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Abstract 
This thesis is devoted to the development of near-field scanning optical microscopy 
(NSOM) for aqueous solutions and to fractal characterization of surfaces with atomic 
force microscopy (AFM) and other methods. 

NSOM combines optical properties from a light microscope and the technique of 
scanning probe microscopy (SPM). With an appropriately configured scanning quartz 
pipette coated with aluminum, an NSOM can be constructed to operate in aqueous 
solution for applications in biology. Many of the technical limitations associated with a 
scanning pipette were circumvented, by the help of a small modulation of the distance 
between the pipette and the sample. This alternating current (AC) method allows the 
pipette to be positioned very close to the sample surface and is robust in obtaining 
reproducible NSOM images in solution. This technique is also compatible with 
fluorescence imaging and fluorescence resonance energy transfer (FRET), and should 
further facilitate the use of NSOM in various areas of cell biology. Technical details of 
this design, and a further characterization of the system, are discussed in the context of 
biological applications, as well as fundamental limitations in comparison to other 
systems. Based on the current technology, it is concluded that better than 50-nm 
resolution should be achievable with this technique for fluorescence and FRET 
imaging of biological specimens. 

The second part of the thesis is devoted to fractal analysis of data from AFM and other 
microscopic methods, such as scanning electron microscopy (SEM), light microscopy 
(LM) and profilometry. Fractal analysis is often necessary for studying surfaces with 
scale-invariant roughness, as is the case for many pre-treated steel surfaces. However, 
fractal parameters are influenced by the finite-sized tip geometry of the AFM stylus, 
and the dependence on AFM tip radius and surface height magnitude is analyzed 
according to different fractal methods. Computer simulations and AFM experiments 
show that fractal dimension is in general underestimated when the tip size is in 
comparison with features on the surface, which may explain why higher fractal 
dimensions are rarely reported in the literature. In addition, the results can be used to 
correct fractal dimension from real surfaces. 

When applied to mechanically pre-treated stainless steel samples, fractal dimension can 
be correlated to tensile strength for single overlap joints. This was shown within a 
length scale of -0.5 - 100 pm, for profilometer profiles, using the Fourier and the Hurst 
algorithms, and for light microscope images, using a texture algorithm. In addition, the 
magnitude of the surface roughness, a parameter not often considered in fractal 
analysis, was shown to correlate to the arithmetic average difference, Ra. Hence, 
traditional parameters, such as Ra, tell very little about the spatial distribution of 
elevation data, in contrast to fractal dimension, and cannot be correlated to tensile 
strength. Moreover, fractal dimension is closely related to the surface contact angle for 
a fluid; a parameter important for adhesion properties. Since contact angle 
measurements are not standard procedures, it would be desirable to investigate the 
surface by a simple profilometer measurement and subsequent fractal analysis to 
determine adhesive properties. This feature is shown for single overlap and durability 
wedge tests of stainless steel, where the roughness factor correlates to the contact 
angle. The results confirm that fractal parameters can be used instead of contact angle 
measurements and that higher strength and better durability properties are expected for 
surfaces with higher fractal dimension. Fractal characterization of surface profilometry 
data can therefore be used to compare different surface treatments and qualitatively 
rank and predict their wetting and adhesive properties. 
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1 Introduction 
Curiosity has always been the main driving force for man's efforts to understand 
nature. The method for exploring the environment is to combine sense impressions 
with logical thinking. In order to reach beyond the limits of seeing, feeling, and hearing 
scientist have extorted many advanced instruments. One of the most important 
contributions is the development of the optical microscope, which has led to crucial 
advances in biology, chemistry, medicine and material sciences. 

1.1 History of Microscopy 

More than four hundred years ago the first microscopic pioneers made their 
discoveries, which are the basis for the remarkable development of the microscopic 
methods today. The improvement of these instruments has simultaneously been 
accompanied by an increased knowledge about microscopic processes in nature and by 
many practical results, such as the defeat of several diseases. The word microscope is 
formed by the Greek words mikros = little and skopein = see, and refers to an apparatus 
with at least two lenses, which gives a magnified image of an object. However, a single 
magnifying glass is also a microscope, more suitably called a single microscope, and 
the first discoveries in the microcosm were done by these single microscopes. It was a 
great step forward when glassmakers learned to polish glass, and Leeuwenhoek (1632-
1723), considered as a skilled lens maker, managed to describe infusion animals and 
sperm-cells with a single lens. Janssen from Holland, probably the first one to use a 
two-lens microscope, made experiments as early as in 1590. However, it was not until 
the Italian Malpighi (1628-1694) developed the microscope further, that the two-lens 
microscope became superior the single microscope. The optical microscope continued 
to develop during the 1700s and until the beginning of the 1900s. About a hundred 
years ago the microscopes had reached almost optical and mechanical perfection, 
thanks to the optical company Zeiss and the work by Abbé. He showed that only small 
improvements could be made and that the spatial resolution is given by the diffraction 
limit, Ax = X/(2NA) [1]. Here NA is the numerical aperture of the lens and X the 
wavelength, giving a theoretical limit of ~150nm. Even i f there is a theoretical limit 
for the resolution there have been improvements in the contrast mechanism, as in the 
phase-contrast microscope (Zernikes, 1932) and the confocal microscope (Minsky, 
1961). 

To further improve the resolution the wavelength has to be shortened. With the 
invention of the electron microscope, EM, (Knoll and Ruska, 1932) electrons with a 
wavelength significantly smaller than the wavelength of light are used, hence giving a 
magnification by up to 500,000 times. Instead of optical lenses, magnetic lenses are 
used to focus the electron beam. Electron microscopes exist as transmission electron 
microscopes (TEM), similar to optical microscopes, and scanning electron microscopes 
(SEM). SEM does not detect transmitted electrons, but reflected electrons in the form 
of backscattered and secondary electrons. The advantage is that samples do not have to 
be thin as in TEM and that some chemical analyses can be made. SEM is today a 
routine method in many sciences, and the microscopes have become small and easy to 
handle. However, drawbacks with the EM technique is the need to coat the sample 
with a conductive layer and that the imaging has to be performed in vacuum. The latter 
means that only dead and fixed samples can be studied. 
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1.2 Scanning Probe Microscopy 

Scanning probe microscopy (SPM) is a common name for the probe techniques that 
were developed after the invention of the scanning tunnel microscope (STM) in the 
early 1980s by Binning and Rohrer [2] at the IBM Zürich Research Laboratory. They 
demonstrated that it was possible to achieve atomic resolution by scanning a very sharp 
tungsten tip close to a sample. The precision in height regulation is due to the 
exponential distance behavior of the tunnel current between tip and sample. By 
monitoring the current and keeping it constant, by a height feedback mechanism, one 
can reproduce the sample on a computer screen, while scanning in a raster pattern. The 
physics of electron tunneling between two metals via an insulator has been known for 
half a century and was measured by Giaever in 1960 [3]. 

In 1986 Binnig and co-workers presented the atomic force microscope (APM) [4]. 
Instead of using a tunnel current as feedback, they measured the force between tip and 
sample through the deflection of the tip cantilever spring. They used a tunnel current 
for the deflection control, but two years later an optical detection method was invented 
by Meyer and Amer [5]. It is based on the reflection of a laser beam on the cantilever 
and is the most common used in AFM today. The advantage of AFM compared to 
STM is that the sample does not have to be conductive, and forces down to 
piconewtons can be measured. This has opened up for a wide range of microscopic 
probe techniques, such as magnetic and friction microscopy, and a variety of 
applications where physical properties can be measured on a nanometer scale. 

In 1984, shortly after the invention of the STM, nanometer-scale positioning 
technology was available. Pohl et al. and Dürig et al. [6-8], re-invented an old idea 
from 1928 by Synge [9], that a microscope with an aperture smaller than the 
wavelength, scanned close to a sample, can bypass the diffraction limit. The technique 
is called near-field scanning microscopy (NSOM or SNOM). The key invention, 
leading to the popularity of NSOM, was the fabrication of such small sub-wavelength 
apertures, which were coated with metal to confine the light. In addition, a feedback 
system was implemented to maintain a constant gap-width of a few nanometers. The 
ability to bypass the diffraction limit triggered the development of several 
configurations that are able to generate optical images with nanometer resolution. The 
most common microscope today is the aperture transmission NSOM, which collects 
the transmitted light from the aperture. However, the difficulty to "squeeze" light 
through sub-wavelength apertures has led to a fast development of apertureless 
techniques. Such technologies should be especially suitable for applications in the 
infrared or the near infrared field, i.e., with longer wavelengths. 

A hybrid microscope in the family of SPM is the scanning ion-conductance 
microscope, SCIM, invented by Hansma et al. in 1989 [10]. The microscope utilizes a 
hollow pipette and the ion-conductance through the pipette to control the height above 
the surface. This technique is a truly non-contact method, specially designed for 
aqueous solutions, and has the nice feature to be able to detect the ion current from a 
porous sample. The microscope is of special interest in this thesis, together with 
NSOM and AFM, and is described in Ch. 2. 
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1.3 The Aim of the Thesis 

The aim of this work is the development of NSOM for aqueous solutions and fractal 
characterization of surfaces with AFM and other methods. NSOM is a technique that 
combines optical properties from a light microscope with the scanning probe technique 
of SPM. The first part, Chs. 2-4 and papers A and B, describes a new type of NSOM 
designed for aqueous solution. The idea is based on scanning ion-conductance 
microscopy (SICM), a scanning probe technique that uses a hollow pipette as probe. 
But instead of only using the pipette to control the distance above the surface, we coat 
it with aluminum and use it as light-guide, as in NSOM. Technical solutions are 
explained and discussed, e.g., the build-up of the microscope and the novel distance-
control system with an oscillating sample. The microscope is suited for applications in 
chemistry, biology and material science and has the capability of single molecule 
detection. In part two, Chs. 5-6 and papers C-E, another SPM technique, AFM, is used 
for general characterization of surface roughness in terms of fractals. Papers D and E 
show the correlation between fractal dimension and adhesive properties, and 
demonstrate that fractal parameters, as a measure of roughness, are more appropriate 
than traditional surface parameters. 

References to Ch. 1 

For the historical review the following sources were used: 

"Encyclopedia of the History ofTechnology", I . McNeil ed. (Routledge, London) 1996. 

"Handbok i mikroskopi", A. Öye (Prisma, Stockholm) 1969. 

1. E. Abbe, Archiv. Mikroskop. Anat. Entwicklungsmech. 9 (1873) 412. 

2. G. Binnig, H. Rohrer, Ch. Gerber, and H. Weibel, Phys. Rev. Lett. 49 (1982) 57. 

3. I . Giaever, Phys. Rev. Lett. 5 (1960) 147 and 464. 

4. G. Binnig. C. F. Quate, and Ch. Gerber, Phys. Rev. Lett. 56 (1986) 930. 

5. G. Meyer andN. M . Amer, Appl. Phys. Lett. 53 (1988) 1045. 

6. D. Pohl, W. Denk, and M . Lanz, Appl. Phys. Lett. 44 (1984) 651. 

7. U Diirig, D. Pohl, and F. Rohner, J. Appl. Phys. 59 (1986) 3318. 

8. U. Pohl, 1986. US Patent US4,604,520. 

9. E. H. Synge, Philos. Mag. 6 (1928) 356. 

10. P. Hansma, B. Drake. O. Marti, S. A. C. Gould, and C. B. Prater, Science 243 (1989) 641. 
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2 Scanning Ion-Conductance Microscopy 
The scanning ion-conductance microscope (SICM) is one of many microscopic 
methods based on a scanning probe. However, the instrument has had a hard time to 
gain popularity, even i f the microscope has a unique way to control the height above 
the sample and can measure the ion flow out from a channel or pit. The reason for this 
unpopularity is the fragile pipette and a less sensitive distance-control system. This 
problem and the principle of SICM will be discussed in this chapter. 

The SICM was developed by Hansma et al. in 1989 [1] and is based on a simple 
principle: the ion current flow through a hollow pipette, filled with electrolytic 
solution. I f a bias is applied between the electrodes in the pipette and in the sample 
bath, there will be a current flowing through the pipette (Fig. 2.1). 

Figure 2.1. The principle of scanning ion-conductance microscopy (SICM), where an ion current is 
measured between the electrodes and used as feedback to control the distance above the surface. 

When the pipette is brought close to the surface there will be a partial blocking of the 
opening, and the ion current will drop. I f the pipette is brought even closer and pressed 
against the surface there will be a total blocking, and no current will flow. Apparently, 
there is a current-to-distance dependence that can be used as feedback to control the 
distance between the pipette and the sample. By monitoring and keeping the current 
constant one can scan the pipette above the surface. 

The ion current through the pipette can be modeled by geometrical considerations and 
Schwab [2] has derived an equation for the current-to-distance dependence: 

2.1 The Principle of SICM 

(2.1) 
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Here U is the bias voltage, Rp the pipette resistance when far away from the surface, 
ra / rj the ratio between the outer and inner radius, r0 the inner radius close to the 
electrode, Lp the distance between the electrode, and the pipette opening, and z the 
distance to the sample surface. The normalized relation is shown in Fig. 2.2 for a 
pipette with a 100 nm opening, with an inner-to-outer diameter-ratio of 0.7:1. 
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Figure 2.2. The normalized current-to-distance relation for a pipette with a 100 nm opening. This 
curve is calculated for a conical pipette with an inner-to-outer diameter-ratio of 0.7:1. 

2.2 Manufacturing of Pipettes 

Pipettes can be made from a variety of glass qualities. The most common glasses used 
in fabrication for micropipettes are borosilicate, aluminosilicate and quartz glass (fused 
silica). However, quartz is stronger than other glasses [3], and for applications 
requiring a low-noise glass, users will find that quartz is superior [4,6]. Even optically, 
quartz is virtually free from fluorescence when illuminated. Before the introduction of 
laser-based pulling machines, the softening temperature together with electrical and 
chemical properties played an important roll. Today the softening temperature is less 
important, as the lasers used in modern machines easily heat up hard glass as quartz 
with a working temperature up to 1000 °C. The lasers also have the advantage that they 
can localize the heat better than gas flames or heating filaments used in earlier pulling 
devices (Fig. 2.3). Other important parameters in the pulling process, such as time of 
heatmg, distribution of the heat, delay, strength and timing of the pull-force can be 
varied in a controlled way, by a programmable microprocessor added to the pulling 
machine. Moreover, glass has the nice property that it preserves its aspect ratio after 
the pulling process. This is important as it guarantees that a cylindrical pipette remains 
cylindrical with a fixed ratio between inner and outer diameter. This is also one of the 
reasons why it is possible to pull pipettes down to 20 nm in diameter [6]. 
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2.3 Prospective and Limitations of SICM 

The spatial resolution for SICM clearly depends of the size of the pipette. Therefore, 
SICM will never beat other probe techniques as AFM and STM in resolution, but it has 
a nice feature that it can measure and map ion currents flowing in or out of membranes. 
This was also demonstrated by Hansma et al. [1], when they detected both topography 
and ion currents through a polymeric membrane. SICM also has the advantage that it is 
a truly non-contact method for aqueous solutions. This is of course desirable for 
applications in biology where the materials are usually very soft. Korchev et al. [7] 
showed this by taking images of living non-fixed murine melanocytes cells, in growth 
media, without disturbing the cells. 

Unfortunately, there are limitations in the distance-control system, as the hollow 
pipette reacts more easily on obstacles beneath it and less on rough features in the 
vicinity around its sides. A natural consequence is that the pipette will easily bend and 
in the worst case damage the specimen, break, or both. To avoid that Prater et al. [8] 
demonstrated a robust microfabricated silicon probe, with a opening of 250 nm, that 
could be scanned close to the surface, at high speed, without breaking. This method is 
promising, but it is hard to manufacture small probes that can compete in size with 
pulled glass pipettes (down to 20 nm). Another way to avoid damages to the pipette 
and the sample is to combine AFM techniques with SCIM. By using a bent pipette, 
both as a tapping cantilever (as in tapping-AFM) and ion-sensing probe, one can 
simultaneously control the distance and measure the ion current [9]. This method is, 
however, not a pure non-contact method, even i f the same tapping technique is used as 
in AFM, where the interaction with the surface is reduced by the oscillation and the 
tapping of the cantilever on the surface. A further remark is that tapping mode is 
somewhat unstable and insensitive in solution compared to in air, so that much of the 
advantage will be lost when applied to SICM. 

Obviously, the original SICM system has some advantage for applications in solution i f 
the pipette is scanned on a "safe" distance above the surface. Korchev et al. [10] 
demonstrated this feature by using a scanning protocol where the distance above the 
surface exceeded the radius of the pipette opening. The motivation they gave for using 
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this distance was that the ion flow, sensing the sample surface, would then be a sphere 
"rolling" over the sample, avoiding the pipette to jump into rough features and crash. 

Korchev et al. [11], and the work in this thesis, demonstrate that SICM can be used for 
other purposes i f applied to near-field imaging. This is realized by coating the hollow 
pipette with aluminum and using it as waveguide, in the same way as for NSOM. 
However, the technique Korchev et al. used, with an increased scanning distance above 
the surface, decreases the spatial resolution and the near-field effect. A solution to 
these problems, and a further discussion of the subject, will be explored in Ch. 3. 

References to Ch. 2 

1. P. K. Hansma, B. Drake, O. Marti, S. A. C. Gould, and C. B. Prater, Science 243 (1989) 641. 
2. E. Schwab, Aufbau und Erprobung eines Raster-Ionen-Leitungsmikroskops (RILM), Diploma 

thesis, Physikalisches Institut, Münster, (1990) p. 8-16. 
3. J. L. Munoz, and J. Coles, J. o f Neuroscience Methods 22 (1987) 57. 
4. J. L. Rae and R. A. Levis, Eur. J. of Physiology - Pfl.gers Archiv 420 (1992) 618. 
5. R. A. Levis and J. L . Rae, Biophys. J. 65 (1993) 1666. 
6. K. Frank and M . C. Becker, Physical techniques in biological research, Vol. 5, Academic Press, 

London (1964). 
7. Y. E. Korchev, M . Milovanovic, C. L. Bashford, D. C. Bennett, E. V. Sviderskaya, I . Vodyanoy, 

and M . J. Lab, J. Microscopy 188 (1997) 195. 
8. G. B. Prater, P. K. Hansma, M . Tortonese, and C. F. Quate, Rev. Sei. Instr. 62 (1991) 2634. 
9. R. Proksch, R. Lai, P. K. Hansma, D. Morse, and G. Stucky, Biophys. J. 71 (1996) 2155. 

10. Y. E. Korchev, L. Bashford, M . Milovanovic, I . Vodyanoy, and M . Lab, 
Biophys. J. 73 (1997) 653. 

11. Y. E. Korchev, M . Raval, M . Lab, J. Gorelik, C. R. W. Edwards, T. Rayment, and 
D. Klenerman, Biophys. J. 78 (2000) 2675. 
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3 Near-Field Optical Microscopy 
Since the invention of the optical microscope by Jansen [1] at the end of the 
16th century, there has been a continuous development of this versatile instrument. 
Many techniques have evolved, as confocal microscopy (Minsky, 1961), two-photon 
excitation (Göppert-Mayer, 1931; Denk, 1990; Piston, 1992), fluorescence resonance 
energy transfer (Lakowicz, 1983; Lieberman et al., 1990; Stryer, 1978; Van Der Meer 
et al., 1994) and others [2-9]. However, it has been known for a long time that the 
resolution is limited by diffraction, and even a perfect lens cannot give a better 
resolution than roughly half the wavelength, i.e., 0.2-0.5 pm for visible light [10]. 
Recently though, Klar et. al. [11] showed that by using stimulated emission in 
fluorescence microscopy the diffraction limit can be bypassed. This idea is based on 
the quenching of the already excited fluorescent molecules by a second "engineered" 
laser pulse that will force the molecules into an upper vibration level, hence stopping 
the emission. The laser pulse has a point-spread function that is modified with a focal 
intensity around the focus point and dark within it, compared to the first excitation 
pulse. This gives an "engineered" fluorescence spot with a spatial resolution of 
90-110 nm. The result is promising, but cannot generally be applied to optical 
microscopy to bypass the diffraction limit. 

The concept of near-field microscopy, first proposed in 1928 by Synge [12], is another 
way to overcome the fundamental diffraction limit. The idea was demonstrated at 
microwave frequencies (A = 3 cm) by Ash and Nicholls in 1972 [13], but it was not 
until after the invention of the scanning tunnel microscope (STM), by Binnig and 
Rohrer in 1982 [14], this idea was rigorously pursued for optical microscopy [15-19]. 
The rationale of this approach is based on the fact that i f the object is brought close to 
the aperture, the illuminated area will not be much bigger than the size of the aperture. 
Therefore, i f an aperture smaller than the wavelength of the illuminating light can be 
fabricated, and is scanned across the specimen, the spatial resolution will no longer be 
limited by diffraction. Indeed, the feasibility of this novel concept has been amply 
demonstrated in many laboratories with the spatial resolution approaching nanometer 
dimensions [20-21]. 

Even though near-field microscopy cannot compete in spatial resolution with probe 
microscopes (STM and AFM) or electron microscopy (SEM and TEM), it has the 
capability to reveal spectral and dynamic properties well into the sub-100 nm region. 
This is a property highly demanded in biology, microelectronis, and medical science, 
and there has been an extensive research during the last ten years to improve and 
develop the technique. 
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3.1 The Principles of NSOM 

There are three different NSOM systems, the classical aperture NSOM, the 
apertureless NSOM and the scanning tunneling optical microscopy, schematically 
shown in Fig. 3.1. Figure 3.1a shows the classical NSOM set-up with a tapered 
waveguide "squeezing" the light through the aperture. The light, illuminating a small 
area in the near-field, will interact with the sample, and the far-field radiation is usually 
detected in the transmission mode, i.e., beneath the sample. Figure 3.1b shows the 
appealing "apertureless" techniques [22-25] where a confined optical field is created at 
the apex of a sharply pointed probe tip by external far-field illumination [26]. This 
technique has shown a wavelength-related resolution down to A/100 and even ÅV106 in 
one case [27], in comparison to about XJ40 for aperture NSOM. Even though the 
relevant near-field optical signal has to be subtracted from a large background of far-
field scattered radiation, the technique is promising and is currently being investigated 
for a wider range of samples. The third configuration (Fig. 3.1c) is the scanning 
tunneling optical microscope STOM (also called PSTM) [28-29], where the 
investigated features have to be located tens of nanometers from the prism surface in 
order to be detectable. 

4 

c) 

Figure 3.1. Schematic drawing of the three categories of near-field optical imaging: (a) Aperture 
NSOM (transmittance mode), where the light is squeezed through a light-guide with an aperture 
smaller than the wavelength and scanned over the sample, (b) Apertureless configuration, where the 
tip is scanned over the sample and the tip-enhanced and surface modulated light field is detected, (c) 
Scanning tunneling optical microscopy STOM, where the electromagnetical surface-field is detected 
by a scanning waveguide. 

The most common of these three is the aperture NSOM (Fig. 3.1a). It is based on a 
tapered optical fiber, a sensitive distance-control system and a scanning piezo for raster 
scanning of the sample. The metal-coated tapered optical fiber serves as a waveguide 
and is usually pulled in a laser-based pulling machine, where the heating, the timing 
and the force applied are varied to get a suitable diameter with a cone angle as high as 
possible. The fiber is then coated with metal, usually aluminum, to confine the light. 
Lately, etching of the optical fibers has become popular [30]. The reason is that etching 
will increase the cone angle from 20°-30° for a pulled fiber up to 42° for an etched 
fiber. A higher cone angle moves the cut-off point in the fiber (where the electrical 
field starts to decay exponentially) further out to the tip, and hence reduces attenuation 
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and increases the transmission. A 100 nm pulled fiber can have a thousand times lower 
transmission compared to an etched fiber with the same dimension [26]. This loss of 
transmission cannot be overcome by an increased power-input, due to the generally 
low damage threshold of the metal coating (<10 mW). 

A further consideration is that the transmission is related to the fourth power of the 
aperture, according to the Bethe-Bouwkamp model [31,32]. So a reduced aperture size 
from 100 nm to 30 nm for an etched fiber will give a 120 times reduction in 
transmission, and also a reduction in the already low signal-to-noise ratio. When 
reducing the aperture-size even more, the strength of the evanescent light field 
compares to the light escaping through the metal coating by tunneling, and the effect of 
a point-like light-source will disappear. This will give a practical resolution limit in the 
range of XJ20 to A/10, i.e., around 20 nm for visible light [33]. 

3.2 Distance-Control System and Limitations for Aqueous 
Solutions 

Another important part of the NSOM is the distance-control system. A reliable distance 
feedback is crucial, as the transmitted field from the near-field interaction with the 
sample varies with the probe-sample distance. An unstable distance-control system 
may break the probe or damage the sample. 

The most popular method to regulate the height is the shear-force method [21], By 
vibrating the probe vertically 1-5 nm, at the resonance frequency, there will be a phase-
shift and amplitude attenuation when the probe is brought close to the sample. These 
shear-forces are not entirely understood, and there might be several mechanisms 
involved, including viscous damping, intermittent contact and electrostatic image 
forces [34-37]. However, the resonance peak, and hence the damping of the amplitude 
or the phase shift, can be detected and used as feedback to control the probe-distance to 
a few nanometers above the surface. This works well for several sample systems and is 
one of the reasons why NSOM has gained popularity in many fields during the last 
years. 

