

 

The tip is attached to two springs, where both have an associated spring constant (kLever and kSurface) 

and distance from the tip apex to a fixed point. kLever is the spring constant of the lever (e.g., kN, kT, or 

kL), and kSurface is the equivalent force constant of the tip-to surface interaction (e.g., van der Waals or 

electrostatic, etc.). L is the distance from the fixed point of the lever to a fixed point in the specimen. 

This distance changes as a result of the stage travel in either the z-direction for case (a) or the x-

direction for case (b). xApex-to-Surface is the distance from the actual location of the tip apex to a fixed 

point in the specimen, whereas xLever is the distance from the actual location of the tip apex under load 

to a fixed point in the lever.  

 

The spring constant of the lever (kLever) is independent of location or forces, whereas kSurface is a 

function of location of the apex in the force field of the specimen. kSurface increases with a decreasing 

xApex-to-Surface. 
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The combined action of the two springs in series can be defined as a ‘force constant of interaction’, ki. 

Because the actual location of the tip is quasi-static, the movement of the stage is very slow in 

comparison with the time constants for the response fo the system to changes in the strength of 

interactions acting on the tip. As a result, the sum of the forces of interaction will be zero and the 

inverse of the force constant of interaction is defined as: 

 

1 1 1

i Surface Leverk k k
= −  

 

or, rearranging to get the force constant of interaction ki: 

 

Surface Lever
i

Lever Surface

k k
k

k k
=

−
 

 

When the system is stable and continuous, that is, there is no snap-on, lift-off, or stick-slip, kSurface < 

kLever. This case is represented by the slope of an F-d curve, if it is plotted with ∆L-∆xlever along the 

vertical axis and ∆L along the horizontal axis (where ∆L is the change in stage position from an origin 

where no forces are sensed by the lever and ∆xlever is the change in tip deflection from its unloaded 

position).  

 

In the case of the system being unstable, that is, where snap-on, lift-off or stick-slip takes place, kSurface 

= kLever. The stable system will lead to an unstable one due to a traversal of an unstable regime, and/or 

a reversal of the direction of FSurface, which manifests itself as an apparent negative force constant, that 

is, where kSurface > kLever. 
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