Obviously, this technique should also be attractive for biological applications, where 
one can take advantage of the well-developed repertoire of fluorescent labels and other 
markers. However, a major difficulty at present is the requirement of operating the 
NSOM in aqueous solution when applied to biological specimen [38], For example, the 
highly successful shear-force approach loses its sensitivity significantly due to a 
lowered Q value (increased damping) and the reduced magnitude of the interaction in a 
solution [39]. This makes all feedback systems based on some kind of resonance 
unstable, and so far there have been few successful experiments reported in aqueous 
solution. The obvious conclusion is that a distance control system as found in scanning 
ion-conductance microscopy (SICM) has a great potential, especially as the system is 
made for aqueous solution and is a truly non-contact system. This may have a crucial 
impact for soft samples, where a contact between the tip and the surface may ruin the 
sample. 
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4 Combined NSOM/SICM for Biological Samples 

4.1 The Principle of the Microscope 

The NSOM/SICM microscope combines the distance-control technique for SICM, 
based on the ion current through a hollow glass pipette, and the use of the same pipette 
as waveguide for near-field illumination as in NSOM (Fig. 4.1). Actually, at the 
beginning of the development of near-field microscopy in the 1980s, before the 
invention of SICM, metal-coated pipettes were used as waveguides instead of optical 
fibers. It is therefore surprising that SICM and NSOM have never been combined into 
one microscope until now. 

Figure 4.1. The principle of the combined SICM/NSOM microscope. LS = Light source and 
PMT = Photo multiplier tube. The pipette works simultaneously as a distance-control sensor and as a 
waveguide for near-field illumination of the sample. As the sample is vibrated there wi l l be an 
alternating ion current, which is converted to a DC signal by the RMS average converter and further 
used as feedback. 
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The SICM, described in Ch. 2, has the obvious advantage of being a non-contact 
scanning microscope for aqueous solutions and should therefore be very attractive for 
near-field imaging of biological samples. The main problem, however, is the 
insensitivity in the ion-current distance control system to detect rough features close to 
the sides of the pipette. 

This is a serious problem as the pipette may bend, or damage the sample. As mentioned 
before, Korchev et al. solved this problem by scanning at a "safe" distance above the 
surface, where the distance to the surface exceeded the radius of the pipette. This can 
be understood i f the effective ion-flow is visualized as a sphere "rolling" over the 
surface sensing pits and step features. Unfortunately, this protocol has the disadvantage 
that, e. g., a pipette of 100 nm in diameter has to be scanned at least 50 nm above the 
surface, which limits the spatial resolution. 

As seen in Fig. 4.2 for a pipette scanned 50 nm above the surface, the sensitivity, 
defined as the derivative, will be less compared to a pipette scanned just a few 
nanometers above the surface. Slow drift in electrodes, caused by contamination, will 
also have a greater impact on the distance regulation, as a small change in current 
affects the z-regulation more compared to a pipette scanned closer to the surface. 
Moreover, since the transmitted light through the aperture (pipette opening) is almost 
like a point source, the illuminated area at this distance will be much greater than the 
size of the aperture, and the achievable resolution is expected to be much lower. 
Therefore, to fully utilize the advantage of a small aperture, one must be able to place 
the opening of the pipette at a distance as close as possible to the sample surface. This 
must be done without leaving the pipette trapped by deep features in order to allow for 
stable and reproducible imaging of the specimen at high resolution. 

I/l„ i 

"Safe" distance for a 
100-nm pipette 

0.5 j -

Higher sensitivity but 
vulnerable 

0 

-

0 
0 50 100 150 200 

z-distance (nm) 

Figure 4.2. Ion-current curve versus tip-sample distance for a pipette with a diameter of 100 nm. 
There is a clear difference in sensitivity (slope of the curve) for a scanning protocol of a "safer" 
distance, > 50 nm above the surface, compared to scanning a few nanometer above the surface. The 
gain in stability, when moving the pipette further out, is lost in sensitivity and resolution not only in 
topography but also in near-field imaging. 
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When considering the insensitivity and problems connected with drifts in the 
electrodes, the use of an oscillating pipette, forming an alternating ion current, is an 
obvious solution. So instead of using the static ion current as in the system described 
by Hansma et al. [1] and Korchev et al. [2] we used a piezo-element to drive the 
sample into oscillation at fixed amplitude. The alternating ion current (AC), which 
becomes greater in amplitude when the pipette is close to the surface, similar to that of 
an STM, is used as feedback signal to control the tip position. This scheme allows the 
tip to be placed only a few nm above the sample surface without the difficulty of 
getting trapped by surface features. 

4.2 A Novel Distance-Control Mechanism 

The main idea of the distance control system is to oscillate the sample or the pipette to 
make the pipette "climb" over the sample. As a result, the regular static ion-flow will 
be transformed into an oscillating current on top of the static, DC, current. I f the AC 
component is further converted to a signal proportional to the magnitude of the AC 
component, e.g., an RMS converter giving the RMS average, the signal can be used as 
feedback. The RMS average will be fully compatible with STM without the need to 
subtract a null current as for the DC component in conventional SICM. In addition, the 
AC signal is insensitive to slow drift in electrodes, liquid junction potentials and other 
environmental factors, making SICM/NSOM imaging robust and reliable. 

To fully understand the distance control mechanism one has to characterize the 
alternating current well. The AC component can be derived from the expression of the 
current-to-distance relation shown in Eq. 2.1. Then, by substituting z = z0+ 8sin(o)0t) 
and expanding the equation in the amplitude (5) of the oscillation, one can decompose 
the current into a DC offset and periodic (AC) terms: 

i=J-a-+6k
 s i n ( m f - s 2 • k • s i n 2 ( y + i , (4.1) 

1*0+* (z0 + kf (z0+ky J 

where 

k _ 1.5-ln(rQ/r^r^r, 

and 

I 0 = f . (4.3) 
Kp 

To give a first estimate of the RMS of the current, only the first AC term can be 
retained, even i f higher-order terms will contribute as well. We get the RMS average of 
the first order term by simply multiplying by 1/V2: 

RMS=It.-L.-£±s. (4.4) 
V2 (z0+k) 
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The sensitivity is obtained by comparing the absolute value of the derivative of the DC 
term and the RMS average: 

( z 0 + * ) 

k 

2 ' 42 (z0+kf ' 

k 
(4.5) 

The RMS average is clearly more sensitive than the static term, and is sensitive enough 
for our application, as the distance-control is rather in the nanometer range than in the 
Ångström range (as for STM and AFM). Even i f the system benefits from the 
increased sensitivity, the main advantage is still that an oscillating pipette will "climb" 
over the sample and, hence, avoid pits and abrupt features (Fig. 4.3). Further, a 
temporary blockage of the pipette will cause the AC feedback to retract from the 
surface compared to regular SICM, where the feedback will push the pipette even 
closer to the surface and eventually break it. 

Figure 4.3. By oscillating the pipette (or sample), the pipette wi l l "climb" over steep features and 
avoid getting trapped in deep pits. This wi l l give a stable and robust feedback and allow scanning a 
few nanometers above the surface. 

Technically the distance-control system consists of a piezo that oscillates the sample, 
an AC-to-DC converter (RMS converter), a specially designed pre-amplifier, and a 
control unit connected to a computer. Each of them, together with the bandwidth of the 
system that emerges essentially from the distributed capacitance of the system, will be 
described in the coming sections. 

- 15-



4.2.1 Piezo Driver 

There are two ways to achieve the advantages of a pipette climbing over the sample, 
namely to oscillate the sample or the pipette. In order to oscillate the pipette a piezo 
has to be attached to the already space-limited pipette-holder, or a small oscillating 
signal has to be applied to the scanning-piezo. The later option can, however, interfere 
with the scanning of the piezo, and has been tried in tapping AFM for aqueous 
solution, but has been substituted with other techniques. It may also be difficult to 
shield the small sensitive ion current from the driving voltage of the oscillating piezo 
when so close, which may cause unwanted noise and interference. 

The second alternative is to oscillate the sample. I f a piezo plate with a hole in it is 
mounted under the sample and properly grounded, the oscillating of the sample can be 
easily performed without interfering with optical or electrical signals. As long as the 
sample is not affected by the small vibration this seems like the most convenient 
method. For small voltages a regular signal generator can be used to drive the piezo. 
However, to generate an amplitude of 20 nm, with a single-layer piezo crystal of a few 
mm, the driving voltage has to be around ±150 V, depending on material. I f a 
multilayer-piezo could be used the voltage could be lowered substantially. We used a 
small transformer, for domestic electrical equipment, to transform the standard ±10 V 
given from the signal generator up to ±150 V. To generate the necessary current to 
drive the transformer, a power amplifier was added to the signal generator. By this set
up the piezo, and hence the sample, could be driven with an amplitude of 20 nm and 
with a frequency of 0-20 kHz. This frequency range is more than necessary (to be 
discussed later), as the overall feedback system will have a bandwidth of less than 
10 kHz. 

4.2.2 Design of Pre-Amplifier and Feedback Stability 

The ion current through the pipette has to be converted to a voltage before used as a 
feedback signal. The current is converted by the pre-amplifier over a 100 MQ, low-
capacitance, low-noise resistor and further amplified 10 times to yield a conversion 
gain of 1 V/nA. The pre-amplifier is located directly on the microscope head to 
minimize noise and to avoid interference with other external signals. As glass pipettes 
with a diameter of 50 nm can have a resistance of hundreds of megaohms, the pre
amplifier has to have a substantial gain to give a reasonable output. Further, the 
bandwidth has to be at least in the range of the pipette and the AC-to-DC converter in 
order not to limit the system and to allow higher frequency-signals to be amplified. 
Unfortunately, there is a conflict between gain and bandwidth, and therefore difficult 
to design a high-gain amplifier with a couple of kHz of bandwidth that is needed for 
this kind of system. The electro-physiologists have solved this problem through 
capacitance compensation and boost circuits [3]. The boost-circuit is basically a 
differentiater circuit that will amplify higher frequencies, and therefore increase the 
bandwidth by a couple of kHz. To avoid to build and trim additional circuits, and to 
minimize the overall capacitance of the feedback system, which can cause instability, 
we decided to optimize our current amplifier by adjusting the gain and lowering the 
capacitance [4]. An increase in overall capacitance may swing the phase close to 180° 
and give an oscillating circuit. 
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As the signal-to-noise ratio increases as the square-root of the resistance there are 
obvious reasons to increase the gain. However, as the roll-off frequency (3dB point) 
for a filter or equivalent circuit is defined as l/(2nRC), where R is the relevant 
resistance and C the capacitance, an increased resistance has to be compensated with a 
lower capacitance. For an ordinary 100 MQ resistor mounted in a pre-amplifier the 
overall stray capacitance can be 0.5 pF or more, which will give a roll-off frequency of 
only 3.2 kHz. To increase the bandwidth and minimize this stray shunting, we have 
used a low capacitance high-ohm resistor and assembled the circuit with precaution. 
One step in the assembling process is the mounting of the resistor that has to be done 
rigidly to avoid microphonic effects from mechanical stress and vibrations. Further, to 
reduce capacitive coupling, the resistor is directly soldered on the operational 
amplifier, without use of the circuit board. Separate Teflon™ standoffs can also be 
used to reduce leakage currents. Finally, the resistor was shielded from the rest of the 
circuit to decrease coupling through air. To increase gain, an additional amplifier with 
an amplification of lOx was added to yield an overall gain of 1 V/nA. The price paid 
for improved bandwidth, with a smaller resistor, is the increase in output noise from 
the added amplifier. In our case the bandwidth increased to 9 kHz (3dB point) and 
should be sufficient for a scan speed of >2 Hz. For a scan speed of 2 Hz the pipette will 
oscillate 4.5 times per image pixel, which should be enough to average the ion current, 
a requirement for good imaging. 

4.2.3 RMS Conversion 

The AC term is extracted by a simple high-pass filter and transformed to a DC signal 
by an RMS converter. The circuit is shown in Fig. 4.4. The AD534 from Analog 
Devices (USA) is a general multiplier not specifically made for RMS measurements, 
but easily modified for AC-to-DC conversion. The RMS average is calculated by 
squaring and integrating the input signal over time and thereafter taking the square-
root. An important factor in the design of the circuit is the time-constant (the 
integration time). A higher time-constant will limit the bandwidth but gives a more 
accurate RMS average. Of course, in this kind of application, accuracy over time is of 
little interest compared to the bandwidth of the microscope, so that the time-constant 
can be set short. However, an RMS circuit with a too short time-constant will be rippled 
and have the form of a degraded input signal. It is, therefore, important to find a 
balance between bandwidth and the output signal in order to optimize the performance 
of the feedback system. The bandwidth (3dB point) for the AC-to-DC converter in our 
system was set to around 3 kHz for a driving frequency of 10 khz. This should be 
appropriate for a scan speed of a couple of Hz and is close to the bandwidth of the 
piezo scanner. The optimization was performed by checking the circuit for the roll-off 
frequency (3dB point), using an amplitude-modulated input signal with a carrying 
frequency of 10-15 kHz. 
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Figure 4.4. The precision IC multiplier AD 534 shown as an AC-to-RMS converter. A lowpass filter 
(not shown) is connected to the output to reduce ripple. The 10 uF solid tantalum capacitor is replaced 
by a 2.2 nF capacitor to optimize the time constant. 

4.2.4 Electrical Properties of the Pipette 

The pipette can be seen as resistor with a capacitor in parallel. This forms a lowpass 
filter, and the capacitance per unit length can be calculated as C = 2ne/ln(R/r), where 
e is the permittivity of the glass, R the outer diameter, and r the inner diameter of the 
pipette. A pipette with a 1:2 ratio of inner and outer diameters, will have a capacitance 
of -480 pF/m. Further, i f the pipette is immersed by 5 mm in electrolytic solution the 
capacitance will be 2.4 pF. This seems like a small value, but i f the same pipette has a 
diameter of 100 nm or less, the access resistance can be 10 M£2 or more, which lowers 
the bandwidth to a couple of kHz. Among electro-physiologists this is a well-known 
problem, and there are many suggestions on how to deal with noise, bandwidth and 
overall performance of the pipette and the holder [3]. Some of the suggestions are: 

• The pipette should be dipped in, or covered by, a hydrophobic solution to avoid the 
bath solution to creep up the pipette. 

• The immersion depth should be as low as possible. The noise is proportional to the 
square root of the depth. 

• The pipette and the holder should not be placed close to ground. 
• Quartz glass is superior compared to other glasses and has the lowest dissipation 

factor (10"4) compared to borosilicate (0.79-3.7), and a lower permittivity. 
• Proper material should be used for the pipette holder, e.g., polycarbonate. 
• A thick wall glass should be used. This will, however, lower the topographic 

resolution for the SICM/NSOM as the opening of the pipette will be small 
compared to the outer dimension. 

• A small pin should be used for the electrical connection. 
• A shield should not be used. Surrounding the holder with a driver, or a grounded 

shield, adds to the input capacitance and thus increases the noise. 
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Also, quartz pipettes have very good mechanical properties compared to other glasses, 
and are more easily pulled to dimensions smaller then 50 nm. I f a laser-based puller 
machine can be used and the cost of quartz pipettes can be neglected, the quartz will be 
a much better choice, compared to borosilicate and others glasses. 

4.2.5 Pulling of Pipettes 

Glass micropipettes can be seen as precisely constructed microtools forming the basis 
of a myriad of scientific investigative techniques. Yet, the simplicity of a piece of glass 
tubing contradicts the complexity of the technique that is required to produce 
micropipettes accurately and repeatably. The puller devices used for micropipette 
fabrication have improved from being just a simple gas heater to sophisticated 
programmable microprocessor-controlled puller devices with a C0 2 laser as heating 
source. With the addition of the laser, quartz tubing can now be pulled, in addition to 
other glass compositions with lower melting points. Quartz pipettes have helped 
eliminate some technical barriers in electro-physiological studies and have enhanced 
microinjection procedures, as well as near-field scanning microscopy (NSOM) and 
nanospray mass spectroscopy [5,6]. The reason why a C0 2 laser is used is that the 
nominal emission wavelength of the laser approximates the resonant frequency of the 
Si0 2 lattice in glass. Thus quartz and other conventional glasses can be melted when 
the appropriate laser power is supplied. Further, laser heat is clean and leaves no metal 
residues on the pipette, as heating filaments do. It can also be turned off instantly, 
leaving no residual filament heat. 

As mentioned before, quartz (fused silica) offers superior material properties for a 
variety of research applications. Quartz is stronger than other glasses, has the lowest 
noise, contains none of the metals used in conventional glasses, and finally, quartz is 
virtually free from fluorescence when illuminated. When pulling quartz pipettes, which 
are to be used as light guides in NSOM, it is advisable to pull pipettes with a cone 
angle as high as possible to increase the light throughput. Moreover, a shorter and 
steeper pipette will be more rigid and have lower access resistance than a long tapered 
pipette. Unfortunately, glass cannot be pulled with arbitrary geometry as the process 
consists only of controlled heating and pulling steps, but i f the steps are arranged in an 
appropriate order with the right timing (i.e., in a program) the geometry can be 
optimized. Also, by utilizing a velocity-sensing scheme one can select a precise glass 
temperature at the point at which a hard pull is activated. This design feature has led to 
a significant improvement in pipette reproducibility compared with other micropipette 
pullers. 

In our application we have used quartz tubes, with an inner diameter of 0.7 mm and an 
outer diameter of 1.0 mm, and a puller device, P-2000, both from Sutter Instruments 
Company (Novato, CA, USA). A typical program to pull pipettes with a diameter of 
200 nm or less can look like this (all units are arbitrary): 
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Prg.Line Heat Fil. Vel. Del. Force 
Range (0-1023) (0-7) (0-255) (0-255) (0-255) 

1 800 5 10 100 10 
2 700 5 20 100 5 
3 780 5 10 100 5 
4 900 4 20 124 240 

Here the Heat is the laser heat, FU. = Filament and determines the laser scanning width 
on the glass (usually a few mm). Vel. = Velocity, determines at what velocity the hard 
pull should be applied. Del. = Delay, gives the time between the laser turn-off and the 
moderate pull. A value of 128 means no delay and values below 128 mean that the 
moderate pull is applied before the laser is turned off. Force = the applied hard pull. 

There are some general guidelines for how to control the geometry. First, higher heat 
will give a longer tapered pipette but a smaller opening. Further, a strong hard pull will 
give a smaller pipette but can also break the glass i f it has started to cool off. The 
reason why four lines are used is simply to take advantage of the geometry of the patch 
pipettes used in electrophysiology to clamp cells. They are usually robust with a 
favorable convex tapered end that holds the cell firmly without damaging it. The 
negative side is that they can have an opening of a few microns. The first three lines in 
the program simply pulls the pipette with almost no force down to smaller dimensions 
with a convex shape like the patch pipettes. Finally, at line four a higher heat and a 
strong hard pull are applied to get the tapered end with a dimension, in this example, of 
around 200 nm. Even i f this will give shorter and more robust pipettes the cone angle 
will never reach more than 25°-30° compared to etched optical fibers that can have a 
cone angle of up to 40°. This parameter is important for the light-transmittance in 
NSOM and will be discussed later on. A typical quartz pipette is shown in Fig. 4.5. 

300(im 

Figure 4.5. A typical pipette pulled with a four-line program to a tip diameter o f 200 nm. The effect 
of the last two lines in the pulling program can be seen from the distinct change in diameter. The 
image is taken with a SEM. 
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4.2.6 Preparation of Electrodes 

In order to measure a current through the pipette, one has to implement electrodes both 
in the pipette and the bath. Typically, Ag/AgCl electrodes are the most DC-stable over 
time of all the available electrodes [7,8]. The reason is that half-cell reactions, which 
occur on the surface of Ag/AgCl electrodes, can balance DC drift among other 
electrodes in a recording set and this reaction minimizes the contaminating effect. 
However, Ag/AgCl electrodes require more maintenance than other electrodes and 
have to be anodized. Also, since the current passes only over the electrode surface, any 
scratches, pits or dents will cause large DC offsets between electrodes in a recording 
set. DC offsets and liquid junction potentials are, however, minor problems when an 
alternating ion current is used as feedback (as in our system). 

The Ag/AgCl electrodes, used in our pipettes, are made of 0.25 mm thick 4-5 cm long 
silver wires, soldered to gold-plated contacts. Old silver chloride coating, or dirt, on the 
wire was removed by steel-wool and thereafter by ethanol. Soaking in concentrated 
ammonium hydroxide can also clean the wires, and nitric acid may be used to roughen 
the silver surface. Once the wire has been cleaned and rinsed, the electrode must be 
anodized or re-coated with AgCl. Typically, a current of about 10 uA applied to the 
electrode in hydrochloric acid overnight is preferable. However, as the oscillating ion 
current is less sensitive to drift and contamination, the procedure can be simplified by 
applying +2V to the silver wire in a solution of 100 mM KCl for about 10-20 minutes, 
with a second 1 mm silver wire set to ground. This usually results in a smooth, dull, 
and slightly off-white coating. Another simple way to anodize the electrode is to 
simply soak the wires in chlorine for 1-2 hours. 

Electrodes of 1 mm, to be used as bias electrodes in the bath solution, were also made 
by the +2V-method. However, afterwards the 1 mm electrodes were sealed in plastic 
pipettes filled with a solution of 3M KCl with aggarose, mixed by heating to 
60-70 °C, to assure stable and long-lasting electrodes. The difference in concentration 
between the bath (350 mM KCl) and the bias electrode (3 M KCl) has no affect on the 
AC ion current except that the latter has a better conductance and does not add to the 
overall resistance. A typical SICM image of 100 nm polystyrene beads obtained with 
the new distance control mechanism can be seen in Fig. 4.6. The image clearly shows 
the capability of the SCIM to achieve sub-100 nm resolution. 
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Figure 4.6. A topographic SICM image of 100 nm carboxylated polystyrene beads (Molecular Probe). 
The sample was made by the following procedure: a few drops of poly-L-lysine (Sigma) were applied 
on a cleaned glass-slide for a couple of minutes, which gives a sticky and positively charged surface. 
The sample was then rinsed in purified water and dried by nitrogen gas. Finally, a few drops of the 
diluted beads were applied with an appropriate concentration, and left to dry. The image clearly 
demonstrates the capability of the instrument to reach below 100 nm in resolution. This image was 
taken in 3 MKC1 and with a scan speed of 2 Hz. 

4.2.7 Coating and Filling 

The glass has to be as clean as possible in order to assure a proper coating. The laser-
pulling process itself has a cleaning effect that seems superior to other cleaning 
methods, and the pipettes should therefore be placed immediately in the evaporator 
chamber to avoid contamination from air. As the pipettes are to be used as light-guides 
for optical sub-wavelength apertures, the light has to be confined by a metal coating. 
Moreover, as the coating will add to the overall outer dimension of the pipette, a thin 
coating is preferable. Aluminum is the most widely used coating material even i f it 
does not stick perfectly to glass. The reason for that popularity is that aluminum has the 
largest opacity in the visible region, and forms a stable oxide. Silver also has a high 
opacity but a low sticking coefficient. The unwillingness to stick to glass is a common 
problem in mirror manufacturing, where one first applies a thin layer of chromium to 
make silver and aluminum adhere better. However, the same technique cannot be 
applied for pipettes, as the pipettes will be immersed in electrolytic solution and hence 
form a galvanic element. The coating will degenerate relatively fast as aluminum has a 
reduction potential of-1.662 V compared to chromium -0.913 V. The solution to this 
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problem is to coat a thicker layer, at least 50-100 nm, to assure a compact film with no 
pinholes. The compactness is mainly determined by the roughness of the film and has 
been studied explicitly by mirror makers to maximize reflectance [9]. 

The evaporater chamber will always contain residual gases, which will compete with 
the aluminum vapor, no matter how low the vacuum is. Aluminum also has the 
propensity to form oxides in the presence of oxygen or water [10]. The oxide formation 
is generally accompanied by a decrease in optical reflection and an increase in grain 
size and roughness. A natural consequence is that a thicker layer has to be coated to 
confine the light and avoid pit holes. Water can be reduced at room temperature at a 
pressure of 10" torr, but will be more effectively suppressed i f the chamber is baked by 
heat from a quartz lamp during pumping [10]. This is, however, time-consuming and 
can be avoided i f a cold trap at liquid nitrogen temperature and lower vacuum is used 
[9]. Oxygen, on the other hand, is not as easily reduced by these methods. The reason 
for that is that oxygen has a vapor pressure of 10 torr at liquid-nitrogen temperature 
(78 K). This is to be compared to water (< 10'18 torr) and to C0 2 (10"7 torr) [9]. Instead, 
oxygen can be actively reduced with the help of a resistively heated tungsten strip 
(« 3 in. x 1 in.) before coating [10]. This well-known gettering effect will reduce 
oxygen by forming W0 3 , which will distill from the tungsten surface at the elevated 
temperatures and the reduced pressure. 

Another important factor is the evaporation rate of the aluminum. The number of gas 
molecules impinging on a surface can be approximated, for ambient conditions, as 
N -4x10 P. Here P is the pressure in torr and N is given in monolayers per second 
(ML/s) [11]. For a pressure of 10"5 torr the residual gases will impinge on the quartz 
surface at a rate of approximately 4 ML/s. That means that the aluminum evaporation 
rate has to at least outpace the 4 ML/s arrival of background residual gases to form a 
tight compact structure [10]. Studies have shown that faster evaporation rates give 
better results. Further, the substrate temperature should be kept as low as possible to 
decrease diffusion and hence reduce crystal formation and roughness [9]. 

Tungsten or tantalum boats are normally used to melt and degas the aluminum but 
simple tungsten wires (V-, U- or helical shape) can also be used. Even i f the wires are 
cheaper and do not bum off as easily, a smaller amount of aluminum can be coated in 
one round. They are also hard to handle, as the aluminum does not wet the wire until 
elevated temperatures, and it is easy to drop the aluminum from the wire. 

The aluminum should be as pure as possible (99.999%) and stored in nitrogen gas [9]. 
The chamber should also be equipped with a shutter, so that the wire or the boat can be 
outgased and freed from impurities without exposing the pipettes. The outgasing is 
followed by a second heating in order to melt the aluminum and to free adsorbed gases. 
After a couple of seconds the shutter is opened and the evaporation can start. As the 
aluminum coating on the pipettes has to be as evenly distributed as possible without 
blocking the openings, the pipettes have to be rotated by an angle to the aluminum 
vapor (Fig. 4.7). 
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Figure 4.7. Schematic picture o f the evaporation process. The aluminum source is placed below the 
pipettes at an angle of a few degrees, in order not to block their openings. The shutter is used to 
prevent contamination of the pipettes at the outgasing process (before the actual evaporation process), 
when adsorbed gases and impurities are outgased from the aluminum and the tungsten wire. 

The work chamber should be as clean as possible and the diffusion pump should be 
employed at as soon as possible (at = 0.1 torr) in order to prevent oil vapor from the 
rotary pump to diffuse into the chamber. Even i f the rotary pump is capable of 
lowering the vacuum in the work chamber to <10"2 torr, the low pressure will give a 
considerable back-streaming of the relatively high vapor-pressure of the rotary pump 
oil. This will lead to further contamination but is easily avoided i f the diffusion pump 
is employed early in the vacuum process [9]. 

Obviously, there are numerous factors that affect the quality and roughness of the 
coating. They can be summarized as followed: 

• The pipettes must be coated as soon as possible after the pulling process. 
• The work chamber must be kept clean. 
• A good vacuum is necessary, at most 10"5 torr. 
• The diffusion pump should be employed as early as possible. 
• The substrate temperature should be kept as low as possible. Heating from the 

evaporation source should be avoided. 
• A shutter must be used, so that the evaporator source can be outgased before 

coating. 
• A strip of tungsten should be used before coating to getter oxygen. 
• The aluminum must be as pure as possible (99.999%). 
• The highest possible evaporation rate must be used. 
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Our system contains a JEOL evaporator with a cold trap, capable of reaching a vacuum 
of 10" torr. The chamber is equipped with a homemade rotating holder for the pipettes, 
a shutter and a shield, and two sets of electrodes for resistively heating of tungsten 
wires or tantalum boats. Unfortunately, the tantalum boats did not work as well as we 
wanted, so we had to use U-shaped tungsten wires. As the tungsten wires cannot hold 
as much aluminum wire, and as it is very easy to drop the melted aluminum, the 
coating had to be performed in two steps, where the chamber had to be opened to load 
new aluminum wire. This means that the vacuum was broken and the freshly formed 
aluminum layers on the pipettes were oxidized and contaminated. Obviously, this 
affects the second layer and the quality of the coating, and can be seen only as a 
temporary solution. Even with this less-than-optimal set-up we have been able to coat a 
layer of approximately 100 nm of aluminum pipettes with an optical aperture of 
250 nm, without getting any pinholes. However, a more optimized coating procedure is 
anticipated to yield pipettes with a coating of 50-60 nm and an aperture of 50 nm. 

As the size of the pipettes is in the sub-micrometer range, they cannot be filled without 
lowering the surface tension. This is done by boiling the coated pipettes in a mixture of 
purified water and methanol for 5-10 min. To protect the aluminum coating from the 
aggressive mixture, the pipettes are boiled upside down and with the pipette opening 
above the water/methanol line. After the they are boiled, the water/methanol is 
replaced by back-filling with a solution of 350 mM KCl and let to stand 1-2 hours to 
allow the electrolyte to diffuse out into the tapered end. 

4.3 The Pipette as a Light-Guide 

One of the most common ways to produce a light-source smaller than the optical 
wavelength is to use sub-wavelength apertures, as in NSOM. Such small apertures can 
easily be made, as mention earlier, by pulling glass pipettes or optical fibers, by micro-
fabrication of silicon or other materials, or by etching optical fibers. Even though the 
dimension of these probes can be reduced significantly below 50 nm [11], it has been 
argued that it would be difficult to reduce the spot size of such a light probe below this 
diameter [12]. The essence of the argument is that the spot size of such an aperture 
depends ultimately on the finite conductivity of the metallic coating around the probe. 
In order to appreciate this point one has to remember that there are no propagating 
electromagnetic modes in a sub-wavelength cylindrical metallic waveguide, such as a 
metal-coated probe. The least attenuated mode for a round aperture is the so-called 
TEii mode, for which the energy decays as 

where / is the length of the aperture and a is its radius [12]. With a sufficiently rapid 
tapering of the probe, this evanescent region can be kept short enough to give a fairly 
high light throughput. 

(4.6) 
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This waveguide attenuation is accompanied by the penetration of the electric field into 
the metal coating and has a similar exponential behavior as the energy decay for the 
T E U mode. The depth of penetration, or the "skin-depth", is the parameter that 
determines the theoretical limit for the thickness of the metal coating, and can be 
expressed as 

d = J ^ ~ , (4.7) 
\maii 

where co is the angle frequency of the field, a the conductivity and ß the permeability. 
The skin depth, ci, is defined as the penetration depth of the electromagnetic field when 
the field is reduced to 1/e of the original field. When the attenuation in the waveguide, 
due to a smaller aperture, exceeds the attenuation in the metal, the optical contrast will 
be insufficient for super-resolution (Fig. 4.8). The limit, or the minimum usable 
aperture in this kind of set-up, would be around 50 nm [12], even i f a resolution of 
20 nm or less has been demonstrated [13]. However, a resolution of 50 nm is still 5-10 
times better than the resolution achieved by optical microscopes. 

Figure 4.8. The T E n mode is the only mode that wi l l propagate after the probe diameter reaches 
below 250 nm. At 160 nm, i.e., the cutoff diameter for the TEn mode, there wi l l only be an 
evanescent field, determined by the geometry of the probe [14]. When the attenuation in the probe 
exceeds the attenuation in the metal, the contrast between the aperture and the surrounding medium 
wi l l be insufficient for super-resolution applications. The minimum usable aperture has been 
estimated to be about 50 nm, even i f a resolution of 20 nm has been claimed [13]. 

Aluminum is the metal that has the shortest overall skin-depth in the visible region, 
around 6.5 nm. Silver is slightly more opaque for red light and in the near-infrared 
region, but is more transparent in the ultraviolet region. However, as mentioned before 
silver does not stick as well to glass and is therefore disqualified as a coating. 

Many of the probes used today can have a light attenuation of lO^-lO"7. The 
consequence is that the signal-to-noise ratio (S/N) will be very low, and it is therefore a 
strong need to find a solution with a better light throughput. Unfortunately, the 
aluminum coating has a thermal damage temperature of =450 °C according to Stähelin 
et al. [15], and the light input cannot be further increased to more than 5-10 mW 
without substantial heating of the coating. This material limit has instead forced the 

-26-



NSOM society into another direction, namely to improve the throughput by an 
increased cone angle, either by etching or micro-fabrication, or both. Increasing the 
cone angle will, as mentioned before, move the cutoff of the propagating modes further 
out, closer to the aperture, which lowers the attenuation. These promising methods are 
still under development and have in one case shown a thousand-fold decrease in 
attenuation [16]. 

However, most of the excess heat, forming from internal reflection in the fiber, 
dissipates through convection at the very end of the probe. The same is true for pipettes 
in aqueous solution, but as the thermal conductivity of water is about twenty times as 
high, it is obvious that there will be a greater heat loss in water than in air. The heat 
loss due to diffusion and convection is difficult to estimate, but with a model for the 
convection of a vertical object, a rough calculation can be made for a pipette. With a 
characteristic length of 2 mm at the tapered end, where mostly all of the heat is 
dissipated, a comparison can be made between an optical fiber in air and a pipette in 
solution. Roughly, with a damage temperature of 450 °C in ah for an optical fiber, and 
a maximum operating temperature for the pipette in aqueous solution of 100 °C, the 
heat loss factor, a, for aqueous solutions will be about 50 times the value in air. This 
would permit a light throughput of 500 mW compared to 10 mW for probes in air, 
without damaging the pipette and the aluminum coating, and also a seven-fold increase 
in the S/N-ratio and the scanning-speed. I f the solution is circulated the heat-transfer 
can be more than 100 times higher, reaching a light throughput of up to 1 W. This is a 
tremendous increase and will allow the capturing of 512x512 pixel images with a 
50 nm probe in a couple of minutes, instead of tens of minutes common today. 

Our optical set-up is less than optimal. Many components can be improved, especially 
the light-collecting system. The dark counts (registered photons without any light 
impinging on the detector) can be reduce 10,000 times by a switch to a PMT or a 
photo-avalanche diode (PAD) in photon-counting mode. The following table compares 
our set-up with an optimized system for a 50 nm pipette and with a pixel time of 1 ms. 

-27-



Present set-up Optimal set-up 

Heat transfer coefficient 
Light throughput 
Attenuation, pulled pipette 
Light throughput 
Objective 
Numerical Aperture (NA) 
Collecting efficiency 
Number of photons 
to detector 
PMT mode 
Dark counts / s 
Dark counts (1 ms) 
Signal-to-noise ratio 
(S/N) for 1 ms 
Minimum of fluorophores 
detectable with S/N set to 10 

50 x in air 
60 uW 
~5xl0"7 

2pW 
60x 
0.7 
10-20% 
-500 

Analog 
107 

10000 
~5 

N.A. 

>50 x in air 
50-500 mW 
~5xl0' 7  

25-250 nW 
lOOx 
1.4 
25-50% 
~107 

Photon counting 
~ 50-100 
<0.5 
>3000 

~1 

Even i f there are further reductions in the collection system, e. g., electronic noise and 
miss-match in refracting indices, it is evident that this system can be used for single 
molecule detection (fluorescence microscopy), especially as at least a couple of 
fluorophores can be attached to the target molecule. This will be explored in the last 
sections together with prospective applications. 

4.4 The Making of a Test Sample 

It is important to choose a good test sample in order to verify that the instrument 
performs according to the demands. This is especially important in the beginning of the 
development, as later performances can depend entirely on the early design and 
function. In a first test of the near-field capacity of the microscope, we made a 
relatively flat sample of regions with distinct differences in transparency. The sample 
was made by depositing proper diluted 2.2 urn polymer beads on a cleaned glass slide 
to form monolayer domains (Fig. 4.9). 
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Figure 4.9. An optical image of 2.2 (im polymer beads deposited on a glass slide. Monolayer domains 
were clearly formed. 

The next step is the coating of the sample, where a thin layer of aluminum (-20-30 nm) 
is deposited. The aluminum will enter in between the packed beads and give a shadow 
mask on the glass. The beads are then washed away by sonication for 10-20 min in 
distilled water. The formed sample is robust and can be used several times. One image 
taken with the SICM/NSOM is shown in Fig. 4.10. 
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Figure 4.10. A typical image of the aluminum shadow mask of the 2.2 um polymer beads. The left 
image shows the SICM (topography) image and the right one the NSOM (optical) image. Both images 
are in excellent agreement with Fig. 4.9. Notice the scale differences between Fig. 4.9 and Fig. 4.10. 

4.5 Applications and Future Work 

There is a strong need to find methods to probe the behavior of single molecules, 
instead of assemblies of molecules, not only in analytic chemistry and biology, but also 
in material sciences. Our knowledge of molecular interactions and chemical dynamics 
has come almost exclusively from experiments of groups of molecules, and it is 
generally accepted that single-molecule measurements represent a technological 
breakthrough with possible applications [17]. Single molecules have been detected 
with a number of techniques such as scanning tunneling microscopy, atomic force 
microscopy and patch clamp techniques. In spectroscopic measurements and 
monitoring of dynamic processes, optical microscopy will have clear advantages. The 
first single-molecule experiments were demonstrated at cryogenic temperatures, but it 
was not until the introduction of near-field imaging, NSOM, that single-molecule 
spectroscopic and dynamic measurements in room temperature was performed [18]. 
Even i f the NSOM technique is still evolving and has become one of the most 
promising instruments to probe single molecules and sub-100 nm features, the optical 
far-field microscope is still the most feasible instrument, especially in biological 
research even i f the resolution is limited by k/2 -250 nm. 
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Recently, the concept of fluorescence and confocal microscopy were taken a step 
further by Klar et al. [19] with the "engineering" of the fluorescent spot by stimulated 
emission. They managed to reduce the fluorescent focal spot to 90-110 nm both axially 
and laterally by the quenching, through stimulated emission, of the excited 
fluorophores. This was performed at the rim of the excitation focal spot with a beam 
whose wavelength is in the red edge of the fluorophore emission spectrum. Stimulated 
emission forces excited molecules to an upper vibrational level of the ground state, 
whose ultrafast vibrational decay prevents re-excitation by the same beam. As a result, 
the fluorescence can be entirely stopped, and a proper "engineering" of the focal 
intensity distribution of the beam gives a spot that is dark within and intense around the 
focal point. 

A thrilling application of NSOM and fluorescence microscopy, which can be used in 
our microscope, is based on the phenomenon of fluorescence energy transfer (FRET) 
between a donor and acceptor pair of fluorescent molecules. When the distance 
between the donor and acceptor molecules becomes smaller than the characteristic 
"Förster" radius, Rn, of resonant energy transfer, the probability of dipole-dipole 
energy transfer between these molecules is close to unity [20]. One can utilize this by 
exciting donor fluorescence molecules on the tip of the NSOM and monitor 
fluorescence of the acceptor molecules of the sample (or vice versa). A large Stoke-
shift between absorption and emission spectra, as well as other optical properties of the 
system, enable the experimentalist to eliminate the direct excitation of the fluorescence 
of the studied molecules (i.e., the acceptor molecules placed on the sample). The 
spatial resolution for such an approach is governed not by the size of the aperture of 
the microscope but by the value of Rn, which, for typical donor-acceptor pairs, is of the 
order of 1-5 nm [20]. A detailed analysis shows that not only the spatial resolution, but 
also the sensitivity can be improved with FRET NSOM [21]. Vickery and Dunn [22] 
have demonstrated this concept in air by imaging lipid bilayers with an uncoated tip 
with an improved resolution. Recording of nanolocal "contact dependent" fluorescent 
signals suggests that such FRET corresponds to a few hundreds of FRET-active 
molecules [21] and clearly demonstrates the need of an efficient FRET and collection 
system. 

There are today many new photostable and suitable dyes, e.g., as Oregon green 488 
(Molecular Probe), but also newly developed semiconductor nanocrystals [22]. 
Nanocrystals have an absorption onset and an emission maximum shift to higher 
energies with decreasing size. By varying the size and material, one can make tunable 
photostable probes with narrow emission spectra (20-30 nm) in the range from 400 nm 
to 2 urn and with a large extinction coefficient (~105 M ' cm"1). This means that in 
theory, multiple experiments can be performed at the same time (with an appropriate 
set of filters and detectors) by attaching different donor nanocrystals to the tip and 
detecting their acceptor fluorophores on the sample. 

Our SICM/NSOM should be especially suitable for FRET imaging of biological 
samples as it is a non-contact method that performs well in solution and have the 
ability to scan within the "Förster window". However, in this kind of NSOM/FRET 
application the pipette should be uncoated, as the metal coating can quench the excited 
donor fluorophores. 

There has been an increasing interest in apertureless near-field microscopy during the 
last years. The reason is that the improved aperture scanning near-field microscope 
also suffers from a wave-length-related limit (at about Å/10, due to the difficulty to 
squeeze light through such a small aperture) [12]. That is especially notable in the 
infrared region, where the infrared realization has no potential to attain sub-micron 
resolution [24]. The radically different appertureless-design of the near-field probe has 
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enabled much better wavelength-relative resolution, ÅJ100 or less. This was 
demonstrated by Knoll and Keilmann [24] with an AFM operating in tapping mode, 
with a gold-coated tip as antenna or field-concentrating scattering center. The tip was 
freely illuminated with a C0 2 tunable laser. As the scattered signal from the tip apex 
depends on the presence of the sample, it will be modulated in tapping mode by the tip-
to-sample separation. The scattered signal from the tip could then be distinguished 
from the stationary scattering of the tip by electronic filtering (lock-in amplification). 
By using two laser lines (X = 9.68 fim and A = JO. 17 fim) and tuning to an appropriate 
vibrational resonance, they could distinguish two polymers from each other, showing 
clear evidence of near-field vibrational image contrast. 

This technique should also be available to our SICM/NSOM as the microscope has an 
aluminum-coated pipette and a tip-sample modulated distance system. That would 
allow for chemical imaging with a <100 nm resolution in aqueous solution. 
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5 Atomic Force Microscopy 

The atomic force microscopy (AFM) was developed from the STM, based on the same 
sensitive scanning mechanism, and has become the most common SPM method. 
Instead of using a tunnel current as distance feedback, one detects the force between 
the sample and the tip, making the AFM suitable for non-conducting samples. The tip 
radius is typically of the order of 10-50 nm and placed on a cantilever that is normally 
200 pm long, 10 pm thick, and 10 pm in height. The geometry of the cantilever 
decides the force constant, which can be from 0.02 to 50 N/m, giving detectable forces 
between tip and sample, in the range of picoNewtons. The force between sample and 
tip is detected by the cantilever deflection, and the most commonly used detection 
system today is the use of a laser beam, reflected on the cantilever and detected by a 
four-segment light diode. Alternatives to optical detection by micro-cantilever 
deflection have been developed by Itoh and co-workers [1,2], Lee et al. [3] and 
Manalis [4]. They used Pb(Zr,Ti)-03 films or ZnO piezoelectric actuators as deflection 
sensors. Stroup et al. [5] developed a force-modulation AFM imaging technique based 
on the constant-compliance feedback loop. The advantage of this method is the ability 
to quantify the loading force by the tip onto the sample surface and to estimate the 
elastic modulus of the material probed by the tip. 

I f the cantilever is brought to oscillation close to its natural frequency, and the change 
in amplitude of the oscillation is used as feedback, the forces imposed on the sample 
can be reduced. The method of oscillating the cantilever, commonly called tapping, 
AC, or dynamic mode, in contrast to the contact mode described above, has been 
utilized in several ways by excitation of the cantilever mechanically, electrostatically, 
magnetically, thermally [6], or acoustically [7]. 

Figure 5.1 illustrates our homemade tapping system for imaging in a fluid 
environment. The cantilever is brought into oscillation by a small ac voltage 
superimposed on the piezo-scanner in the z-direction. This will cause the solution and 
the tip to oscillate due to viscous forces. The amplitude is converted to a dc signal and 
the change in amplitude, due to the distance change between tip and sample, is used as 
feedback signal. The AFM is then operated in the same way as the contact-mode AFM 
except that a constant amplitude is used as set point. The drawback of tapping in 
solution, as mentioned before, is that the Q-value, relating the resonance amplitude to 
the driving amplitude, is lower and that the frequency response is spread out in solution 
compared to in air. A natural consequence is that the operation frequency is harder to 
choose, which will give a less distinct amplitude change and a less robust feedback 
system. 
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Figure 5.1. The principle of our homemade tapping system in liquid, using the piezo scanner as 
oscillator. A small ac voltage is added to the piezo in the z-direction, which wil l force the tip to 
oscillate due to viscosity. The change in amplitude is related to the change in distance between tip and 
surface, and is used as feedback signal. The system has been used for studies of soft samples, as the 
human blood-protein spectrin [8]. 

The recording of the phase of the oscillation, so-called phase imaging, has become a 
new tool for investigation of material properties. The technique is not fully understood, 
but surface properties related to the material can be qualitatively determined, such as, 
surface stiffness variations, related to Young's modulus [9]. 

The resolution, both in tapping and contact mode, depends on tip-size and the 
geometry. In order to give "atomic" resolution, the tip has to be very sharp (preferably 
just one atom at the end), and the sample must be crystalline and clean. Mica, a 
commonly used substrate, consists of Si0 4 tetrahedrons, which form hexagonal rings 
with a diameter of 5.2 Å. It is non-conductive and has a layered atomically flat 
structure that is easy to cleave by a piece of tape. The atomic resolution on mica is a 
first test of the instrument and can be used to calibrate the scanner (Fig. 5.2). It should 
be noted that the images are formed as averages of the interaction between the 
participating tip-sample atoms, and it is therefore difficult to achieve true atomic 
resolution unless only one atom protrudes from the apex [10]. 
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Figure 5.2. Unfiltered image of mica to the left and a Fourier-filtered version to the right. 

Other highly oriented crystals, such as sodium chloride (NaCl), can be imaged from 
crystals grown from a solution on, for example, a freshly cleaved mica surface. Good 
images are not as easily achieved as with just mica, but with a good tip, we have 
obtained fair images of the (100) plane of NaCl (Fig. 5.3). In the filtered image a false 
dislocation can be seen. It is caused by the filtering procedure when drift and noise 
frequencies, close to the lattice frequencies, are band-passed. However, the measured 
lattice constant of 5.6 Å is in good agreement with the correct value. 

Figure 5.3. Images o f a NaCl crystal (100) grown from table salt from our coffee 
A 20x20 nm 2 image is shown to the left and a Fourier-filtered 5x5 nm 2 image to the right. Th 
shows a false dislocation, caused by the filtering process. Both images were taken m air 

standard tip. 
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Another example of crystals that can he scanned i f they are properly cleaved (e.g., in 
the (100) plane), is natural zincblende (ZnS), shown in Fig. 5.4, with a model of the 
lattice structure to the right. Atomic resolution can be seen only in the [010] direction, 
which can partly be explained by the model. These crystals have a face-centered-cubic 
(FCC) structure, and are also isolators and more covalent-bonded than NaCl. 

Figure 5.4. Images of zincblende, ZnS. The left image is from a cleaved crystal found not far from 
Luleå. Atomic resolution can be seen only in the [010] direction, which is partly explained by the 
simple model to the right of the (100) plane of the faced-centered-cubic structure. The bigger spheres 
are zinc atoms, and as the AFM tip is much bigger than the atomic spacing, the corrugation in the 
[011] direction is too small to contribute to the resolution. Zinc atoms in the [010] and the [001] 
direction are separated enough to be revealed by the AFM. However, the inaccuracy in the scanning 
system allows atoms only in the fast scan direction (close to the [010] direction) to be properly 
reconstructed. The image was taken in air with a standard tip. 
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6 Surface Roughness and Fractal Analysis 

Characterization of surface roughness is important in many fields of material science. 
Roughness has been measured for ages, as in the early characterization of optical 
surfaces, where a visual inspection of the surface-finish by the optician served as a 
measure. Another simple test was to compare fabricated metal parts with standard 
roughness specimens, or in some cases use a finger-nail test (running the finger nail 
over the surface) to tell i f a surface-finish matched the one of a roughness specimen 
[!]• 

A wide variety of methods are available for measuring surface roughness. They can be 
grouped into those that give images of surfaces (with or without quantitative 
information) and those that give quantitative statistical information about the surfaces. 
The first group contains scanning electron microscopy (SEM), light microscopy (LM), 
Normanski microscopy, and SPM (which also provides the topography). The second 
group contains mechanical and optical profilometers. A mechanical profilometer has 
better resolution compared to an optical profilometer, a larger height measurement 
range, and is not affected by the material. On the other hand, the optical profilometer 
does not touch the surface. The effective range for mechanical profilometers is 
between 0.1 pm and 50 mm. 

Although surface roughness can be measured by a variety of techniques, care should be 
taken when comparing measurements made with different instruments, since the 
surface spatial wavelength-ranges may be widely different [1]. The scale-dependent 
nature of traditional surface roughness parameters may also contribute, making the 
results even more difficult to compare. Fractal analysis, with its scale independence, 
may therefore be an important tool in the future for the characterization of surface 
roughness. 

6.1 Fractal Analysis 

Euclidean geometry is built on notions as dots, lines, surfaces and volumes, which are 
characterized by their dimension numbers (0, 1, 2 or 3). These can be defined as 
topological dimensions, DT [2]. Unfortunately, this dimension cannot be used to 
understand and explain irregularity or fragmentation. Another dimension, D, 
formulated by Hausdorff in 1919 [2] and put into final form by Besicovitch, has the 
property that it need not be an integer. Mandelbrot developed this concept further and 
defined the word "fractal" from the Latin adjective fractus and its verb frangere that 
means, "to break", to create irregular fragments. A typical fractal curve, seen in many 
textbooks, is the Koch curve (Fig. 6.1) named after a Swedish mathematician. 
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Figure 6.1. The Koch curve. The fractal dimension is D = ln(4)/ln(3) = 1.26. 

This curve is non-differential and has the characteristics that Mandelbrot proposed as a 
less strict definition of a fractal: "A fractal is a shape made of parts similar to the 
whole in some way." This type of scale independent curve is said to be self-similar. 
Self-affine curves on the other hand, are also scale independent and made up of similar 
parts, but single-valued and can have horizontal and vertical axis with completely 
different units and meaning. An example is time-based historical data from the stock-
exchange market, with SEK or Dollar on the vertical axes and hours or minutes on the 
horizontal axes. 

This kind of self-similarity or self-affinity is readily seen in a wide range of systems 
and processes, for example in clouds that look similar in shape down to the smallest 
scale. The fractal dimension of the Koch curve can be estimated from the length of the 
curve, L(e), with different measuring sticks, of length e, as 

L(e)=N(e)e, (6.1) 

where N(e) is the number of measuring sticks. For Euclidean geometry N(e) °c e1 for a 
line, and N(e) <^ e2 for a surface. However, a fractal curve has a dimension between 1 
and 2, and the number of measuring sticks is 

N(e) oc eD. (6.2) 

Combining (6.1) and (6.2) gives the length of the curve as 

L(e) oc é ' D . (6.3) 

One generates the Koch curve by continuously splitting a line into three equal pieces 
and adding an extra piece to the middle part, as in Fig. 6.2. 
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Figure 6.2. The first splitting, n = 1, of the Koch curve. The first measuring stick has £ = 1/3. The 
total length after n repeated splittings is L(e) = (4/3)". 

The total length after n repeated splittings, n, is given by L(e) = (4/3)" and the length of 
every piece (measuring stick) is e = 3'". The fractal dimension for the Koch curve can 
then be calculated from the length of the curve and the measuring sticks as 
D = ln(4)/ln(3) -1.26. 

Fractal geometry has been applied to many phenomena, such as stock values, 
earthquakes, lungs, blood vessels, turbulence, aggregation, and percolation. The 
physical mechanisms that seem to give rise to fractals apply to three basic assumptions 
[3]: 

(i) Laplacian fields (V 2 = 0), such as electrical fields and diffusion. Examples are the 
retinal blood vessels, percolation of fluids, dendritic solidification of crystals, and 
the growth of neural networks. 

(ii) A superposition of random sets of events. A classical example is Brownian motion. 
A Gaussian probability distribution is a consequence of many independent sources 
of variation. 

(iii) A power-law distribution of some kind. Erosion by particles (meteorites, grit) 
creates a fractal surface i f the particle-sizes follow a power-law distribution. 

6.2 Fractal Analysis of AFM Images 

There are numerous more or less accurate algorithms for calculating fractal 
dimensions. Among the most popular ones for self-affine profiles are the Minkowski 
plot (a variation of the Richardson plot), variance methods (RMS), Hurst, structure 
function, box counting, integrated fast Fourier transforms, and the regular fast Fourier 
transform method [4-8]. These methods can be applied also to surfaces, since these can 
be seen as made up by profiles, especially digitally stored images as in many 
microscopic systems today. The fractal dimension is then obtained from a log-log plot, 
with the measuring stick, or the "window", versus the total length or the function value 
for that measuring stick. The slope of the plot gives the fractal dimension. Valuable 
information is also obtained from the intercept, as it represents the magnimde of the 
roughness and is closely related to traditional roughness parameters as the root-mean-
square (RMS) or the arithmetic average (Ra) (will be defined in Ch. 6.5). Therefore, 
both fractal dimension and intercept are necessary to characterize a surface or profile 
right. 
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An AFM image usually consists of 400x400 or 512x512 data points and can be treated 
as 400 or 512 profiles. The fractal dimension can be derived from, for example, 
calculations of the RMS values for each profile, using different measuring sticks and by 
averaging the individual profiles from the image. A more accurate method is to 
calculate the RMS values for different boxes and average the values for each box size. 
The RMS values are then plotted versus box size in a log-log plot. Figure 6.3 shows a 
typical plot from a fractal AFM image using the RMS method. The fractal dimension is 
D = 3 -ß/2, whereß is the slope. 

Distance (m) 

Figure 6.3. A typical plot of the RMS values versus measuring-distance for a fractal surface. The 
slope relates to fractal dimension and the intercept with the y-axis to the magnitude of the surface 
roughness. Both parameters are needed to describe the surface roughness. 

For other methods, such as the structure function method, the same procedure is used 
except that the structure function values are calculated for different lengths and plotted 
in a log-log plot. The function values can also be plotted in different directions in order 
to reveal anisotropy. 

As AFM images and all single-valued functions are self-affine rather than self-similar, 
caution must be taken using some fractal algorithms (self-similar data scale the same in 
all directions and do not have to be single-valued). This is important i f the z-direction 
is differently scaled compared to the x-y directions. For example, the box-counting 
algorithm may be biased i f the boxes are not scaled properly, i.e., not scaled as the x-, 
y-, and z-directions for the AFM image. 
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6.3 Simulated Fractal Surfaces 

Fractal surfaces can be generated with algorithms such as the inverse Fourier 
transform, Brownian step addition, Takagi, and the successive random algorithm [3,9]. 
The successive random algorithm is one of the simplest to use, since it gradually adds 
points to a grid. Each new generation of points is given Gaussian-distributed random 
numbers with variances decreasing with the nearest neighbor distance. The magnitude 
of the mean value, <h>, is reduced according to <h> = Xa, where X is the distance to 
the nearest neighbor, and the exponent a is between 0 and 1. The relationship to fractal 
dimension, D, is D = 5 - a. The process is repeated until all grid points are filled. To 
avoid rim effects a much greater grid is generated and the final surface is cut out from 
the original surface. By scaling the generated surface by a factor 1/M, where M 
determines the scaling, the surface can be fit with a certain roughness magnimde. 
Figure 6.4 shows two generated fractal surfaces with fractal dimension of D = 2.30 but 
with different roughness magnitudes (generated from the same random seed). The 
figure demonstrates that a fractal surface has to be characterized not only by the fractal 
dimension but also by the magnimde. The latter is rarely considered in fractal analyses. 

Figure 6.4. Computer-generated surfaces. Both surfaces have a fractal dimension of D = 2.30, while 
the one to the right has a doubled roughness magnitude. 

Two surfaces generated with the same random seed, but with different fractal 
dimension are shown in Fig. 6.5. The roughness magnimde is the same but they differ 
in fractal dimension, D = 2.50 for the surface to the left and D = 2.70 for the one to the 
right. A higher fractal dimension gives a more intricate structure and the visual 
appearance of a rougher surface (although not seen the figure, due to printing 
limitations). 
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Figure 6.5. Computer-generated surfaces with the same roughness magnitude but with different 
fractal dimension. The fractal dimension is D = 2.50 to the left and D = 2.70 to the right. A higher 
fractal dimension gives a rougher surface. 

The inverse Fourier transform algorithm is another simple method that can be used to 
create realistic surfaces. The power spectrum for a fractal elevation profile is given by 
P(co) = B-af. A fractal surface has a fractal dimension D = (7+ß)/2, and a surface can 
then be constructed by generating an inverse Fourier map in the frequency plane. It is 
generated by setting the magnitude of the frequency, at the origin of coordinates, to a 
small number. I f the magnitude of each frequency is then increased as cd3, and 
multiplied with a Gaussian random number, an inverse Fourier map that looks like a 
bowl is created. A surface, with fractal dimension D = (7+ß)/2, is formed by swapping 
the quadrants, so that the image looks like a mountain, and by finally taking the inverse 
Fourier transform. 

6.4 Influence of Tip Geometry on Fractal Analysis of Atomic 
Force Microscopy Images 

A major drawback of traditional roughness parameters, such as the RMS, variance of 
heights, slope, and curvature, is that they depend strongly on the instrumental 
resolution and the scale of measurement. This motivates the use of fractal geometry, 
especially as the fabrication of surfaces normally involves some kind of random 
process. 

Atomic force microscopy is a particularly suitable tool for fractal analysis, since it 
yields quantitative measurements of a surface on scales ranging from Angstroms to a 
few hundred micrometers. AFM results can be used also to calibrate other fractal 
measurement techniques, like gas adsorption and X-ray scattering. A drawback with 
the AFM in this (and other) connections is that the microscopic tip, which scans the 
surface, is not perfectly sharp, resulting in a convolution between the real surface and 
the tip. This is a problem that has been recognized since the beginning of AFM/STM, 
and there are now algorithms available that can estimate the tip geometry from an 
image. I f the size and geometry is known, some biasing effects can be subtracted from 
the image, so called de-convolution or reconstruction [10-15]. An example is the extra 
contours or shadows that can be seen in an image caused by a double-tip. 

-42-



Another typical artifact is the "inverted tips" that can be seen in images i f the surface 
has features steeper than the aspect ratio of the tip, especially dendrite needle-like 
structures. The aspect ratio is the relation between the width and the height of the tip, 
and a typical value for a pyramidal Si 3N 4 tip is I Hi, giving a slope of 35°. I f the slope 
of a surface feature is more than 35°, the tip will not entirely follow the surface and the 
side of the tip will just slide over. This can be seen in Fig. 6.6, from a simulated 
scanning of a simulated test surface, with a computer-generated pyramidal "Si3N4"-tip. 
Only geometrical interactions between tip and surface have been considered, as for 
harder surfaces. For softer samples, electrostatic forces, van der Waals forces etc. 
contribute to the tip-surface interaction. 

Figure 6.6. Computer-generated test surfaces. The surface to the left is scanned with a simulated 
"Si 3 N 4 " pyramidal tip and the result is shown in the right figure. Artifacts caused by the tip can easily 
be seen, especially the characteristic inverted image of the tip on the cube. 

The simulated tips have been generated with an algorithm that approximates the 
standard Si3N4-tips. Ideally, such a tip is a sphere encapsulated in the top of a pyramid. 
Each simulated tip is characterized by radius, inclination to the surface, aspect ratio, 
resolution, and z-extension. The geometry of the tip is numerically stored in a two-
dimensional matrix, where the lateral tip extensions (matrix size) are individually 
chosen as to reduce computation time, while still guaranteeing that the tip will be high 
enough to cover the full range of surface z-values. The tip contour and the sample 
surface are compared, matrix element by matrix element. The matrix resolution of the 
tip and the surface has been set equal. Higher numerical tip resolution gives only a 
marginally improved quality of the scanned images. 

Figure 6.7 shows the image of a simulated surface with fractal dimension 2.40, 
scanned by a tip with a radius of 10 nm. The convolution between the tip shape and the 
topography can be clearly seen to influence the measured fractal dimension, which 
decreases to 2.27. These effects on fractal dimension are shown to depend on fractal 
algorithm, tip geometry, tip size and magnimde of the roughness compared to scan 
size. Generally, the fractal dimension is underestimated when calculated from AFM 
images, which explains why higher values are rarely reported in the AFM literature. To 
minimize such convolution effects, the tip size should be smaller than topological 
features on the surface, and the scan size (in x and y) should be much larger than the 
magnitude of the roughness (in z). Moreover, the normal inclination (11°-12°) of the 
tip compared to the surface has no effect on the calculation of fractal dimension. 
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Figure 6.7. A simulated 200x200 nm 2 image after scanned by a simulated tip with a radius of 10 nm. 
The measured fractal dimension, calculated by the structure function method, has decreased from 2.40 
to 2.27. A convolution with the tip can be clearly seen, as major surface features compare with the tip 
size, and the magnitude of the surface is large compared to the scan size. 

6.5 Correlation between Fractal Properties 
and Adhesion 

There is a widespread and growing use of adhesives, from cardboard boxes to auto 
parts and bio-compatible materials. The surface topography plays an important role for 
the bonding of many materials, especially non-porous materials. Surface 
characterization and roughness analyses are therefore important steps in the adhesive 
process. RMS (standard deviation), Ra, slope and curvature have been used for a long 
time to characterize surfaces, but there is no simple or uniform relationship between 
adhesion and surface roughness with these traditional roughness parameters. Moreover, 
the simple truth that a rougher surface will give a stronger adhesive bond has been 
demonstrated only in some few cases. Even i f traditional methods are often easy to use, 
they do not characterize the surface properly. They also tell little about the spatial 
distribution of the elevation data, and they are scale-dependent. Two example are Ra 
and RMS, defined as 

(6.4) 
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and 

RMS = jy](y(x)-y(x)fdx. (6.5) 

Here y(x) is the elevation profile, y(x) the average value, and X the scan length. It is, 
for instance, easy to construct two surfaces with apparently different surface roughness 
but with the same RMS or Ra average. Further, i f the roughness is calculated at 
different length scales, the confusion will be even worse. 

As many treated surfaces show scale dependence at certain length scales, the 
implementation of fractal analysis may better characterize the roughness, especially as 
the spatial distribution and the magnimde of the surface roughness can be 
quantitatively defined by fractal parameters. Ultimately, fractal parameters might be a 
better measure correlating surface roughness and adhesive strength in, for example, a 
single joint overlap, so that the influence of surface topography and roughness in the 
adhesive process can be clearly understood. 

6.5.1 Measurement of Topography and Fractal Methods 

There are today an immense number of microscopic techniques available to measure or 
characterize surface topography. The most common methods are light microscopy 
(LM), scanning electron microscopy (SEM), profilometers, and scanning probe 
microscopy (SPM). LM and SEM are based on scattering techniques and are limited by 
the wavelength. The disadvantage of both these methods is that they cannot directly 
measure the elevation without using stereo imaging, shadowing techniques etc., and 
are therefore more suitable for qualitative investigations. Moreover, SEM has to be 
performed in vacuum and the samples have to be conductive. The L M procedure is, on 
the other hand, very simple, which results in a fast qualitative low-resolution method. 

Another robust and simple technique is the use of a profilometer to measure elevation. 
It is similar in one sense to SPM, where a sharp probe scans the surface. Two 
important exceptions are that the resolution is lower and that the profilometer normally 
scans a single elevation profile. The standard scanning length is usually 4 mm, and the 
resolution can be down to 0.1 pm. 

Most fractal algorithms for surface characterization are based on elevation data, 
disqualifying images from L M and SEM. However, the scattering processes from 
fractal surfaces are fractal in one sense, so qualitative information can be obtained even 
from SEM and L M images. As the contrast in the image does not directly correspond 
to elevation, it is better to speak of texture rather than of fractal dimension. 

For elevation data there are a number of fractal methods, some more suitable than 
others. The methods have to be chosen according to microscopic method, accuracy, 
and effectiveness. As profile and images obtained from profilometers and SPM are 
self-affine, care must be taken with some of the fractal algorithms i f the x-, y- and z-
axes scale differently. 

The RMS, Fourier and the Hurst methods can easily be applied to self-affine data as 
elevation profiles from SPM and profilometer. They are easy and straightforward to 
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implement and to use; RMS for its closeness to traditional methods, and Fourier and 
Hurst for their effectiveness. The three methods are presented below. 

RMS 
The fractal dimension is obtained from the log-log plot of the variance/RMS values 
against the perimeter length or box size. The variance, a2, for a box is calculated as: 

^ - ( • F ^ i f e - t f } ( 6- 6 ) 

where B2 is the number of data points in one box, z[ is the height in each point, z is the 
average height for the box, and <...> denotes an average over all non-overlapping 
boxes covering the total surface. The fractal dimension of a surface is correlated to 
slope as D = (p -1)/2 for the RMS values (D=ß-1 i f the variances are plotted). 

Fourier 
The fractal dimension for the Fourier method, as mentioned before, can be evaluated 
from the power spectrum 

P(w) = B(o'b (6.7) 

in a log-log plot. The fractal dimension, D, is calculated from D = (5-ß)/2, for a 
profile, where ß is the slope, 00 is the frequency and B is a constant related to the 
magnitude of the fractal profile. The magnitude contains topographic information and 
is correlated to traditional surface parameters as RMS and Ra„ which explains why 
RMS and Ra cannot be used to describe a surface by themselves. 

Hurst 
The Hurst method is based on the largest difference, R(r), within a measuring stick or 
"window", T, 

R(T)=™:!X(t,T)-12X(t,T), (6.8) 

where X(t,r) is the data set. By dividing R(r) by the standard deviation, S(T), the R/S 
value will be a dimensionless number that can be compared to different phenomena 
and data sets. The slope, H, gives the fractal dimension according to D = 2 - H. 

The accuracy of the fractal algorithms, as tested on simulated profiles and surfaces, 
seems to depend on both the algorithms used to simulate the profile (or the surface) 
and the algorithm itself. This makes it difficult to determine the most accurate method 
for real fractal surfaces. However, when tested on noise-free isotropic, simulated 
profiles and surfaces, the Hurst method seems to be the most accurate, with the RMS 
and Fourier methods somewhat less accurate [3]. 

For scattering methods, as L M and SEM, other algorithms have to be used. A texture 
method based on the pixel light distribution within the image can be used, where the 
brightness difference for a given distance is plotted against pixel distance in a log-log 
plot. This is a method similar to the Hurst method. However, the slope is an indicator 
of surface texture rather than fractal dimension, even if they are related. This is an 
important limitation, but under the same light- and viewing-condition qualitative data 
can be used to range the surfaces. There are two reasons for this limitation of these 
images: 
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• The array of brightness is single-valued. There are no multiply connected paths 
possible within this data. No intricate structures, such as overhang can be revealed, 
so the brightness array is at most self-affine. 

• There is no meaningful consistent relationship between the brightness values for the 
scattered light (or other signals), and the horizontal dimension (typical in units of 
length), so the scaling of values is not normalized in any way. Therefore, the slope 
of the log-log plot may not be constrained to lie between 2 and 3, which is the range 
of fractal dimensions for a physical surface [3]. 

A second option is to cut the sample in slices and image the profiles by SEM. The 
advantage of this technique compared to probing techniques, is that self-similarity and 
intricate structures may be revealed. The profiles should therefore display reliable 
elevation data and hence give accurate fractal dimensions. However, this is true only i f 
the surface is isotropic and i f the profiles have sufficient resolution. In reality it can be 
difficult to polish the sample flat to achieve high resolution without destroying the 
structure. The method is also time-consuming and destructive. 

Fractal analysis of profiles that are not single-valued, can only be performed in a few 
cases with the same methods as for single-valued profiles and surfaces. Other methods 
are more suitable, such as the Richardson plot, box-counting and Fourier analyses by 
"unrolling" the profile and constructing a single-valued function. The Richardson plot 
is maybe the most accurate way to calculate fractal dimension, as the measured value 
will be equal to the definition of fractal dimension, the so-called Hausdorff-
Besicovitch dimension [2]. This is, however, not true when the Richardson method is 
applied to single-valued self-affine functions. 

6.5.2 Pre-treated Stainless Steel Surfaces and the Adhesive Process 

The most commonly used materials in metal adhesive bonding are aluminum alloys 
and other light alloys. An increased use of adhesive bonding as a joining method can 
also be seen for ferrous alloys, e.g., stainless steel. Stainless steel has unique surface 
properties among the ferrous alloys. The surface is a stable oxide, which can be created 
in the manufacturing process, but also spontaneously formed in any oxidation media, 
such as air or water. Mechanical treatments of the surface, as brushing or blasting, may 
also alter the chemical composition at the surface, but the most obvious difference is 
the change in morphology. 

Common austenitic stainless steels are often treated at the production to give desired 
surface quality. To increase surface roughness and enhance adhesion, the surface can 
be treated with surface methods, such as abrading, blasting, or laser polishing. The 
effect of the surface treatment can then be tested by bonding the samples as soon as 
possible, for example, with a room-temperature curing 2-component epoxy, Araldite 
2015 (Ciba-Geigy), with controlled adherent and bondline thickness, in a single 
overlap joint. 

A reasonable set of microscopic methods and fractal algorithms that can be used to 
investigate the relation between fractal parameters and tensile strength between the 
pre-treated steel samples are shown in Table 1. 
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Microscopic Method Fractal Algorithm 

AFM 
SEM 
L M 

Profilometer Fourier, RMS, Hurst 
Fourier, RMS 
Texture, Richardson 
Texture 

Table 1. A set of microscopic methods and fractal algorithms that can be used to evaluate the relation 
between fractal parameters and tensile strength. 

As indicated from the results in paper D of pre-treated stainless steel surfaces, the 
fractal dimension, evaluated by the five different algorithms above, and the tensile 
strength for the six treated steel samples, varies considerably between the methods and 
there length-scales. Still, the overall relation between fractal dimension and tensile 
strength is qualitatively the same, except for the SEM images (AFM had to be 
excluded in this comparison due to scanning limitations). This indicates that tensile 
strength can be correlated to the fractal dimension for steel surfaces, although only at 
the length-scale of the profilometer and L M method (~ 0.5 - 100 pm). This is 
interesting and raises the question i f this is the length-scale where roughness is 
accountable for adhesive bonding of the surfaces. 

The surface magnimde is not often considered in fractal analysis. However, it has been 
shown that traditional roughness parameters such as the standard deviation is coupled 
both to magnimde and fractal dimension [16]. To show this relationship, the surface 
magnitudes from the different samples, derived from the Fourier method on profiles, 
can be compared with the Ra values for the samples. There is a clear correlation 
between magnitude and the Ra value, but not between fractal dimension and the Ra 
value. Hence the Ra value tells little about spatial resolution of the elevation data and 
should be used only qualitatively. 

The Fourier and the Hurst methods applied on profiles, together with texture 
measurements of LM images, seemed to be the most convenient and consistent 
methods to use. However, the texmre measurement cannot be quantitatively connected 
to the Fourier and the Hurst results, unless the data are calibrated against the two 
methods, unless the same viewing conditions are guaranteed. 

Another interesting parameter (explored in paper E) related to adhesion, is the surface 
contact-angle for a fluid, both related to the chemistry and the topography of the 
surface. For fractal surfaces the contact angle can be related to fractal dimension by an 
expression formulated by Hazlett [17] according to 

Here 6, is the contact angle for the fractal surface, D the fractal dimension, L and / the 
upper and lower cutoff lengths for the fractal behavior, and 6 the contact angle for a 
flat surface. (L/l)D~2 is the roughness factor relating a flat surface to the fractal surface. 
When applied to four differently surface-treated stainless steel surfaces, measurements 
have shown that the adhesive properties are closely linked to the contact angle. This 
means that the contact angle can be used to rank the surfaces according to adhesive 
properties. However, as the determination of the contact angle is not a standard 
procedure in all labs, it would be desirable to rank the surfaces with a simple 

(6.9) 
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profilometer to collect and analyze the topographic data. The relation between the 
contact angle and the fractal dimension, Eq. (6.9), provides that desired feature. Instead 
of measuring the contact angle, we have showed that collected topographic data can be 
used, from a fractal surface, to calculate the roughness factor and to rank the surfaces 
according to their adhesive properties. The procedure is, of course, valid only for 
surfaces with equal or similar surface chemistry. 

As the roughness factor also provides valuable information about the adhesive 
properties, it may be a more thorough parameter than using only the fractal dimension. 
The reason for that is that the roughness factor is based both on fractal dimension and 
the length-scale of the fractal behavior, i.e., the upper and lower cutoff length. 
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7 Summary of the Appended Papers 

Paper A 

Near Field Optical Microscopy With a Vibrating Probe in Aqueous Solution 

A. Mannelquist, H. Iwamoto, G. Szabo, and Z. Shao 

Submitted for publication to Applied Physics Letters 

Paper A demonstrates the principle of a scanning near-field microscope (NSOM) 
especially designed to operate in aqueous solution for applications in biology. The idea 
is based on a scanning quartz-pipette as in scanning ion-conductance microscopy 
(SICM), but the pipette is coated with aluminum and also used as light-guide. Many of 
the technical limitations associated with a scanning pipette are circumvented by a small 
modulation of the distance between the pipette and the sample. This AC method allows 
the pipette to be positioned close to the sample surface and is robust in obtaining 
reproducible NSOM images in solution. This approach is also compatible with 
fluorescence imaging and FRET, and should further facilitate the use of NSOM in 
various areas of cell biology, where high resolution is considered critical. 

Paper B 

Near Field Optical Microscopy in Aqueous Solution: Implementation and 
Characterization of a Vibrating Probe 

A. Mannelquist, H. Iwamoto, G. Szabo, and Z. Shao 

Submitted for publication to Journal of Microscopy 

Paper B discusses the implementation and the characteristics of the NSOM presented 
in paper A. The pipette used in the scanning ion conductance microscope (SICM) can 
be modified to form a high-resolution near-field optical probe. When combined with a 
novel distance-modulation mechanism, a robust scanning near-field optical microscope 
(NSOM) can be constructed for operation in aqueous solution. The technical details of 
this design and a further characterization of the system are discussed, as well as 
technical considerations in the context of biological applications. The fundamental 
limitation of this approach is further discussed in comparison to other systems. Based 
on the current technology, it is concluded that better than 50-nm resolution should be 
achievable with this technique for fluorescence and fluorescence resonance energy 
transfer (FRET) imaging of biological specimens. 
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Paper C 

Influence of the Tip Geometry on Fractal Analysis of Atomic Force Microscopy 
Images 

A. Mannelquist, N . Almqvist, and S. Fredriksson 

Applied Physics A66 (1998) 891-895 

In paper C we have used a fully three-dimensional AFM simulation on fractal, 
computer-generated surfaces, to estimate the tip-induced distortions of the calculated 
fractal dimension. The estimates of fractal dimension are shown to be affected by scan-
size, roughness magnitude and tip radius. Further, they seem to deviate less from the 
true values with increasing scan-size and higher roughness magnimde, and naturally 
also for smaller tip radius, giving satisfactory estimates of the fractal dimension in a 
few favorable cases. In analyzes of AFM images of real surfaces, the measured fractal 
dimension can be corrected according to our simulated results. We did this for a 
deuterium-exposed graphite sample, and found that the corrected results coincide with 
(uncorrected) data taken with a sharper tip. Except for supporting our overall method 
for correcting AFM-based fractal values, this also shows that the aspect ratio of a tip, 
and not only the radius, is essential. 

Paper D 

Comparison of Fractal Analysis Methods and Fractal Dimension for Pretreated 
Stainless-Steel Surfaces and the Correlation to Adhesive Joint Strength 

A. Mannelquist and M . Ring Groth 

Accepted for publication in Applied Physics A 

In paper D, we have evaluated five fractal algorithms and four surface analysis 
methods; profilometry, AFM, SEM and LM, used to investigate the relationship 
between fractal dimension and tensile strength for six surface-treated stainless-steel 
samples. The motivation for using fractal parameters to characterize surfaces for 
adhesive bonding, is that traditional parameters cannot be correlated to adhesive 
properties, and that fractal parameters are scale invariant and related to the spatial 
distribution of elevation data. The results show that tensile strength can be correlated to 
the fractal dimension for the profilometer and light microscope at the length-scale of 
0.5 - 100 pm. The most convenient and consistent algorithms are the Fourier and the 
Hurst algorithms applied on profiles, and the texture method applied to L M images. 
The surface magnimde for the Fourier method was shown to correlate to the arithmetic 
average difference (Ra), but not to fractal dimension. This confirms that traditional 
parameters relate to the magnimde and not to the spatial distribution of elevation data. 
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Paper E 

Prediction of Adhesive Properties by Fractal Characterisation of Topographical 
Stainless Steel Data 

M . Ring Groth and A. Mannelquist 

Submitted for publication to Journal of Adhesion 

Paper E investigates the relation between pre-treated stainless-steel surfaces and their 
adhesive properties, in terms of contact angles and fractal parameters. The surfaces 
were analysed by surface profilometry, atomic force microscopy (AFM), contact angle 
measurements, and by two fractal algorithms. Single overlap and durability wedge tests 
were performed, and the results were correlated to the contact angles and the fractal 
parameters. The traditional roughness parameter, Ra, could not be correlated to 
adhesion properties. The results show that contact angle measurements can be used to 
predict adhesive properties, and it is clear that some surfaces are more "wettable" than 
others. However, since fractal parameters (fractal dimension and roughness factor) can 
be related to contact angle, it is shown for the chemically similar surfaces that simple 
profilometry measurements and subsequent fractal analysis can be applied instead. 
Fractal parameters may then be used to compare different surface-treatments and to 
qualitatively rank and predict their wetting and adhesive properties. 
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Abstract 
We show that by an appropriately configured scanning quartz pipette coated with 

aluminum, a near field scanning optical microscope (NSOM) can be constructed to 

operate in aqueous solution for applications in biology. Many of the technical 

limitations associated with a scanning pipette were circumvented by introducing a 

small modulation of the distance between the pipette and the sample. We show that 

this AC method allows the pipette to be positioned very close to the sample surface 

and is robust in obtaining reproducible NSOM images in solution. This approach is 

also compatible with fluorescence imaging and FRET, and should further facilitate the 

use of NSOM in various areas of cell biology where high resolution is considered to 

be critical. 

1 



The high resolution ability of near-field scanning optical microscopy (NSOM) has 

already been demonstrated in many laboratories with a spatial resolution approaching 

nanometer dimensions in some cases.1-4 For many biological applications,5"7 such a 

high resolution is obviously advantageous and should be able to resolve some of the 

controversial issues, such as the existence of microdomains in cell membranes.8' 9  

However, the shear force approach2 that is highly successful in air has been shown 

ineffective in aqueous solution10, which is essential for biological NSOM11. This 

difficulty lies in the fact that failing to maintain the probe position at a fixed distance 

from the sample surface not only causes damage to the probe itself, but also leads to 

artifacts that are difficult to eliminate.12"14 As a result, the application of NSOM in 

aqueous solution has been limited.7'11'15"17 

A possible approach for the control of the probe position in aqueous solution is to use 

a scanning pipette rendered optically opaque to form a near-field optical probe at the 

pulled end,18 while its position is controlled as that in a scanning ion conductance 

microscope (SICM).19"21 Since the ion current through the pipette is sensitive to the 

distance from the sample surface, a proper feedback system should be able to 

maintain a constant distance between the sample and the probe. However, a major 

problem with a conventional SICM is that the change in ion current is not sufficiently 

sensitive to tall features nearby. Therefore, i f the probe is not scanned at a "safe" 

distance above the surface, the probe is often trapped in deep "valleys", thus causing 

instabilities in the system. As a result, both the pipette and the sample are often 

damaged.20 In addition, drifts due to contamination of the electrodes (Ag/AgCl) over 

time can also complicate the effort of getting stable images of a sample.22 Because of 

these technical challenges, a recent exploration of this idea was only partially 

successful17. The probe had to be scanned at a distance in excess of 250 nm. The 

resolution achieved was modest, mostly because the illuminated area at this "safe" 

distance is much greater than the size of the aperture. Clearly, to fully utilize the 

advantage of a small aperture, one must be able to place the opening of the pipette at a 

distance as close as possible to the sample surface. 
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In this letter, we show that by generating a small periodic distance modulation 

between the pipette and the sample at a fixed amplitude, the alternating ion current 

(AC) is more sensitive to the distance, and the pipette can be scanned at only a few 

nm from the sample surface. This distance modulation can also eliminate the problem 

of trapping the probe in surface "valleys", similar to that in a tapping mode AFM. 2 3 ' 2 4 

Such a system is ideally suited for imaging in solution, and is insensitive to long term 

drifts. 

The basic layout of our SICM/NSOM is shown schematically in Fig. 1. A piezo tube 

scanner, capable of 50 pm scan range laterally, is used to scan the pipette in three 

dimensions.25 The ion current is converted to voltage, giving a sensitivity of 1 V/nA 

with the corner frequency at 9 kHz. A separate piezo plate is used to oscillate the 

specimen. The oscillation frequency can be adjusted between 3 to 20 kHz, and the 

amplitude of oscillation can be up to 20 nm. The NSOM is placed on an inverted 

optical microscope with a long working distance objective (60x at NA 0.7). A photo 

multiplier tube (PMT) (R374, Hamamatsu, Japan), operated in the analog mode, is 

installed at the video port to collect the optical signal through the objective, which is 

directly sent to one of the auxiliary channels on a NanoScope Ilia controller (Digital 

Instruments, Santa Barbara, CA). The ion current is measured with Ag/AgCl 

electrodes, and the bias voltage is 30-500 mV, which is supplied by the NanoScope 

Ilia controller and can be set by the software. The electrolytic solution used is 350 

mM KCl in both the pipette and the sample bath. The root-mean-square (rms.) of the 

AC signal is sent to the STM current input on the NanoScope Ilia controller. 
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Fig. 1. Schematic illustration of the SICM/NSOM set-up. LS: light 
source; PMT: photon multiplier tube. The sample is oscillated by a thin 
piezo plate; the AC component of the ion current detected by the 
Ag/AgCl electrode is converted to R M S , which is used as the feedback 
signal. 

The pipettes are prepared by pulling thin wall quartz capillaries (1.00 mm OD and 

0.70 mm ID) in a programmable C0 2 laser based microelectrode puller (Sutter 

Instruments, Model P2000). Right after a pipette is pulled, a layer of aluminum, up to 

100 nm, is deposited in a vacuum evaporator (at 10"6 torr). The pipettes are first filled 

by boiling in water/ethanol for 10-15 min., followed by back filling with 350 mM 

KCl. The standard test sample, an aluminum shadow mask of 2.2 urn polystyrene 

beads, is prepared by evaporating a thin film of aluminum, < 30 nm, on a monolayer 

of beads adsorbed on a clean glass slide. The beads are then removed by sonication 

for 20 minutes in distilled water. 
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The relationship between the ion current and the distance above the surface has been 

described by Schwab26 as 

/ = / o - ± T (1). 
z + k 

where k=1.5 ln(rjr$ r0 n / Lp and I0=U/RP. U is the bias voltage, Rp the pipette 

resistance, rjr-, the ratio between outer and inner radius at the pulled end, r0 the inner 

radius close to the electrode, Lp the distance between the electrode and the pipette 

opening, and z the distance to the sample surface. If the distance, z, in eq. (1) is 

substituted with the time dependent term, z=z0+S sin co0t, and we expand eq. (1) in 

terms of 8, the expression can be decomposed into a DC offset and a series of AC 

terms as the following: 

j ^ j l z„ | s ksm(cont) S2 ksm2(co0t) | I 

(z0+k)2 (z0 + k)3 " J ( 2 ) 

The R M S of the first term gives the following distance dependence: 

This R M S average is even more sensitive to the distance than the DC term (at the same 

mean distance, z 0 , from the surface), which demonstrates that the R M S average can 

clearly be used for feedback control. 

Light is directly delivered to the pipette with a 240 pm multimode optic fiber, which 

is coupled to a 150 W halogen quartz lamp without any wavelength selection. The 

optical power transmitted to the pipette in this arrangement is less than 60 pW. The 

light throughput declines sharply with the diameter of the pipette (Fig. 2), ~a3, where 

a is the diameter of the aperture. 
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Fig. 2. Measured light emission from various diameter pipettes coated with aluminum. 
The pipettes are filled with water and the power input is held at -60 pW. The light 
throughput is related to the third power of the diameter over the measured range. 

Typical NSOM/SICM images are shown in Fig. 3. In this case, the sample is 

oscillated at 8.5 kHz with an amplitude of -17 nm at the pixel time of -1 ms and the 

optical power delivered to the pipette is about 60 pW. At large scale, the SICM image 

(Fig. 3a) shows excellent correspondence to the NSOM image (Fig. 3b). The regular 

packing of the beads is clearly seen in these images. At a higher resolution, the outer 

diameter of the probe is estimated at 400-500 nm based on SICM images (Fig. 3c), 

while in the NSOM image (Fig. 3d), the estimated resolution from the edges of the 

aluminum shadow is in the range of 200-300 nm. Since the aluminum coating on the 

pipette is around 100 nm, as shown by SEM imaging, these measurements are 

consistent with an optical aperture of ~200 nm. Such images are very stable and can 

be obtained repeatedly without degradation of the pipette or the specimen. 
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Fig. 3. Large scale images are shown in (a) and (b). The topographic SICM image (a) 
corresponds well with the NSOM image (b). The close packing of the beads on the 
glass surface is clearly seen. Pn the SICM image (a), the deposited aluminum appears 
as isolated islands, while in the NSOM image, the same region is optically opaque At 
a higher resolution (smaller scan size), the estimated probe size of 400-500 nm based 
on SICM (c) is consistent with the resolution of-200 nm, estimated from aluminum 
edges m the NSOM image (d), taken into account of-100 nm deposited aluminum 
The pixel time is -1 ms. 



Based on calibrated current measurements, the closest distance between the pipette 

and the sample surface is less than 10 nm. Therefore, with the distance modulation, 

the probe can be pushed to a position very close to the specimen, thus, allowing the 

high resolution potential of NSOM to be realized. With this system, probe trapping or 

current drifting have not been a serious problem, and even thicker aluminum masks 

can be imaged as well. Without distance modulation, stable images at this close 

distance could not be obtained. The signal to noise ratio (defined as the mean 

signal/RMS) in the optically transparent regions (aluminum free) is -10. Since the 

dark current of the PMT (including the contributions from the pre-amplifier) is 

equivalent to 5xl0 4 photons in 1 ms and around 10-20 % of emitted photons from the 

pipette should be collected, the estimated signal to noise ratio should be 15-20 based 

on 20 pW illumination (see Fig. 2). This slight discrepancy may be attributed to loses 

due to the various surfaces in the optical path that are not accounted for in this 

calculation. Even though the current setup is not sufficient for the use of smaller 

pipettes, it is clear that by increasing the illumination power and the detection 

sensitivity, this system should be sufficient for routine fluorescence imaging. For 

example, 50 mW single wavelength illumination can be utilized without damaging the 

aluminum coating due to the efficient cooling of the pipette in solution, unlike in air 

where the maximum power is limited to <10 mW.27 This will give nearly a nanowatt 

of emitted light by a 50 nm pipette. Using photon counting,6'28 down to 20 

fluorophores should be detectable for a pixel time of 1-2 ms, if the cutoff S/N is set at 

-10. Therefore, further improvement of this approach should allow a direct 

examination of protein localization in the cell membrane at a resolution around 50 

nm, which should be sufficient to detect the anticipated small domains that are 

essential for organizing many of the signal transduction processes.8'9 fn addition to 

straightforward fluorescence imaging, fluorescence resonant energy transfer (FRET) 

is another simple and powerful capability that can be easily incorporated in this 
29 

system. 
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In summary, we have demonstrated the feasibility to use distance modulations in a 

NSOM/SICM for imaging in aqueous solution. Since the fabrication of small pipettes 

down to 20 nm is already well established, this approach should open many novel 

applications of NSOM in biology under physiological conditions at a much higher 

resolution than that achievable with far field imaging. 
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Institute, Hans Werfhén Foundation and Wallenberg Foundation (to A.M.). The 
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Summary 

We have recently demonstrated that the pipette used in the scanning ion conductance 

microscope (SICM) can be modified to form a high resolution near field optical 

probe. When combined with a novel distance-modulation mechanism, a robust 

scanning near field optical microscope (NSOM) can be constructed for operation in 

aqueous solution. We now present the technical details of this design and a further 

characterisation of the system. The technical considerations are discussed in the 

context of biological applications. We further discuss the fundamental limitations of 

this approach in comparison to other systems. Based on the current technology, it is 

concluded that better than 50 nm resolution should be achievable with this technique 

for fluorescence and fluorescence resonance energy transfer (FRET) imaging of 

biological specimens. 
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INTRODUCTION 

Optical microscopy has made tremendous contributions to the development of science 

and technology. It has become an essential tool in biology and biomedicine. However, 

it is also well understood that as long as a lens is used to form an image or a probe, 

like in all conventional microscopes, the achievable resolution is fundamentally 

limited by diffraction, which cannot be circumvented even with perfect lenses (Born 

and Wolf, 1970). To overcome this fundamental limitation, the concept of near field 

microscopy was introduced (Synge, 1928) which was first demonstrated with 

microwave frequencies nearly 30 years ago (Ash and Nicholls, 1972). However, its 

extension to optical microscopy was a much more recent development (Dtirig et al, 

1986; Harootunian et al, 1986; Lewis et al. 1984; Pohl et al. in 1984; Pohl, 1986). 

The rationale of this approach is based on the fact that if the object is brought very 

close to an aperture, the illuminated area will not be much greater than the size of the 

aperture. Therefore, i f an aperture smaller than the wavelength of the illuminating 

light can be fabricated and is scanned across the specimen, the spatial resolution will 

no longer be limited by diffraction (NSOM) (Betzig et al, 1987; Betzig et al, 1991). 

Obviously, this technique should also be very attractive for biological applications 

where one can take advantage of the well-developed repertoire of fluorescent labels 

and other markers. However, a major difficulty at present is the inability to control, 

even with the highly successful shear force approach (Betzig et al, 1991), the near 

field probe in aqueous solution which is essential when applied to biological 

specimens (Subramaniam et al, 1998). Maintaining the probe position at a fixed 

distance from the sample surface is critical not only to avoid damages to the probe, 

but also to avoid artefactual contrast that is related to surface topography, rather than 

fluorophore density in the case of near field fluorescence microscopy (Betzig et al, 

1992). Because of these difficulties, the application of NSOM in biology has been 

rather limited (Hwang et al, 1995; Moyer et al, 1996; Keller et al, 1997; Seibel et 

al, 1997;Talleye/a/., 1998). 

Most recently, it has been shown that the scanning pipette, used in a scanning ion 

conductance microscopy (SICM) (Hansma et al, 1989), can be used as a light guide 

to form a near field optical probe at the pulled end by rendering the pipette optically 
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opaque with a thin layer of aluminium (Korchev et al, 2000; Czajkowsky & Shao, 

2000). Since the ion current is sensitive to the distance between the opening of the 

pipette and the sample surface, this current can be used to "lock" the pipette at a fixed 

distance from the sample surface with a properly configured feedback circuitry 

(Hansma et al, 1989; Korchev et al., 1998). However, preliminary experiments have 

showed that a simple implementation of this idea is not as effective as expected. One 

of the problems is that the change in ion current is not sufficiently sensitive to tall 

features nearby. Therefore, during scanning, the "tip" could often be trapped in deep 

"valleys" present on the specimen surface. This is in some ways similar to the 

problems in AFM when operated in the contact mode (Hansma et al, 1994; Shao et 

al, 1996). Any bending of the pipette due to this trapping, which happens easily when 

the pipette is pulled to sub-pm dimensions, creates instabilities in the feedback 

system, leading the probe to crash into the specimen. In addition, the contamination of 

the electrodes (Ag/AgCl) can also cause substantial drifts over time (Snyder, 1999). 

Because of these problems, the pipette was often operated at a "safe" distance of 

several hundred nm (Korchev et al, 2000), leading to a much lower resolution than 

the aperture would allow. 

To circumvent these difficulties, we have recently demonstrated that the distance 

between the pipette and the sample surface can be modulated to introduce an AC 

component in the ion current. While the AC current can be used to control the probe 

position, which is much more sensitive to the distance, this vibration also allowed the 

pipette to "escape" from being trapped in surface "valleys" (Mannelquist et al. 2000), 

a property analogous to that of the tapping mode AFM (Hansma et al, 1994). In 

addition, the AC current is relatively immune to long term drifts. These features have 

permitted the pipette to be operated at only a few nm from the sample surface, thus, 

allowing the high-resolution ability of the scanning pipette to be utilised, fn this 

article, we present the design and construction of such an NSOM optimised for 

biological applications, and the results of a preliminary characterisation of our 

prototype. Our data show that the NSOM using this approach is robust and ideally 

suited for imaging in solution. We will also discuss the practical limitations imposed 

on the system by the various components, and improvements can be implemented to 

further improve/expand its performance. 
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INSTRUMENTATION 

The SICM/NSOM is based on a hollow pipette filled with an electrolytic solution. A 

piezo tube scanner (Staveley Sensors, Inc., East Hartford, CT), 19.05 mm in diameter, 

76.20 mm in length and with a thickness of 1.02 mm, is used to scan the pipette in 

three dimensions (Binnig and Smith, 1986). The scanning range is greater than 50x50 

um2 laterally and 6 pm vertically. The piezo tube is mounted on a heavy brass 

cylinder to ensure mechanical stability. Three fine pitch screws are directly tapped 

into the cylinder for approach and levelling of the scanner (Fig. 1). 

Fig. l . Schematic view of the design of our NSOM/SICM. The body consist of 
a rigid heavy brass cylinder with three high pitch screws directly tapped into 
the cylinder for leveling and approach. The shielded pipette holder, PH, is 
mounted in the piezo tube, PZT and the pre-amplifier is directly mounted on 
the side of the microscope to avoid electric interference and noise pickup. 
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A separate piezo element is used to oscillate the specimen with a driving signal of 

-180 V p-p, generated with a function generator and amplification electronics. The 

amplitude of oscillation can be up to 20 nm and the oscillation frequency can be set 

between 3 to 20 kHz. The pipette is held inside the piezo tube, and is shielded from 

the high voltage scanning signal. The pre-amplifier (OPA2111, Burr-Brown), located 

on the side of the cylinder, converts the ion current to voltage, giving a sensitivity of 1 

V/nA and a roll-off frequency of-9 kHz (Fig. 2). The SICM/NSOM is placed on an 

inverted optical microscope (Nikon Eclipse, Tokyo, Japan) which is equipped with a 

mercury lamp and long working distance objectives. To minimise mechanical noise, 

the inverted microscope was placed on an air damped optical table and a 6-mm thick 

rubber strip was placed between the SICM/NSOM base plate and the inverted 

microscope. A photo multiplier tube (PMT) (R374, Hamamatsu, Japan), operated in 

analog mode, is directly installed at the video port to collect the optical signal through 

the objective (60x at NA=0.7), which is further sent to one of the auxiliary channels 

on a NanoScope Hla controller (Digital Instruments, Santa Barbara, CA). Far field 

microscopy is still available through the eyepiece. The ion current is measured with 

Ag/AgCl electrodes (Sackman and Neher, 1995), and the bias voltage is normally 

between 30-500 mV, directly set with the NanoScope Ufa controller through its STM 

commands. The electrolytic solution used is 350 mM KCl in both the pipette and the 

sample bath. The AC signal is first converted to root-mean-square (RMS) (AD534, 

Analog Devices) before it is sent to the STM bias current input on the NanoScope Hla 

controller. The light source is a 150 W quartz light with a rear reflector, giving a -5 

mm spot at the focal plane. An unpolished multi-mode optic fibre (core diameter: 

0.24 mm) is directly placed at the focal plane and the other end (unpolished) is 

inserted into the lumen of the pipette. 
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Fig. 2. Schematic view of our NSOM/SICM, where LS is the light 
source and PMT, the photo multiplier tube. Light is collected with 
a 60x long working distance objective with NA=0.7. The sample is 
oscillated, using a separate piezo element, with amplitudes up to 
20 nm and frequencies between 0-20 kHz. The bias is taken from 
the controller (running in STM mode) and the AC ion current is 
used as feedback after being converted by the pre-amplifier and 
further transformed to RMS avarage. The scanning piezo is not 
shown in this figure. 

The pipettes are made by pulling thin wall quartz capillaries (1.00 mm OD and 0.70 

mm ID) in a programmable CO2 laser-based puller machine (Sutter P-2000, Sutter 

Instrument). The capillaries are usually pulled with multiple steps to make a small but 

robust pipette with a cone angle as great as possible in order to give a sufficient light 

throughput. This is critical for the present case, since the optical power available is 

very small. After the pipettes are pulled, they are immediately placed in a vacuum 

evaporator with a rotating holder. After a vacuum of 10"6 torr is reached, an 

aluminium layer, up to 100 nm, is deposited. The pipettes are then filled, by boiling in 

water/ethanol for 10-15 min, and then back filled with 350 mM KCl. One hour is 

normally required for sufficient diffusion to occur. The integrity of the aluminium 
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coating is examined with a light microscope and the quality of the pipette is examined 

with a scanning electron microscope (SEM). A typical pipette is shown in Fig. 3. 

Fig.3. Two pulled quartz pipettes. In (a) uncoated and viewed from 
the side and in (b) coated with a -100 nm layer of aluminium and 
viewed from the front. Notice the well-defined 60-nm opening in 
image (b). 

To make the standard test sample, 8-12 pi of 0.25% 2.2pm polystyrene beads (Bangs 

Laboratories) is placed on cleaned cover glass and allowed to dry in air. After all 

solution is evaporated, the beads are closely packed on the glass surface. Then, a thin 

film of aluminium, < 20 nm, is deposited in a vacuum evaporator. The beads are 

subsequently removed by sonication in water for 20 minutes. An optical image of 

such a test sample is shown in Fig. 4. 
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Fig. 4. Optical image of closely packed 2.2 urn polystyrene 
beads on a piece of glass. 

RESULTS AND DISCUSSION 

In order to use the ion current through the quartz pipette as feedback signal to control 

the position of the near field probe, the current versus distance relationship must be 

well characterised. As shown by Schwab (1990) and others (Nitz et al, 1998; 

Korschev et al, 1997), this ion current has a relatively simple relationship to the 

distance which can be described by the following equation: 

Where U is the bias voltage, Rp the pipette resistance, rjr\ the ratio between outer and 

inner radius, r0 the inner radius close to the electrode, Lp the distance between the 

electrode and the pipette opening and z the distance to the sample surface. In this case, 

the shape of the probe is assumed to be conical, a reasonable assumption based on 

SEM measurements (Fig. 3). 

(1) 
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It is noted that at a far distance, the ion current is constant, which is the same as those 

already described in electrophysiology textbooks (Sackman, 1995), and the current 

starts to decrease when the opening of the pipette begins to experience the blockage 

by the sample surface. 

As shown in Fig. 5, this relationship describes the experimental curves quite well. 

The aluminium coating which is electronically floating compared to ground, does not 

have significant effects on the ion current, as demonstrated by these measurements. 
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Fig 5. The solid line shows the ion current for a 100 nm pipette as 
a function of mean distance from the sample, modelled by an 
expression by Schwab (1990), and the dotted line shows the 
experimental ion curve for a pipette, comparable in size. The two 
curves agree reasonable well. 
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When the distance z becomes time variable, i.e., the sample or the pipette is drive to 

oscillate, we can substitute z=zo+8 sin coot into the above equation. Then, we can 

expand the equation according to 8 to decompose the expression into a DC offset and 

a series of periodic (AC) terms: 

[z0+k (zQ+k) (z0 + k) J 

where 

1.5-ln(r /r.)-r r 
k = " ' <> ' (3) 

and 

U 

•>=Tr

 (4)-

Retaining the first term, we obtain a very simple relationship for the RMS: 

RMS=I0-j=--^-F (5) 
V2 (z0+k) 

In comparison to eq. (1), the RMS signal is clearly more sensitive to the distance (z0) 

than the static term at the same average distance zo. Therefore, the AC current is 

clearly suited for the use as feedback control of the probe position and should provide 

a better performance than the straightforward ion current. A theoretical comparison 

between the RMS average with different oscillation amplitudes, 8, and the DC current 

is plotted in Fig. 6. Notice that even for small amplitudes is the derivative and hence 

the sensitivity greater than for the static ion current at the same mean distance ZQ. 
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Fig. 6. A theoretical comparison between the static, DC, current 
and the RMS average for the modulated ion current calculated for a 
pipette 200 nm in diameter. The RMS average is calculated for 
oscillation amplitudes of 5 to 30 nm. It is easily seen that the 
sensitivity is greater than in the static case even for an amplitude of 
5 nm and small values of z. Notice that the static ion curve is 
negative and that 1 has been subtracted to make the curves 
comparable. 

Since the (RMS) AC current has a monotonically increasing relationship with the 

distance, an additional advantage is that the AC current can be directly used with an 

STM controller without the need for a null current (Korchev et al, 1997). It is also 

clear that slow drifts in the electronics and the electrodes should pose only minor 

effects on the stability of imaging in this case. Moreover, the precise control system 

will be able to place the pipette just a few nanometer above the surface making the 

microscope fully compatible with FRET microscopy (Vickery & Dunn, 1999). 
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In a practical imaging system, the oscillation frequency useable is normally limited by 

the time response of the preamplifier used to convert the ion current into voltage, 

although from the imaging point of view, any frequency should be acceptable. Since 

the current through the pipette can be down to only a few pA, especially for pipettes 

20-50 nm in size, the gain of the preamplifier must be set very high where the 

distributed capacitance limits the viable frequency response to less than 10 kHz. 

Therefore, for all of our experiments, 8-9 kHz is used. Since several cycles of 

oscillation would be required for a reliable interpretation of the "mean" current, 0.5 

ms per pixel appears to be a practical limit with this approach. For an image of 64x64 

pixels, the frame time would be about 2 sec. For faster responses, line scans may be 

more appropriate, as has been demonstrated with AFM (Viani et al., 2000). However, 

in most NSOM systems, the pixel time is primarily dominated by the amount of light 

available (Gustafsson et al. 1998), rather than the response of the feedback system. 

To characterise the performance of the system, we have simply used a 150 W halogen 

lamp as the light source. When the optic fibre is placed onto the focused spot of the 

lamp, the measured transmitted light at the other end of the fibre is only about 60 pW. 

The efficiency of light transmission through the pipette (aperture) is also directly 

measured when the optic fibre (unpolished) is inserted into the electrolyte-filled 

aluminium coated pipette. These results are plotted in Fig. 7, where the diameter of 

the pipette is measured with a SEM. Interestingly, the measured transmittance for a 

100 nm pipette is about 10"6, which is about 10 times higher than other types of 

NSOM probes with a cone angle of -23° (Hecht et al. 2000). The reason for the 

slightly better efficiency is not yet clear. It is also interesting to note that the 

transmitted light power scales as ~a3, where a is the aperture size. This is also 

different from the Bette-Bouwkamp model where the expected transmission 

coefficient should scale as ~a4 for a subwavelength aperture (Bette, 1944; 

Bouwkamp, 1950). A more detailed theoretical modelling might provide useful 

insight on these issues. 
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Fig. 7. Transmitted power versus diameter for aluminium-coated 
pipettes with a cone angle around 23°, estimated form SEM 
images. The input power is 60 pW, which will give an attenuation 
between ~10"6 - 10"8. 

The optical signal is collected through a long working distance objective (60x) with a 

numerical aperture of 0.7 by the PMT installed at the video port. Since the PMT is 

operated in the analog mode, the equivalent dark count is ~5T07 per second at the 

maximum gain, including contributions from the built in pre-amplifier. For a pixel 

time of 1 ms, this gives ~5xl 04 counts. For a 200 nm pipette, the total number of 

photons emitted by the probe is about ~3xl0 4 in 1 ms for our system (see Fig. 7). But, 

since only 10-20 % of the emitted photons is collected, the signal to noise ratio, which 

can be estimated as 

na 
SIN: (6) 

^dc + n-a 

would be around 15-25, where n is the number of emitted photons, a the collection 

efficiency and dc the dark count. This should be sufficient for good quality NSOM 

images. A typical example is shown in Fig. 8. The topographic images (obtained with 

ion current) and the NSOM images are acquired simultaneously. At a large scale 

(Figs. 8a & 8b), the pattern formed by the closely packed micro beads is clearly 

resolved. It is noted that these images correspond to each other very well. In the 

topographic image (Fig. 8a), the deposited aluminium is resolved as isolated islands 
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and the same region appears as optical opaque in the NSOM image (Fig. 8b). At a 

smaller scan size (Fig. 8c &d), the resolution can be estimated from the edges of the 

resolved features by defining the resolution as the width between the lower 10% and 

the upper 10% of the near-field signal at the edge. Based on this definition, the 

estimated resolution is -200-300 nm. 

Fig. 8. Topographic images (a)&(c) and near-field images (b)&(d) taken with a pixel 
time of 2 ms (scan speed 0.5 Hz). The aluminium pattern formed by the closely 
packed micro beads is clearly resolved both topographically and optically. The 
resolution in Fig. (d) can be estimated to 200-300 nm from the edges of the resolved 
features, by defining the resolution as the width between the lower 10% and the upper 
10% of the near-field signal at the edge. 

The S/N can also be estimated directly from optically transparent regions (aluminium 

free). As shown in Fig 9a where the pixel time is 1 ms, the estimated S/N is -10 as 

defined by the mean signal divided by RMS. When the pixel time is increased to 2 ms 

(Fig. 9b), the estimated S/N is about 15. This is exactly the scaling predicted by eq. 

(6). The discrepancy from the predicted value may be attributed to other sources of 

noise that are not included in eq. (6). These measurements also clearly indicate that 

the current set-up needs to be optimised in order to improve the spatial resolution 

further and to be applied to fluorescence imaging. In this later case, the technical 

limitations can be estimated based on currently available technologies. 
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Fig 9. Near-field optical images taken with a pixel time of 1 ms (a) 
and 2 ms (b) (scan speed 1Hz and 0.5 Hz, respectively). The 
contrast in image (a) indicates a S/N ratio around 10, (defined as 
mean signal / RMS ) measured in the transparent, aluminium free, 
areas. When the scan speed is decreased in (b) the S/N ratio will 
increase to ~15. 

To improve the detection efficiency, a photon counting PMT will be the most 

appropriate, which can have a dark count below 10000 per second at ambient 

temperature. Assuming all electronic noise, such as readout noise etc., can be 

rendered insignificant, a signal to noise ratio of 10 for a 1 ms pixel time would require 

-110 photons to be collected, i f we assume 10 dark counts in 1 ms. Since even for a 

NA=1.4 objective, only 20-30% of total emitted photons can be collected, we would 

need to have -600 fluorescence photons (0.2 pW), allowing an additional loss due to 

the various optical surfaces and the bandpass filter. 
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The number of fluorophores detectable for a pre-set S/N can then be estimated by 

rewriting and simplifying Beer-Lambert's law (Cantor and Schimmel, 1980) as the 

following: 

where P is the minimum detectable power (W), NA is Avogrados number (M"1), A the 

illuminated area (for simplicity, the size of the aperture of the pipette can be used 

(dm2)), e the extinction coefficient (iVT1 dm"1) which can be taken as 2T06 for most 

cases, 0 the quantum efficiency (-0.8) and Po the emitted light from the pipette (W). 

For P=l nW, P<j=0.2 pW, we have N= 15. In other words, 15 fluorophores will be 

needed in the illuminated area, in order to have the required S/N of 10. Since up to 6 

fluorophores can be attached to an antibody, this requirement should be practical for a 

pipette as small as 50 nm. 

Another aspect that may be improved is that in the current set up, the pipette is 

continuously illuminated. As such, when the pipette is at the farthest point of the 

oscillation, the illuminated area is greater than that at the closest point to the sample 

surface. For small oscillation amplitudes, this would impose a minor effect. But for 

larger amplitudes, the illumination can be gated in synchrony with the oscillation, so 

that the pipette will emit light only when it comes close to the sample surface. 

The absolute optical resolution will have to be determined by the smallest pipettes 

that can be pulled that can still be filled with electrolyte. Fortunately, published 

literature has shown that down to 20 nm pipettes are feasible and has been filled with 

electrolytes (Frank and Becker, 1964). However, at such small dimensions, the 

attenuation in the metal coating should also be considered (Liberman and Lewis, 

1990). Therefore, the highest spatial resolution achievable with this approach appears 

to be in the range of 20 nm. Pipettes much smaller than this, even if they can be filled 

with electrolytes, are unlikely to further improve the resolution. 

16 



CONCLUSIONS 

We have presented an initial demonstration of a novel NSOM system specifically 

designed for imaging in aqueous solution, a prerequisite for biological applications. 

Different from the most other systems, the probe position is controlled with the ion 

current through a hollow pipette that is modulated into the AC form by an externally 

driven oscillation. The same pipette is coated with aluminium and delivers light to its 

pulled end to form a near field optical probe. Our data show that this novel scheme 

can overcome most of the difficulties encountered by other approaches when applied 

in solution and can provide a robust and reliable imaging platform. With further 

optimisation in signal collection, the spatial resolution should reach the sub-100 nm 

range which may be further improved by micro-fabricated pipette type apertures with 

a better geometrical design than pulled quartz pipettes, fn addition, since a large 

fraction of the cross section of the pipette is made of quartz, such probes may also 

allow the passage of infrared illuminations. 

We believe that the system presented here is most ideally suited for biological 

applications and has solved one of the most technically challenging problems in 

biological NSOM. Therefore, these results have opened the possibility of practical 

applications of NSOM in biology where super high spatial resolution on the surface is 

required. 
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Abstract. Fractal analysis of data from atomic force mi
croscopy (AFM) is often necessary for studying surfaces 
with scale-invariant roughness. However, the fractal param
eters are influenced by the finite-sized tip geometry of the 
A F M stylus. We make an extended study of such little-
known effects. The so-called successive random algorithm 
is used to generate by computer ideal fractal surfaces with 
known fractal dimensions and varying height magnitudes. 
Tip-distorted A F M images are simulated from the ideal sur
faces for the case of a strictly geometrical interaction be
tween surface and tip. The AFM-induced error, taken as the 
difference in estimated parameters between ideal and dis
torted images, is shown to be largest for small scan sizes 
and high fractal dimensions. The dependence on A F M tip 
radius and surface height magnitude is analyzed by the struc
ture function, variance and a Fourier method. The latter is 
shown to be unreliable for analyzing A F M images. We exem
plify how the results can be applied to A F M images of real 
surfaces. 

Many physical processes and phenomena on solid surfaces 
are related to the surface roughness. Therefore it is necessary 
to properly quantify the roughness, and a number of parame
ters, both single-valued and statistical, have been used. A ma
jor drawback of traditional parameters, such as the variance 
of heights, slope and curvature, is that they depend strongly 
on the instrumental resolution and the scale of measurement. 
However, surfaces and interfaces showing scale dependencies 
can be characterized by fractal geometry, and there are now 
several algorithms, based on fractal concepts such as self-
similarity and self-affinity, as well as an impressive number of 
applications within material sciences. 

Fractal patterns in nature are scale-dependent and have 
dimensions that are nonintegral (unlike Euclidean geometry) 
and independent of the scale of measurement. A fractal sur
face has a so-called Hausdorff-Besicovitch (or fractal) di

mension D, restricted by 2 < D < 3, while a Euclidean (flat) 
surface has D = 2. 

Atomic force microscopy (AFM) is a particularly suitable 
tool for fractal analysis, since it yields quantitative measure
ments of a surface on scales ranging from angstroms to a few 
hundred microns. A F M results can also be used to calibrate 
other fractal measurement techniques, such as gas adsorption 
and X-ray scattering. 

Different methods have been shown to give similar frac
tal parameters, but also some unexplained differences [1]. 
The most popular algorithms for fractal analyses of surface 
images are the area-perimeter (slit-island) method [2], the 
integrated Fourier (power spectrum) method [3], the struc
ture function method, and triangulation, cube counting and 
variance methods [1 -7 ] . Many of these methods have been 
tested on computer-simulated surfaces with known fractal 
dimensions [8,9]. 

A drawback with the A F M in this (and other) connections 
is that the microscopic tip, which scans the surface, is not 
perfectly sharp, resulting in a convolution between the real 
surface and the tip. Measurements are also distorted by the 
orientation of the tip, the forces between sample and tip, and 
by thermal noise and drift in the piezo-electric crystal. 

One may compensate for tip distortion with deconvolution 
and surface reconstruction algorithms [10,11]. The errors in 
r.m.s. and arithmetic roughness values seem less than 15% i f 
the major features on the surface are at least twice as large as 
the tip [12]. It is not known, however, to what extent the A F M 
distorts the fractal parameters. Here we investigate how these 
parameters are affected by tip geometry relative to the true 
surface roughness. The A F M tip-induced distortions are cal
culated from computer-simulated self-affine fractal surfaces 
in a three-dimensional analysis. The interaction between tip 
and surface is assumed to depend only on geometry, ignoring 
tip-surface forces or sample deformation caused by the tip. 
The fractal parameters calculated after the simulated A F M 
scan are then compared with the true values from the virgin 
(simulated) surface. As an illustration, we apply the results to 
a real A F M study of graphite samples. 
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1 Simulations 2.1 Fractal analysis 

1.1 Simulating fractal surfaces 

Isotropic, self-affine trial surfaces with known fractal dimen
sion and with varying z scaling (perpendicular to the surface) 
have been generated with the so-called successive random al
gorithm [13]. Here one successively adds points to a grid. 
Each new generation of points is given Gaussian distributed 
random numbers, with variances decreasing with the nearest-
neighbor distance. The standardized A F M image sizes are 
(256) 2 , (400) 2 , (512) 2 and (1024) 2 pixels. We limit this study 
to (400) 2 pixel images, which we extract from simulated 
(1025) 2 pixel images in order to minimize mathematical rim 
effects in the algorithm. A l l surfaces are scaled by a factor M, 
such that M = X/Z, where Z is the total vertical z range 
and X is the lateral size of the image. The variations in tip ef
fects with varying height scales can then be studied through 
changes of the M value. 

2 Tip generation and scanning (convolution) 

The simulated tips are generated by an algorithm that approx
imates the standard Si3N4 A F M tips. Ideally, such a tip is 
a sphere encapsulated in the top of a pyramid, as shown in 
Fig. 1. Each simulated tip is characterized by its radius, incli
nation to the surface, aspect ratio, numerical resolution and z 
extension. Its geometry is stored in a two-dimensional matrix. 
The lateral tip extension (matrix size) is individually chosen 
so as to reduce computation time, while still guaranteeing that 
the tip w i l l be high enough to cover the f u l l range of surface 
z values. We use tip radii R = 10-50 nm and a fixed aspect 
ratio of -Jl: 1 (as for normal Si3N4 tips). 

The tip contour and the sample surface are compared, ma
trix element by matrix element. The matrix resolution of the 
tip and the surface are set equal. Higher tip resolutions give 
only a marginally improved quality of the scanned images. 
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Three different algorithms have been used to estimate the 
fractal dimension; the structure function method, the vari
ance method and a fast Fourier (FFT) method [7], The struc
ture function method and the variance method have been 
described elsewhere and applied for surface characteriza
tion [14,15], 

In the structure function method one analyzes one-
dimensional height profiles z(/), where the pixel index i 
runs along successive straight lines in the image. The one-
dimensional structure function, S(t), is calculated as: 

i N -
S(t) = — t Y ) - - i i ) - z ( i + t)]\ (1) 

i=l 
where t = 0 ,1 ,2 N — 1, and N is the total number of 
pixels (i.e. 400 along a line). 

In the variance method one divides the f u l l surface into 
equal-sized squared boxes, and the variance, cr2, is calculated 
for a particular box size as: 

where B2 is the total number of data points in one box, z, 
is the height in each point, z is the average height in a box, 
and ( . . . ) denotes averaging over all non-overlapping boxes 
covering the total image. 

For these two algorithms, an uncorrected fractal dimen
sion is evaluated from the slope of a least-squares regression 
line fit to the data points in log-log plots of, respectively, S(i) 
or cr2(B). The accuracy of these methods has been analyzed 
earlier by one of us [8] when estimating fractal parameters 
on trial surfaces, as described above. The graphs of esti
mated versus simulated fractal dimension from [8] have in the 
present study been used to correct for the inaccuracy of the al
gorithms. We used linear interpolations between data points 
in those graphs to extract improved D values, f rom now on 
referred to as the "true" D values of the images. 

However, the accuracy and precision of the fast Fourier 
algorithm have been tested only qualitatively [9,16]. This 
method is based on the fact that the power spectrum P(w) of 
a self-affine or self-similar surface obeys a power-law rela
tion: 

P(co) a o T ( 5 - 2 D ) , (3) 

where co is the frequency, i.e. the reciprocal wavelength. We 
implement this method for isotropic surfaces by using the 
FFT algorithm in the commercially available software Mat-
lab4.2c. Each height profile in an image is Fourier trans
formed and its power spectrum is calculated. These spectra 
are averaged over all lines, and the fractal dimension is evalu
ated from the slope, ß, of a linear regression line in a log-log 
plot of P(co). The fractal dimension is then given by D = 5 + 
ß/2.By construction, power spectra of A F M images have un
reliable data at both frequency ends. At high co values the data 
suffer from the finite resolution of the image (as well as, in 
real l i fe , f rom instrumental noise). At low frequencies, the 
data are degraded by poor statistics due to the limited size of 
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the image. Therefore we manually choose the co range within 
which the regression line should be fitted. 

3 Results and discussion 

We have evaluated the accuracy of the FFT algorithm on 
computer-simulated self-affine surfaces with known fractal 
dimension (and with no tip effects included). A l l calculations 
were done by averaging over 20 images f rom 20 different 
simulations with the same input fractal dimension. The FFT 
results are displayed in Fig. 2. I t can be seen that low frac
tal dimensions are clearly overestimated by the FFT method, 
with errors of up to 0.30 and standard deviations (from 20 im
ages) of up to 0.08. This is not satisfactory compared with the 
structure function and variance methods earlier examined by 
one of us [8]. One suggested explanation is that the (400) 2 

A F M image points are too few compared with the mathemat
ical errors inherent to the method [17]. However, Stoeckli and 
Currit [18] showed that 256 (profile) points give reliable data 
i f each profile line is examined individually, and the fractal di
mension is averaged over the image (instead of averaging the 
power spectrum). We support this view, and find that the 400 
points are enough after comparing our data to the integrated 
FFT method of Douketis et al. [9]. 

When applied to "scanned" simulated surfaces, i.e. con
volved with the tip geometry, the FFT method turns out to 
be divergent and unstable for tips with R > 10 nm. Only the 
sharpest tip (R = 10 nm) gives a fair estimate of the fractal 
dimension. 

An alternative FFT algorithm is to integrate the power 
spectra over frequencies and estimate the fractal dimension 
from the log-log plot with D = 2.0 + ß/2, as suggested in [4]. 
However, the result now deviates by even more from the true 
value. Also, when applied to real surfaces with fractal behav
ior (graphite surfaces exposed to deuterium) the FFT methods 
give some highly underestimated and non-physical results 
(e.g. D < 2). Griffith et al. [19] explain this collapse of the 
FFT algorithm for blunt tips as a mathematical peculiarity. 
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Fig. 2. The difference between estimated (DFFT) and simulated (D) fractal 
dimension versus D for the FFT (Fourier) method 

Therefore we conclude that FFT algorithms are unreliable 
for fractal analyses of A F M images, although they might still 
be of value for other fractal analyses, as argued by Russ [16]. 

We now turn to the structure function and variance meth
ods, applied on scanned surfaces with different magnitudes, 
tip radii and surface areas, and compared with unscanned sur
faces with the same properties. Measurement errors due to tip 
distortions, evaluated using the structure function method, are 
shown in Figs. 3-5, corresponding to growing surface area, 
(400) 2 , (2000) 2 and (15000) 2 nm 2 . The variance method 
yields very similar results, although with somewhat larger sta
tistical errors. 

Three conclusions can be drawn. First, all fractal dimen
sions are underestimated, except for surfaces with D < 2.15 
(where the fractal dimension is sometimes slightly overes
timated). This explains why higher fractal dimensions are 
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Fig. 3. The error in the fractal dimension (DD scanned) due to tip-induced 
convolution effects, versus the true fractal dimension (D). for a 400 x 
400 nm2 surface and for three different tip radii (R) and three different 
roughness magnitudes (M), computed with the structure function method. 
For clarity, the upper two curve sets {M = 64 and 96) have been given 
vertical offsets of 0.10 and 0.20, respectively 
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Fig.4. The same as Fig. 3, but for a 2000 x 2000nm2 surface, and, as 
a consequence, another choice of roughness magnitudes (Af):. The upper 
two curve sets (M = 16 and 64) have now been given vertical offsets of, 
respectively, 0.05 and 0.10 
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Fig.5. The same as Fig. 4, but for a 15000 x 15000nm2 surface. Also here 
the vertical offsets are 0.05 and 0.10 for M = 16 and 64, respectively 

rarely reported in the A F M literature. Second, the deviation 
between the estimated fractal dimension and the true one is 
smaller for smaller tip radius, as well as for higher rough
ness magnitude, which is naturally expected. Third, only the 
(15 OOO)2 nm 2 surfaces (with M = 64) demonstrate unbiased 
behavior for all three tip radii. The largest surfaces corres
pond to a quite "smooth" fractal structure with a top-to-valley 
z value of around 230 nm. Even with a top-to-valley z value of 
940 nm ( M = 16) the deviation in D is less than 5%. 

The most severely affected surfaces are those with areas 
of (400) 2 nm 2 , demonstrating that, when the tip radius is 
comparable in magnitude to the main features on the sur
face, the resolution decreases, fractal estimates get biased, 
and the scanned images lose their self-affinity. The deviations 
in the estimates of fractal dimension for the variance method 
are summarized in Table 1. The numbers in bold face show 
the (only) combinations of areas and roughness magnitudes 
where the fractal dimension is fairly well reproduced by the 
A F M technique for all three tip radii. It can be seen that scan 
sizes of (15 OOO)2 nm 2 and bigger are preferable for surfaces 
having a high roughness magnitude. For smaller scan sizes 
one should therefore use sharper A F M tips, with a high aspect 

Tablet. The maximum deviation in the estimated fractal dimension, taken 
as AD/D, for the variance method. Each surface, characterized by scan 
size and roughness magnitude (Af) is scanned with three different tip radii: 
10, 30 and 50 nm. The numbers in bold face show the combinations where 
an AFM analysis is supposed to give a fairly correct value for the fractal 
dimension for all three tip radii 

Variance method M=4 M = 16 M = 64 

(400)2 R= 10 > 11% < 6% <6% 
nm2 Ä = 30 > 15% <7% <5% 

R = 50 > 17% <7% <7% 

(2000)2 = 10 < 9% <4% <3% 
nm2 fi = 30 < 10% <5% <4% 

R = 50 < 10% <6% <4% 

(15000)2 
R = 10 < 9% <4% < 2% 

nm2 R = 30 < 9% <5% < 2% 
« = 50 < 9% <5% <2% 

ratio and a small radius. The structure function method gives 
the same result. 

Usually the tip is inclined by 10-11° (Nanoscope, Digi
tal Instruments), but what i f the surface is inclined by, say, 
an extra 20°, making the overall tilt 30°? We tested this 
on (2000) 2 n m 2 surfaces with M = 4 and 16 (top-to-valley 
z values of 500 and 125 nm) and with R = 50nm. Fig
ure 6 shows that the fractal dimensions estimated from the 
structure function and the variance methods are not much af
fected by this tilt. For M = 4 the deviation is 0.08 for the 
smoothest surface (£> = 2.10), and decreases with increas
ing D. For surfaces with higher magnitude (M = 16) the tilted 
tips are clearly resolved in the pictures, giving a slightly in
creased deviation. Note that there is a difference between 
tilting the tip and tilting the surface; since a tilted surface 
loses self-affinity. 

In order to illustrate the application of these methods for 
images of real surfaces, we have compared our computer-
simulated results with A F M measurements on a graphite sam
ple exposed to the so-called scrape-off plasma in a controlled 
thermonuclear fusion device; the TEXTOR tokamak. Fractal 
studies of these samples have been published earlier by two 
of us [14,15]. We use a commercial Nanoscope I I (Digital 
Instruments) with standard Si3N4 Nanoprobe™ (Digital In
struments) or Ultralever™ (Park Scientific Instruments) can
tilevers. A F M investigations of such surfaces can clarify both 
a material's potential as a future wall-material, and the ero
sion and deposition processes in controlled fusion devices. 
Fractal measurements are a promising link between experi
mental A F M investigations and computer models of ion bom
bardment of surfaces [20]. 

The fractal dimension, depending on the thickness of de
position and of radial distance from the plasma, varied be
tween 2.10 and 2.45. We chose the sample with the high
est fractal dimension and compared with simulations done 
on surfaces with similar roughness magnitude and surfaces 
area. Figure 7 shows the estimated, "scanned", fractal dimen
sion for the structure function and the variance method, on 
simulated surfaces for tip radii of 25 and 50 nm. We add 
the data from the real graphite sample, taken with two dif-
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Fig.6. The difference (D 3 0°-D°°) between estimated fractal dimensions for 
two different scans (one with a tip tilted by 30° and another one with an 
untilted tip), versus true fractal dimension (D). The tip radius is 50 nm and 
the roughness magnitude M is 4 and 16. Results for the structure function 
and variance methods are shown 
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ferent tips, as broken horizontal lines. The scanned areas 
were (15000) 2 nm 2 . We analyzed the tips on colloidal gold 
particles (Ted Pella, Redding, CA) following the proced
ure of Vesenka et al. [21], and found a Si3N 4 tip radius 
of 56 ± 18 nm and an Ultralever™ tip radius of 2 5 ± 4 n m . 
The aspect ratios, near ~Jl: 1 for the S i 3 N 4 tip and 3:1 
for the Ultralever™ tip, were confirmed by the graphite 
sample images, thanks to the existence of vertical steps 
in the graphite. 

I f the simulated results apply to the real graphite sur
face, we can predict unbiased (real) values with the help of 
Fig. 7. The measured values of 2.37 and 2.35 from the graph
ite sample and a 56 nm Si3N 4 tip, estimated by (respectively) 
the variance and structure function methods, correspond to 
unbiased (real) values of 2.48 and 2.42 according to Fig. 7. 
When scanned with a 25 nm Ultralever™ tip the same sam
ple gave fractal dimensions of, respectively, 2.48 and 2.44 
for the two methods. Assuming that the Ultralever™ tip, 
with its higher aspect ratio and its smaller radius, is better in 
this respect than the S i 3 N 4 tip, we conclude that the values 
from the Ultralever™ tip should be quite close to the real 
ones. These are, in turn, in near agreement with the predic
tions from the S i 3 N 4 tip, which confirms that results from 
simulated fractal surfaces can be used to predict unbiased 
(real) fractal values from surfaces scanned with a known tip. 
Also noteworthy is the weak influence of the tip radius for 
bigger scan sizes. 
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Fig. 7. The estimated fractal dimension (D scanned) for the structure func
tion and the variance methods, versus the true fractal dimension (D) for 
a set of 15000 x 150O0nm3 surfaces with a roughness magnitude of Af = 5, 
scanned with simulated 25 and 50 nm tips. These estimates are compared 
with values derived from a real graphite sample, with a roughness magni
tude between 4 and 10, scanned with both a Si3N4 Nanoprobe™ tip with 
a radius of 56=fc 18 nm and an Ultralever™ tip with a radius of 25±4nm. 
These graphite values are shown as horizontal hatched and dotted lines for 
the structure function and variance methods, respectively. The vertical lines 
show the predicted "true" fractal dimensions, derived through a compari
son with the computer simulations. Note that the Ultralever™ tip is sharper 
than the Si3N4 tip, i.e. has an aspect ratio different from the value used for 
the computer simulations 

4 Conclusions 

Using a ful ly three-dimensional A F M simulation on computer-
generated fractal surfaces, we have estimated the tip-induced 
distortions of the calculated fractal dimension for the stan
dard geometry of commercial Si3N 4 tips. The estimates are 
shown to be affected by scan size, roughness magnitude and 
dp radius. In general, the true fractal dimension is underes
timated, explaining why high D values are rarely reported 
in the A F M literature. The estimates seem to deviate less 
from the true values with increasing scan size and higher 
roughness magnitude, and naturally also for smaller tip ra
dius, giving satisfactory estimates of the fractal dimension 
in a few favorable cases. A tip tilt of up to 30° slightly 
worsens the deviation. When analyzing A F M images of real 
surfaces, the measured fractal dimension can be corrected ac
cording to our simulated results. We did this for a scanned 
deuterium-exposed graphite sample, and found that the cor
rected results coincide with (uncorrected) data taken with 
a sharper tip. Except for supporting our overall method for 
correcting AFM-based fractal values, this also shows that the 
aspect ratio of a tip, and not only the radius, is essential. We 
intend to analyze these more subtle effects in future studies, 
and also try to parameterize the trends displayed in our figures 
in a comprehensive way. 
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Abstract 

The fractal dimensions of six differently mechanically pre-treated stainless steel 

samples, were investigated using five fractal algorithms. The surfaces were analyzed 

by profiler, atomic force microscopy (AFM), scanning electron microscopy (SEM) 

and light microscopy (LM), and thereafter adhesively bonded and tested in single 

overlap joints to test their tensile strength. All samples showed different fractal 

behavior, depending on microscopic methods and fractal algorithms. Still, the overall 

relation between fractal dimension and tensile strength is qualitatively the same, 

except for the SEM images. This verifies that tensile strength is correlated to fractal 

dimension, although only, within the length scale of the profiler and the light 

microscope (= 0.5 - 100 nm). The AFM method was excluded in this comparison, 

since the limitation in the z-direction for the AFM scanner made it difficult to scan 

the rougher parts of the blasted samples. The magnitude of the surfaces is a parameter 

not often considered in fractal analysis. It is shown that the magnitude, for the Fourier 

method, is correlated to the arithmetic average difference, Ra , but only weakly to 

fractal dimension. Hence traditional parameters such as Ra, tell very little about 

spatial distribution of the elevation data. 

PACS number; 68.35.Bs, 68.35.Ct, 68.35.Gy 
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Introduction 

The complex bonding properties of an adhesive and a substrate can be explained by 

theories such as physical adsorption, chemical bonding, electrostatic attraction, 

mechanical interlocking and weak boundary layer theory [1]. Different surface 

treatments of a substrate may introduce electric dipoles on the surface resulting in 

increased Van der Waals forces, the removal of weak layers, and increased surface 

roughness. 

The change in surface roughness and geometry may lead to increased mechanical 

interlocking, surface area, and wettability. The correlation between surface roughness 

and adhesive strength is not well understood, and surfaces possessing equal surface 

roughness and surface area can have different adhesive strength. One explanation is 

that the strength of a single joint is not related to bonded area. By inserting non-

bonding material (polypropylene) into the single joint laps. Wang et al. [1], showed 

weak or no correlation between bonded area and adhesive strength. This behavior can 

be explained by the stress distribution within the joint, where the adherent, with often 

a low Young's modulus compared to the substrate, will experience the greatest stress 

at the edges of the joints [1]. 

Measuring and characterizing surface roughness plays an important role in many 

fields of material science, and there have been many attempts to quantify and unify 

the measurements of surface roughness. Traditional methods such as standard 

deviation, slope and curvature are easy to understand and calculate but can only be 

used for qualitative investigations as they differ by scale of measurement. They also 

tell little about the spatial distribution of the topography. 

The use of fractal geometry, with concepts as self-similarity and self-affinity, 

introduced by Mandelbrot, has changed and broadened the characterization of 

surfaces and profiles and of many phenomena and processes. Unlike Euclidean 

geometry, fractal geometry has a dimension that is non-integer and independent of the 

scale of measurement. The fractal dimension, D, is restricted by 2 < D < 3, while 

Euclidean (flat) surfaces have D = 2. For real surfaces, the fractal dimension is 

naturally limited to a certain range of length-scales. However, metal surfaces treated 

with processes such as corrosion and blasting show scale invariance in many decades 

and can be characterized by fractal analyses. Even machined surfaces, intended to 

mimic smooth Euclidean geometry, show chaotic behavior that can be characterized 

by fractal geometry [2]. 
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It has been reported that the fractal dimension of a Fe-alloy surface depends on the 

exposure time to a corrosive solution [3]. Other studies by Shigeyasu et al. [4] 

concluded that grit blasted pre-treated steel surfaces posses fractal characteristics, and 

that maximum adhesive strength was correlated to maximum fractal dimension. They 

also concluded that fractal dimension varied with the blasting angle, in contrast to the 

arithmetic average difference, Ra, that stayed almost constant. 
The contact angle, 0,, a property connected to adhesion and wettability, was shown by 
Hazlett [5] to be correlated as: 

where L is the upper limit of fractal behavior, / is the lower limit, D the fractal 

dimension and 0 the contact angle for a flat surface. The factor (L/l)D~2 is defined as 

the roughness factor and correlate the contact angle for a flat surface with a fractal 

surface. It is also assumed that; 

(i) / is much larger than the molecule size. 

(ii) L is much smaller than the diameter of a liquid droplet 

(iii) the interfacial tension of a solid is isotropic and independent of crystal orientation 

[6]. This relation is of course only valid for angles where the right-hand side of the 

equation is smaller then unity. For adhesives having a contact angle less than 90° (i.e. 

most of them), the wettability will increase in proportion to the fractal dimension. In 

contrast, for surfaces having a contact angles greater than 90°, the wettability will 

decrease in proportion to the fractal dimension. Shibuichi et al. [7] reported a contact 

angle larger than 170°, without fluorination treatments, for fractal alkylketene dimer 

surfaces, with a fractal dimension of D =2.30, compared to a contact angle of 109 ° 

for a flat surface (D=2). 

This paper compares different fractal analyses methods for pre-treated steel surfaces 

and correlates fractal dimension to tensile strength for single overlap joints. The 

samples were treated by five erosion treatments, brushing or blasting and the surfaces 

were evaluated with different microscopic methods and fractal algorithms. The fractal 

analysis is motivated by that a superposition of random set of events and/or power-

law distributions will generate fractals [8], an assumption that should be valid for the 

pre-treated steel samples at certain length-scales. 

(1) 
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1 Fractal analysis 

There are numerous algorithms available to calculate the fractal dimension from 

elevation data obtained from profilers, interferometers, scanning probe microscopes 

(SPM) and other topographical methods. All these methods produce single valued 

profiles, which can not reveal overhangs and are self-affine rather than self-similar. 

Self-affine data does not scale the same laterally as vertically, as the self-similar Koch 

curve shown in many fractal textbooks. 

Among the most popular algorithms for self-affine profiles are the Minkowski plot (a 

variation of the Richardson plot), variance methods (root-mean-square, rms), Hurst, 

structure function, box counting, integrated fast Fourier transforms, and the regular 

fast Fourier transform method [8-13]. 

These methods can also be applied to surfaces since they can be seen as built up of 

profiles, as for SPM images. But there are, however, also specific surface algorithms 

such as the area-perimeter method and the Korsak plot that can be used[8]. The 

relationship between the fractal dimension obtained from a profile and its surface is 

Aurface = -Dpi-ofiie+l f ° r a statistically isotropic surface [14]. Many algorithms have been 

tested on simulated fractal profiles and surfaces to test their precision and accuracy 

[8,15], and it is clear that the calculated fractal values varies between the different 

algorithms and test samples. The highest precision has, however, been shown for 

lower fractal dimensions, i.e. 1 <D< 1.3 for profiles and 2<Z)<2.3 for surfaces 

[8,16,17]. There have also been attempts to calibrate these algorithms on simulated 

surfaces [16], but the question remains: how well does the simulated surface coincide 

with the real surface? Real surfaces may be anisotropic, include noise and mixed 

random and ordered processes. They may also have a limited scale invariance and 

fractal behavior, making some of the fractal algorithms more suitable to use. 

1.1 Fractal analysis of SEM and LM images 

Fractal analysis of a surface is usually performed on surface elevation data, limiting 

the use of scattering techniques such as SEM and LM. However, the scattering of 

light from a fractal surface is itself fractal, and the images may be characterized by 

texture methods, relating brightness and spatial organization, making it possible to 

compare image textures qualitatively. We have used a texture method described by 

Russ [8] where the brightness difference for a given distance is plotted versus pixel 

distance in a log-log plot. The slope of the curve is an indicator of surface texture, and 
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does not directly correspond to the fractal dimension. However, under the same light 

and viewing conditions qualitative data can be used to range the surfaces. 

A less convenient method is to cut the sample in slices and view the profiles with a 

SEM (or LM if the resolution permits). Since the profiles or contours are not single 

valued, neither of the fast Fourier, rms method, or the Hurst method could be used. 

However, by digitizing the profile pictures and adding them together to one profile, 

the total length, L, of the profile can be measured for different measuring sticks, e. If 

the length is plotted versus £ in a log-log plot, (so-called Richardson plot), the slope 

and hence the fractal dimension, D, can be calculated from 

L(e) = F-ell-D\ (2) 

where F is a constant, related to the magnitude of the profile. The obtained fractal 

dimension is equal to, the so-called, Hausdorff-Besicovitch dimension. 

1.2 Fractal analysis of profiles and AFM images 

To evaluate topographic data from the profiler, we have chosen the fast Fourier 

transform method, a rms method and the Hurst method. These methods, excluding the 

Hurst method, have also been applied to AFM images. 

The Fourier method is fast, straightforward and has the advantage of revealing 

underlying waviness, regular patterns and noise that sometimes can be removed. 

The fractal dimension, D, can be evaluated from plotting the power spectra 

P(co)=Boj-ß (3) 

in a log-log plot. The fractal dimension, D, is calculated from D = (5-B)/2, where ß is 

the slope, co is the frequency and B is a constant related to the magnitude of the 

fractal profile [19,20]. 

The intercept in the log-log plot, log(S), provides valuable information about the 

magnitude of the sample surface. Two surfaces with the same fractal dimension but 

with different intercepts can exhibit large differences in topography, and should be 

characterized differently. Therefore, both the fractal dimension and intercept should 

be used to characterize a surface. This explains why traditional roughness 

measurements, as for example Ra or the rms value, cannot be used alone, since these 

are both linked to the magnitude and to the spatial distribution of the topography. 
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Ra and rms for a profile, y, are defined as: 

1 N, I 
R = l\y -y\ (4) 

r~i N ~ 

rms = J — - 1 0 ; - y) (5) 

Respectively, where y is the profile average and N is the number of data points in the 
set. 

Church [18] has derived the relationship between the rms/standard deviation, r j 2 , and 

the parameters used to define the power spectra for a fractal profile, B and ß. The 

relation is: 

a 2 _ BIT®* 

where L is the total length of the measured profile. This equation emphasizes that the 
rms/standard deviation values are scale dependent. Other parameters, such as the 
topothesy, have been suggested to characterize the magnitude. The topothesy is 
defined as: 

A 3 + ß (2n)-P 
2r ( -ß )cos ( -ß r t /2 ) ' K ) 

where A is the mean distance between two points having a slope of one radian [3]. 
This distance can be short, often less than the resolution of the instrument or the 
atomic spacing of the sample. A physical interpretation of the results could therefore 
be difficult to give, hence limiting the usability of the technique. 
The rms/ variance method is useful since it combine traditional roughness 
measurements with fractal analyses, and emphasize the fact that rms/variance values 
are scale dependent and can only be used as qualitative measurements. The fractal 
dimension is obtained from the log-log plot of the rms/variance values versus the 
perimeter length or box size. In this study we divide the profiles or the surfaces into 
equal-sized lengths or boxes, and calculate the variance or the square of the rms, cr2, 
as: 

ffJ(fi)=(irri,|(Zi"5)2) ( 8 ) 

where B^ is the number of data points in one length or box, z/ is the height in each 
point, z is the average height for a length or box, and <...> denotes an average over all 
non-overlapping lengths or boxes covering the total profile or surface. The fractal 
dimension of a profile correlates to the slope as D =2-ß for the variance, and as D = 
2-2ß for the rms values. 
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The Hurst (or the R/S) method is a simple and straightforward method to apply on 
self-affine profile data. Hurst developed the method when studying the Nile River and 
problems related to water storage, and it was originally designed for time based data 
[19]. The method finds the greatest difference, R(t), within a "window", X, and dis
plays the difference in a log-log plot as a function of "window" width, according to 

^ ) - 1 < 7 < r X ( / > i ) - ] < 7 < T X ( 4 T ) J (9) 

where X(t, T) is the data set. By dividing R(T) by the standard deviation, S(T), the R/S 
value will be a dimensionless number that can be used to compare different 
phenomena and data sets. The slope, H, will give the fractal dimension according to 
D = 2 - H. A drawback, however, with this method is that transient noise may hide 
"real" data. Although, when tested on simulated isotropic noise free profiles the Hurst 
method proves to be one of the more accurate methods [8]. 

1.3 Summary of methods 

The following microscopic methods and fractal algorithms were used to derive the 

fractal dimensions from the samples: 

Microscopic method Fractal Algorithm 

Profiler Fourier, rms and Hurst 

AFM Fourier, rms 

SEM Texture, Richardson 

LM Texture 

Also: 

• The intercepts from the Fourier method on profiles were used to show the 

connection between the magnitude and the Ra value for the surfaces. 

• The Roughness factor was calculated from the Hurst method on profiles and 

correlated to tensile strength. 
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2 Experimental 

2.1 Preparation of stainless steel surfaces and subsequent bonding 

The most commonly used materials in metal adhesive bonding are aluminum alloys 

and other light alloys. An increased use of adhesive bonding as a joining method, is 

however, seen for ferrous alloys, e.g., stainless steel. Stainless steel has unique 

surface properties among the ferrous alloys as the surface spontaneously forms a 

stable oxide in any oxidizing media, such as air or water. If the surface is also 

mechanical treated there will both be a change in morphology and chemical 

composition of the surface, depending on the technique involved. Different abrasive 

media can transport material to the surface and thus influence the composition of the 

newly formed passive layer. The most obvious difference will, however, be the 

change in morphology and hence the surface roughness. The material used in this 

investigation was a common austenitic stainless steel, AISI 304 with an ordinary 

surface quality. 

Six degreasing and mechanical treatments were utilized, degreasing being the 

simplest. Then a variety of abrasive techniques were employed. The treatments are 

given in table 1, together with typical data. On a macro-scale, the brushing and 

Scotch-Brite techniques do not alter the surface much compared to a non-treated 

surface. 
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Pre-treatment method Typical process/ result Notable data 

Degreased by wiping with 
isopropanyl alcohol 
(Deg) 

Manual wiping, waterbreak 
test 

Lintfree cloth was used, 
waterbreak test used as a 
measure of cleanliness 

Abraded with Scotch-Brite 
pads 
(Set) 

Manual process, random 
pattern 

New pads for each surface, 
so not to transfer particles 
between samples. Same 
abrasion time for all samples. 

Abraded with a steel brush 
(Ste) 

Manual process, random 
pattern 

Brush cleaned between 
surfaces. Same abrasion time 
for all samples. 

Sandblasted 
(Gri) 

Semi manual process, blast 
angle kept constant 

Surfaces cleaned manually, 
blast pressure and grit media 
kept constant. 

Glass bead blasted 
(Gla) 

Semi manual process, blast 
angle kept constant 

Surfaces cleaned manually, 
blast pressure and grit media 
kept constant. 

Water blasted 
(Wat) 

Fully automated process, 
organized blasting pattern, 
blast angle kept constant 

No abrasive media used. 
Water blasting equipment 
could be programmed, and 
all surfaces were treated at 
the same time. 

Table 1. Pre-treatment methods and their characteristics 

The adherents were bonded with a room temperature curing 2-component epoxy, 

Araldite 2015 (Ciba-Geigy). Adhesive properties can be found in table 2. The 

manufacturer recommends a curing time of at least 24 hours. All joints were cured for 

at least 96 hours before testing. 

Tensile strength at 
23 °C 

Tensile modulus Cure time, Tensile 
strength > 10 MPa 

Typical lap shear 
strength on stainless 
steel, cure 16h/40°C 

30 MPa 2 GPa 7 h @ 23 °C 19 MPa 

Table 2. Adhesive properties for Araldite 2015 (as supplied by Ciba). 

The joints were assembled as single overlap joints, with an overlap width of 40 mm, 

and a 40-mm overlap. The adherend thickness was rather large, 4 mm, to minimize 

bending effects during the tensile lap shear test. A bondline thickness of 0.4 mm was 

used. The adhesive layer thickness was controlled with a spacing wire within the 
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adhesive joint. Excess adhesive in the form of spews or fillets was not taken away, 

but measures were taken so that each joint had roughly the same excess amount 

before clamping and curing. 

The joints were tested according to ASTM D1002-94, with the exception of test piece 

size and the results are shown in figure 1. The visible type of failure ranged from 

almost fully cohesive (water blasted) to almost completely interfacial (degreased). It 

can clearly be seen that any abrasion technique will have a positive influence on joint 

strength as measured by single lap shear tests. The type of abrasion does not seem to 

have any major influence on the strength of the joint. However, the grit blasting 

abrasion technique does give the highest strength with the least variation. Results 

similar to this have earlier been reported, and it has been shown that the type of 

abrasion influences durability tests. This was not investigated in this study. 

Figure 1. Fracture loads (kN) for mechanically pre-treated adherents and their Ra values 

(um). 
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3 Results and discussion 

3.1 Profiler 

3.1.1 Fourier method 

All profiles where taken with a Pherten profiler, using a standard scan length of 4 mm 

and 5760 data points, resulting in a resolution of 0.394 urn. Each sample was scanned 

three times in two directions, 90° to each other, to reveal anisotropy, and the averages 

in fractal dimension were calculated. Figure 2 presents the variation in fractal 

dimension and tensile strength for the six samples, using the Fourier method. 
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Figure 2. Tensile strength versus fractal dimension, for the six surface treated samples, 
calculated using the Fourier method on profiles. The abbreviations are according to table 
1. The data are for the two directions, 90° to each other, and for the average of them. The 
length of the horizontal bars reflects the directional differences in fractal dimension. 

The water blasted sample shows an extensive difference in directionality compared 

with the other samples. It has a low fractal dimension in the 0° direction, comparable 

to the fractal dimension of the degreased surface, and a high fractal dimension in the 

90° direction. These directional differences in surface roughness are also visible to the 

eye. 
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The assumption that tensile strength and fractal dimension are related may explain 

why the water blasted surface shows a lower tensile strength than expected from the 

figure. If the stress field in the joint is mainly pointing in the direction of the lower 

fractal dimension, the joint will be less supportive than it would for the perpendicular 

direction with a higher fractal dimension. 

As seen in figure 3, nearly all of the Fourier plots exhibited discrepancies at higher 

frequencies. These higher frequencies of "bumps" had to be removed to give 

reasonable fractal values (D ~ 1.0). The reason for these "bumps" is presumably the 

nature of the scanning procedure as the reciprocal of the frequency are in the order of 

the tip size, 1.5-2.5 (im. 

Figure 3 also shows the difference in linearity between the profile methods and the 

difficulty to determine the fractal range. Three typical log-log plots from the grit 

blasted sample are shown. The plots are normalized so neither the slope nor the 

intercept concede with the original log-log plots. 
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Figure 3. Three typical log-log plots for the three methods on 5670 pixel long profiles. 
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3.1.2 Rms method 

The rms method was not as simple to use, as it was difficult to outline a distinct 

fractal region with constant slope. Some typical rms plots are shown in figure 4. It has 

also been pointed out that the rms method could have a lower and an upper cutoff 

length close to each other. Sometimes as little as 10 % of the plot may show a fractal 

behavior [14], making it difficult to determine the natural fractal cutoff. 
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Figure 4. Typical log-log plots for the rms method illustrating the differences 
in intercept and slope and the difficulty to determine a fractal region for some 
of the samples. 

However the results in figure 5, show that the rms method gives a higher fractal 

dimension, 1.20-1.60, compared to the Fourier method, 1.10-1.35, and the 

relationship between tensile strength and fractal dimension is not distinct. The grit 

blasted sample also showed a low value compared to the other samples and the 

directional differences for the water blasted sample, seen by the Fourier method, were 

not revealed with the rms method. 
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Figure 5. Tensile strength versus fractal dimension, for the six surface treated 
samples, calculated using the rms method on profiles. The abbreviations are 
according to table 1. The data are for the two directions, 90° to each other, and 
for the average of them. The length of the horizontal bars reflects the 
directional differences in fractal dimension. 

3.1.3 Hurst method and the roughness factor 

The Hurst method shown in figure 6 gave a mixed result between the Fourier and the 

rms method, still qualitatively connecting fractal dimension to tensile strength. The 

steel-brushed sample also showed some extraordinary directional differences, while 

the glass blasted sample showed a higher relative fractal value than the other methods. 

However, the surfaces showed distinct fractal regions in the log-log plots, reducing 

the uncertainty in picking out the slope. 
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Figure 6. Tensile strength versus fractal dimension, for the six surface treated samples, 
calculated using the Hurst method on profiles. Abbreviations are according to table 1. 
The data are for the two directions, 90° to each other, and for the average of them. The 
length of the horizontal bars reflects the directional differences in fractal dimension. 

The roughness factor, (Lllf'2 in equation 1, was calculated from fractal dimension 

and cutoff lengths (upper and lower limits for fractal behavior). The cutoff lengths 

varied between 1 - 80 um for the samples and the calculated roughness factors are 

compared to tensile strength in figure 7. Qualitatively, the relation to tensile strength 

is roughly the same as in figure 6, hence relating the roughness factor (and 

wettability) to tensile strength of the surface. However, the change in wettability for 

the samples was not tested. As a remark to the cutoff length for the fractal behavior, 

there have been suggestions that the correlation length could be used to determine the 

upper limit. This is, however, not correct as the correlation length, i.e. the distance 

between successive crossings of a profile through some set level, turns out to be an 

artifact of the measurement procedure rather than a characteristic of the surface [21]. 
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Figure 7. Tensile strength versus the roughness factor, calculated with the Hurst 
method on profiles, shown for the average of the two directions. 

3.1.4 Intercept for the Fourier method 

The relationship between the intercept in a log-log plot (the magnitude) and the Ra 

values from the six samples is clearly seen for the Fourier method in figure 8. No 

such relationship is seen for the fractal dimension, showing that Ra tells very little 

about spatial distribution of elevation data. The same behavior is observed for the rms 

method in figure 4, although the actual intercept is not shown in the plot. Figure 4 

also shows the importance of giving both intercept and fractal dimension to 

characterize the surfaces, as two samples having the same slope but different 

intercept, show different topography. 
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Figure 8. The correlation between arithmetic average deviation, Ra, and the intercept 
with the y-axis (magnitude) for the Fourier method. 

3.2 Light microscopy and SEM 

The simplest method for evaluating surface treated samples is probably the use of a 

light microscope, as the technique uses no special sample preparation. Images, with a 

magnification of 200 times, of the six samples are shown in figure 9. Figure 10 shows 

the relationship between tensile strength and texture calculated from the LM images. 

Every value is an average of four images. The texture values correspond to the slope 

in the log-log plot of the average pixel brightness difference versus distance. Almost 

the same relationship between fractal dimension and tensile strength can be seen here 

as for profiles, especially for the Hurst method. This method is an easy and fast 

method to qualitatively compare different surfaces. 
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Figure 9. Light microscope images of the six samples, magnification 200 times. 
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Figure 10. Tensile strength versus texture from light microscopy images, 

magnification 200 times. 
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The same analysis on SEM images, taken with 800 and 2000 times magnification, 

showed little fractal behavior and no relation to tensile strength. This is not 

surprising, as the images do not look fractal at that length-scale. The six samples, 

imaged by SEM at 800 times magnification, are seen in figure 11. 

Figure 11. SEM images of the six samples, 800 times magnification, backscattered 
electrons. 

3.3 SEM profiles and Richardson plot 

The samples were cut in slices and polished. Six to ten consecutive profile pictures, 

with a magnification of 3000 or 15000 times, were taken in the SEM and digitized! 

The pictures were threshold to obtain distinct black and white profiles, and added 

together to form one single profile. Figure 12 shows one example of a profile from the 

water blasted sample and the corresponding scaling behavior. 
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The profile lengths were measured by a computer program, for different measuring 

sticks, and plotted in Richardson plots. The fractal dimensions were calculated and 

plotted versus tensile strength in figure 13. The degreased, scotch, scrubbed and glass 

blasted sample showed a similar relation between fractal dimension and tensile 

strength as for the profiler and LM images. The water and grit blasted sample 

deviated slightly and the steel brushed sample showed a very low fractal dimension, 

lower than for the degreased sample. The explanation is probably that six to ten 

pictures, for each sample, are not statistical sufficient to give a good description of the 

overall surface and that a poor choice of profiles may severely alter the result. 

20 



30.0 

Ste 
Gri 

Sct 

Wat 

o 
20.0 r 

Gla 

3 
Deg 

10.0 
1.100 1.200 1.300 

D 

Figure 13. Tensile strength versus fractal dimension for the Richardson 
method on SEM profiles. Note the different scale for D compared to the 
figures of profiler data. 

The method is quite time consuming and not as convenient as the other methods. 

However, the fractal values should be close to the real fractal dimension for the 

profiles, i f statistical sufficiency could be accomplished. The reason is that D is 

calculated according to the definition of fractal dimension and that SEM profiles 

reveal "overhang" and other intricate structures, which cannot be seen by scanning or 

scattering techniques. It should also be easy to extract an upper and lower fractal 

cutoff that could be used together with the fractal dimension to decide the roughness 

factor. The change in wettability or contact angle could then be calculated from 

equation 1. 

3.4 Atomic force microscopy 

A Nanoscope II (Digital Instruments) equipped with a 15 (tm scanner and standard 

pyramidal Si3N4 tips, was used to collect topographic images of the surfaces. Due to 

the limited vertical z-range of the piezo tube scanner, only the smoother samples as 

the degreased and brushed samples, were flat enough to be scanned. However, areas 
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of the blasted samples could be scanned, if the most flat platelets caused by the 

blasting process were chosen. This gave not a statistical representation of the sample 

surface, but at least the nano-structure for the platelets could be investigated. We used 

scan sizes between 5000x5000 nm2 and 15000x15000 nm2. Six typical AFM images 

are shown in figure 14. 

Figure 14. AFM surface plots of the six samples. Notice the crater caused by the glass 
blasting process and the difference in image sizes. 

The methods showed no connection between fractal dimension and tensile strength 

and the fractal behavior, for the rms method, was low compared to the Fourier 

method. This suggests that the rms method is more vulnerable to erroneous data than 

the Fourier method, figure 15. 
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Figure 15. Tensile strength versus fractal dimension calculated from AFM images, 
using the Fourier method and the rms method. The fractal dimensions were 
calculated from 4-6 images and the bars reflect the difference between the two 
methods. 

The surface roughness of the brushed samples may be a mixture of two or more 

physical processes at that length-scale, rolling and brushing, giving rise to a mixture 

in fractal dimension. However, comparing the result with the other samples, using the 

Fourier method, suggests that all samples at that length-scale, may be the result of 

(Brownian) random processes, as they are close to 2.5 in fractal dimension. The 

reason for values lower than 2.5, is probably due to the scanning tip biasing the fractal 

dimension. This has been shown on simulated surfaces, where fractal dimensions 

calculated from AFM images are underestimated for the structure function and rms 

method, especially for higher fractal dimensions and when the tip dimensions is 

comparable with the magnitude of the surface roughness [14]. 

4 Summary and Conclusions 

We have investigated the relationship between fractal dimension, evaluated by five 

fractal algorithms, and the tensile strength for six surface treated steel samples. Four 

surface analysis methods, profiler, AFM, SEM and LM were used to collect profiles 

and image data. The fractal dimension varied considerably between the different 

methods and length scales, but the overall relation between fractal dimension and 
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tensile strength was qualitatively the same, except for the SEM images. The AFM 

was excluded in this comparison due to scanning limitations. 

When looking at profile data, the Fourier method and the Hurst method showed a 

high correlation between fractal dimension and tensile strength, with an offset in 

fractal dimension of 0.25 between the methods. Moreover, the roughness factor 

(related to wettability), calculated from the Hurst method, showed a correlation to 

tensile strength. So did the rms method, but the result was less clear. The SEM 

profiles turned out to be fractal, but their fractal dimensions did not correlate to 

tensile strength. Further, the Ra-parameter was shown to correlate to the magnitude of 

the surface, and not to fractal dimension, hence demonstrating that Ra tells little about 

the spatial distribution of the elevation data. 

When looking at image data, only the texture values from the LM images could be 

related to tensile strength. The SEM images showed only weak fractal behavior. 

Our results prove that tensile strength is correlated to roughness, although only at the 

length scale of the profiler and the LM method (0.5 - 100 um), and that fractal 

analysis is necessary to extract this correlation. Traditional parameters, such as Ra 

and rms, fail to quantitatively characterize the surface roughness and that surface 

roughness at different length-scales contribute differently to the adhesion process and 

to the tensile strength. Therefore, microscopic methods have to be carefully chosen as 

they probe different length scales. However, since the steel treated samples showed 

relatively equal tensile strengths, only qualitative conclusions, connecting fractal 

dimension and tensile strength could be made. Therefore, the challenge for the future 

is to use calibrated fractal methods and to manufacture surfaces with distinct fractal 

parameters, hence, quantitatively correlating fractal dimension and magnitude to 

tensile strength. 
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Abstract 

Stainless steel surfaces were subjected to four different pre-treatments. The surfaces were 
then analysed using surface profilometry, contact angle measurements and two fractal 
algorithms. Single overlap and durability wedge tests were performed and the results 
correlated to the contact angles andfractal parameters. The traditional roughness parameter, 
Ra, cannot be correlated to adhesion properties. However, it can be seen that a surface with 
a lower contact angle and higher fractal dimension also demonstrates better adhesion 
properties in mechanical testing. Fractal characterisation of topographical surface data can 
therefore be used to qualitatively rank surface treatments. 
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Introduction 

The use of adhesive bonding as a structural joining method is steadily increasing in many 
industrial applications. Formerly a joining method for demanding aircraft applications, it is 
now being used in applications where a light, fatigue-resistant joining method is important. 
This has created the need for less complicated bonding procedures than those used in aircraft 
applications, but that still produces good bond results. Pre-treatment methods and bonding 
procedures for aluminium and titanium are well known, but these can not necessarily be 
directly transferred to other metals such as steel and stainless steels. Stainless steels are 
employed in many transport applications such as trains and buses, because of their good life 
cycle and impact properties. 

The mechanisms behind the phenomena of adhesion has been explained by many theories, 
such as physical adsorption, mechanical interlocking, weak boundary layers, chemical 
bonding and electrostatic attraction [1]. Adhesion is a surface phenomenon and the surface 
properties of the substrate to be bonded are of great importance in achieving a good result. 
Surface pre-treatments are recommended for all bonding procedures and are believed to 
improve adhesion by enhancing several of the mechanisms mentioned above. Mechanical pre-
treatments are often used for cleaning metals due to their attractive economic and ecological 
properties. Mechanical pre-treatments are generally believed to increase adhesion by 
increasing the available surface area and enhancing topographical structure. 

Contact angle measurements can be used to characterise a surface before bonding. The 
contact angle reflects the wetting properties of the surface and can also give valuable 
information about the chemistry of the surface, such as polar and dispersive components of 
the surface free energy. The polar surface energy is believed to play an important role in the 
adhesion process [2]. The contact angle also reflects surface characteristics other than 
chemical ones. It is known for example, that surface roughness also influences contact angle 
results. 

Measurements and characterisation of surface roughness plays an important role in materials 
science and, when studying adhesion, can be a valuable tool for comparing different surface 
treatments. It is however difficult to directly relate surface roughness to adhesion properties; 
although it is believed that micro-roughness relates to adhesion strength [3]. A rougher 
surface, characterised by a higher Ra value, can show lower bond strength than a surface with 
a smoother surface. 

As traditional surfaces parameters poorly describe or rank surfaces according to their bonding 
ability, attempts have been made to use the concept of fractal geometry and fractal analysis 
[4] to characterise the surfaces. One advantage of these techniques is that the fractal 
dimension (restricted to 2<D<3 for a surface) is scale invariant and relates to the spatial 
distribution of the topography. In comparison, traditional roughness parameter as root-mean-
square (rms), Ra etc., are scale-dependent and closely related to the magnitude of the 
roughness [5]. Not all surfaces are fractal, but many metal surfaces subjected to corrosion, 
etching and blasting show scale invariance over many orders of magnitude. Even machined 
surfaces, intended to mimic smooth Euclidean geometry (D=2), demonstrate chaotic 
behaviour at certain length scales and can be characterised by fractal geometry [6,7, 8]. 
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It has been shown by Hazlett [9] that the contact angle for a fluid on a surface is related to 
fractal dimension according to 

where 0t is the contact angle for a fractal surface, L is the upper cut-off length of fractal 
behaviour, 1 is the lower cut-off length and Q is the contact angle for a flat surface (D=2). In 
other words, a surface with a higher fractal dimension compared to a "flat" surface will have a 
greater wettability (for 9 < 90°) and, most likely, adhere better even though the contact angle 
is both a function of both surface roughness and surface chemistry [10]. 

For adhesive bonds, both initial and long term properties are important. If it were possible to 
predict, or at least rank, the effect of different surface pre-treatments on strength and 
durability, for instance by a simple profilometer investigation, which is more common than 
contact angle instruments, subsequently analysed with fractal algorithms, it would simplify 
and shorten the process of testing and verifying different pre-treatments. 

This paper analyses different pre-treated stainless steel surfaces, investigated by profilometer 
and atomic force microscopy (AFM), and compares surface parameters such as contact angle 
and fractal dimension with bonding properties. The bonding strength is tested in single 
overlap joints and in wedge tests (durability) and is correlated to contact angle and fractal 
dimension, using fractal algorithms such as Hurst and the Fast Fourier Transform (FFT) 
method. 

Materials and Methods 

Surface treatments and adhesive bonding: 

Stainless steel coupons 205*40 mm, with a thickness of 4 mm were cut by laser. The surfaces 
to be bonded were subjected to four different surface treatments, namely: 
-Degreased with methanol 
-Scotch-Brite abraded 
-Glass bead blasted 
-Laser surface cleaned 

These four surface treatments were chosen because of the different topography characteristics 
that they produce, as well as being relatively low cost and with little environmental impact. 
The experimental details of the surface treatments can be found elsewherefl 1,12]. 

SEM micrographs of each surface (Figure la-d), magnified 800 times, clearly show the 
different morphologies generated by the four treatments. The original surface, as seen in the 
degreased sample, shows a rather flat surface with clearly visible grains. The abraded surfaces 
are clearly altered; individual grains are no longer visible and for the Scotch-Brite abraded 
surface, grooves and scores can be seen. The bead-blasted surface shows clear signs of 
mechanical deformation and there is no trace of the original surface. The laser treated surface 
appears smoother and a wave like pattern can be seen on the surface. 

D-2 
cos(0) (1) 
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lc) Glass bead blasted surface id) Laser c 

Figure 1. SEM micrographs of surfaces after treatment, magnification 800 times for all 

micrographs 

Following treatment, the coupons were bonded into two different joint configurations; wedge 
joints and single overlap joints with an overlap of 40 mm. Two adhesives, Araldite 2015 
(Ciba) and DP 490(3M), were used; both are 2-component, room temperature curing epoxies, 
with toughening particles. A bondline thickness of 0,4 mm was achieved using a wire within 
the bond After curing, excess adhesive was removed, bondline thickness checked, and testing 
performed The wedge tests were carried out in three different environments; -ambient lab air, 
-in a humidity chamber with 85 % relative humidity controlled by a saturated salt solution -
immersed in water. Crack growth was monitored over a period of one hour to one month 
using a stereomicroscope. The single overlap tests were performed according to A a l M 
D1002. However, a non-standard overlap and width of 40 mm were used. 
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Surface analysis: 

All four surfaces were characterised using a Perthometer profilometer. Six scans were made 
for each sample, in two directions perpendicular to each other. For all surfaces except the 
laser-cleaned surface, the scanning direction made little difference to the surface profilometry 
results Each scan consisted of seven parts and the first and the last were ignored. The cut-off 
length was 0.8 mm, and the total recorded scan length was 4.0 mm. All the data was stored 
digitally for later evaluation using fractal algorithms. 

The surface topography of the treated surfaces was investigated to verify the results from the 
SEM and profilometer measurements using an atomic force microscope (Nanoscope II-Digital 
Instruments). Two different scan sizes (150x150 urn2 and 5x5 um2) were used to mvestigate 
the fractal dimension at different length scales. Figure 2a-d show the scan results; with the 
smaller scan incorporated in upper right hand corner of the graph. The AFM scans agree well 
with the SEM micrographs. 
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Figure2) AFM scans of all treated surfaces, scanning area 150x150 pm and 5x5 pm . The 
smaller scan is incorporated in the upper right corner of the larger scan. 

The four pre-treated surfaces were also characterised by wetting tests, where the contact 
angles of three different fluids ( water, diiodomethane, ethylenglycerol) were measured. The 
contact angle tests were performed using a Fibrodat 1100, an automated contact angle 
measurement system. 

Fractal analysis: 
In this paper have two fractal algorithms been used, Hurst and the Fast Fourier Transform 
(FFT) method. The Fourier method is effective, straightforward and has the advantage of 
revealing underlying waviness, regular patterns and noise that sometimes can be removed. 
The fractal dimension, D, can be evaluated by plotting the power spectra 

P(co) = Bco~ß (2) 

in a log-log plot. The fractal dimension is calculated as D = (5-ß)/2), where ß is the slope, co is 
the frequency and B is a constant related to the magnitude of the fractal profile [13, 14]. The 
intercept in the log-log plot, log(5), provides valuable information about the magnitude of the 
sample surface and is closely linked to traditional roughness measurements, for example Ra or 
the rms value [5]. 

The Hurst method, also called the R/S method, was originally developed for time-based data 
[13], and is applicable to self-affine data such as profile data or other single valued data. The 
method finds the largest difference, R(T) within a "window", x, according to; 

i?(T)=, <7 < tX(f >T)- 1 <7 < TX( tT) } 
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where X(t,x) is the data set. If R(%) is divided by the standard deviation, S(r), the result is a 
dimensionless number that can be used to compare different data sets. When plotted in a log-
log diagram the fractal dimension, D, correlates to the slope, H, as D=2-H. 

Results and Discussion 

Surface data and contact angles: 

The surface profilometry plots are shown in figure 3 below. The Revalues range from 0.3 urn 
to 1.52 urn. The laser cleaned surface is the smoothest and the glass bead blasted the roughest. 
Also included in the surface profilometry plots are the contact angles measured with 
diiodomethane, as well as the fractal dimensions from FFT and Hurst algorithms. The 
complete results from the contact angle measurements are found in figure 4. The contact angle 
is a function of surface roughness and surface chemistry, where the polar and dispersive 
surface energy components of the wetting fluid are influenced by the surface energy 
components of the surface. The basic trend for all measurements is, however, still the same 
for all fluids. 

Degreased 

E =0.359 

D =1.26 

500 1 000 1500 200C 2500 3000 3500 4000 
Measured length, um 
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D =1.35 
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3b) Scotch-Brite abraded surface 
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3c) Glass bead blasted surface 3d) Laser cleaned surface 
Figure 3. Surface profilometry results, including Ra, DFFT and Dnmst and the contact angle for 
diiodomethane. 
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The Ra-vame for the degreased and the Scotch-Brite abraded surface is similar, but their 
contact angles are very different. The Scotch-Brite abraded surface and the glass bead blasted 
surface have the lowest contact angles, which are quite similar for the two surfaces. 

H Degreased-rnean 
0 SB-mean 
Q GB-mean 
a Laser-rnean 

Water Diiodomethane Ethylenglycerol 

Fluids 

Figure 4. Contact angles for water, diiodomethane and ethylen glycerol on four 
pre-treated surfaces (average of 5 measurements). 

Mechanical testing: 
Single overlap tests were carried out in order to determine the initial strength of the adhesive 
bond. Three sets of samples were tested for each configuration, and the results shown in 
figure 5. The DP 490 consistently exhibits a much higher strength than the Araldite 2015 
whilst the variation within each set is small. The variation between the treated surfaces 
bonded with the same adhesive is not significant apart from the laser treated surface with 
adhesive DP 490 where the strength is consistently higher than for the other treatments. The 
single overlap test does not discriminate very well between surface treatments since the test 
configuration tends to reflect the strength properties of the adherents and not the bond. 
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Figure 5. Results from single overlap tests according to ASTM DI002, overlap 40x40 
mm with adhesives Araldite 2015 and DP 490. 

The wedge test is better at discriminating between surface treatments and is often used as a 
screening test for surface treatments [3]. The wedge samples were tested in three different 
environments and the results shown in figure 6 below. The crack growth was monitored with 
a stereomicroscope, and the crack mode was registered for each measurement. 
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Figure 6a) Araldite 2015 
wedge durability test results 
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Figure 6b) DP 490 
wedge durability test results 

It can clearly be seen that the wet immersion tests result in far more crack growth than the 
other test environments for all surface treatments and for both adhesives. The joints bonded 
with DP 490 generally exhibit less crack growth; with almost no crack growth in both dry and 
humid conditions for all surfaces except the degreased surface. It is interesting that almost all 
the tests show less crack growth in humid conditions than in dry conditions. Whilst crack 
growth is an important parameter, the type of fracture must also be taken into account, see 
also table 2. Only the Scotch-Brite abrade surface and the glass bead blasted surface had 
cohesive fracture surfaces. The laser cleaned surface had some interfacial features for the 
humid test environment, whilst the degreased surface shows a large amount of interfacial 
failure for all tests except the dry tests. 

Fractal analysis: 

The fractals dimensions, D, calculated from the surface profiles calculated with the FFT and 
the Hurst algorithms are shown in table 1. The two methods will only give qualitative values, 
as they are not calibrated, but agree reasonable well in all cases except for the glass-bead 
blasted sample and the Scotch-Brite abraded sample. However, the bead blasted sample seems 
to vary in both fractal dimension and upper cut off length, which indicates that the surface is 
more isotropic and not as easily characterised. The roughness factor (eq. 1), relating the 
contact angle for a fractal surface with the contact angle for a flat surface, was also calculated 
using the Hurst method. 
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Table 1. Fractal dimension, D, calculated using FFT and Hurst methods on profiles and fractal 
dimension, D, calculated using the FFT method on AFM scans and the roughness factor 
calculated from the Hurst method. *Note that D S u r f = D p r o f i i e + 1 

Surface Dprofile Dprofile Roughness factor D A F M 1 5 0 * DAFM5* 

FFT Hurst Hurst 
Degreased 1.26 1.26 1.77 2.10 2.33 
Scotch-Brite abraded 1.35 1.48 4.07 2.19 2.43 
Glass bead blasted 1.25 1.51 5.48 2.16 2.36 
Laser cleaned 1.36 1.35 3.35 2.19 2.33 

The fractal dimension given by the two algorithms used on profiles is consistent for the 
degreased and laser cleaned surfaces, but deviate for the Scotch-Brite abraded and glass bead 
blasted surfaces. This may be due to the anisotropy of the surfaces and differences in the 
fractal algorithms. Hurst has previously been shown to be the more accurate method [15] and 
should also be more sensitive to single large peaks and valleys, which are more prominent in 
a heavily deformed surface such as the glass bead blasted surface. The fractal dimensions, 
calculated from the AFM images, differ for the two scan lengths and are explained by that the 
surface pre-treatments effects different length scales. Moreover, the fractal dimensions from 
the larger AFM scans is lower than the values from the profilometry. This is believed to be 
caused by both the scanning method (different scanning tips) and the difference in calculating 
the fractal dimension, where the fractal dimension from the AFM images is calculated from 
an average of 400 scan lines compared to a single line for the profilometry profiles. However, 
the results indicate that single profilometry profiles can be used to reveal fractal properties but 
that care must be taken to anisotropy and method. 

Correlation between fractal dimension and adhesion properties: 

It is difficult to relate durability data from the wedge test directly to fractal dimension, since 
the durability data does not lend itself easily to quantification. However, the wetting 
properties, or contact angle measurements are a good measure of the attainable adhesion and 
measurements are easily quantifiable, even if the adhesion properties are not solely related to 
the wetting properties as expressed with contact angle measurements. 

Using equation 1, the experimental contact angles for each fluid and the experimentally 
determined roughness factors can be used to calculate the theoretical contact angle, 0, for a 
flat surface with D=2. This theoretical contact angle value should be the same for all surface 
treatments; although a slight deviation for the degreased surface may be seen since dust and 
particles can influence the contact angle. The theoretical contact angle for a flat surface is 
plotted in figure 7 against the different fluids used for contact angle measurements. As can be 
seen, the scatter is small, except for some of the values for the degreased surfaces. This 
indicates that equation 1 is applicable for these surfaces and that the roughness factor is 
related to contact angle. 
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Figure 7. Theoretical contact angle, 6 or a flat surface (D = 2) determined from 
experimental contact angle data and experimentally determined roughness factors. 

Since the durability results are difficult to quantify into a single number, and then 
quantitatively relate to fractal dimension or roughness factors, a qualitative ranking was done. 
In table 2 the final crack-growth data is presented for both adhesives and all test conditions. In 
addition to the numerical data, the fracture mode is also given. 

Table 2. Resulting crack growth data, mm. 
Surface treatment Araldite 2015 dry/humid/wet DP 490 dry/humid/wet Roughness factor 
Degreased 38.0/26.2/fractured 2.9/17.1 / fractured 1.77 
Scotch-Brite 20.9/17.2/64.2 1.1/0.2/80.2 4.07 
Glass bead blasted 29.1 /24.9/74.5 2.9/1.1/36.0 5.48 
Laser cleaned 17.9/24.3/51.4 0.9 / 0.3 / 68.2 3.35 

interfacial interfacial 

It can clearly be seen that the surfaces that have the highest roughness factor and fractal 
dimension have the best durability properties as far as crack growth and fracture mode. The 
adhesion properties, as reflected by the mechanical testing, are also reflected in the 
topographical surface data analysed using fractal algorithms. The roughness factor calculated 
from surface profilometry data could therefore be used to predict the contact angle of a 
surface and hence rank its wetting and adhesion properties. 
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Conclusions 

Mechanically treated and degreased stainless steel surfaces were investigated using surface 
profilometry, atomic force microscopy, contact angle measurements and fractal analysis. The 
surfaces were bonded and tested in two adhesive joint configurations. The results of the tests 
were then correlated to the surface characteristics. 

The treated surfaces show very different morphologies and traditional surface parameters, 
such as Ra, do not correlate well with the adhesion properties seen in the adhesive bond tests. 
Instead, contact angle measurements can be used to predict adhesive properties and it is clear 
that some surfaces are more "wettable" than other surfaces. However, since fractal parameters 
can be related to contact angle, then for chemically similar surfaces; contact angle 
measurements can be substituted with simple profilometry measurements and subsequent 
fractal analysis. Single overlap and durability wedge tests also show higher strength and better 
durability properties for surfaces with a lower contact angle and higher fractal parameters, 
which confirms the result. Fractal characterisation of surface profilometry data can therefore 
be used to compare different surface treatments, qualitatively rank, and predict their wetting 
and adhesive properties. 
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