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Appendix B 

SCANNING TUNNELLING MICROSCOPY 

 

B.1   History 

In simple words, a microscope is an instrument for viewing objects that are too 
small to be seen easily by the naked eye.1 Microscopy appears to have begun 
several centuries ago and the scanning tunnelling microscope is the product of 
considerable evolution. The writings of Seneca and Pliny the Elder, Roman 
philosophers of the first century A.D., already mentioned ‘magnifying glasses’. But 
the first vision aid was probably invented circa 1000 A.D. and consisted of a glass 
sphere that magnified when laid on top of reading materials.2 The earliest optical 
microscope appeared in the 15th century and was developed by Zaccharias Janssen 
and his son Hans, two Dutch eye glass makers. The instrument was composed of 
multiple lenses placed in a tube and allowed to enlarge a small object several times. 
Many improvements and technical innovations were made in the following 
centuries. However, the resolution of optical microscopes is limited by the 
wavelength of visible light; hence, they cannot detect objects smaller than 
~ 0.2 µm. In order to probe atomic structures, a new light source with a shorter 
wavelength was needed. The key was given by a basic discovery of quantum 
mechanics: light exhibits characteristics of both waves and particles. In 1927 C. J. 
Davison and L. H. Germer confirmed experimentally the wave nature of electron 
and also found that a high-energy electron has a shorter wavelength than a low-
energy one. This achievement led to the invention of the electron microscope by E. 
Ruska and M. Knoll in 1931.3 In this kind of microscope, electrons are accelerated 
under vacuum and the resulting beam is focused on a sample and absorbed or 
scattered to form an image on an electron-sensitive photographic plate. Electron 
microscopy has proved to be extremely successful in observing projections of 
atomic rows, but it cannot resolve surface structures except under very special 
circumstances. A high-energy electron penetrates deep into the specimen and so 
reveals little of the surface structure. These difficulties were finally overcame in 
1981 by Gerd Binnig and Heinrich Rohrer,4 who invented the scanning tunnelling 
microscope that gives three-dimensional images of a solid surface with atomic 
resolution. Binnig, Rohrer and Ruska won the Nobel Prize in Physics in 1986 due 



Appendix B 
 
 

98

to their extraordinary contributions to science and microscopy. The scanning 
tunnelling microscope is the most powerful microscope to date. 

 

B.2   Principle of operation and instrumentation5 

If a small bias voltage is applied between the surface to be investigated and the 
probing metal tip (in the best case, an atomically sharp tip), a tunnelling current (I) 
will flow between the tip and sample when the gap between them is reduced to a 
few atomic diameters. I is originated from the wavelike properties of particles 
(electrons) in quantum mechanics. STM is based on the control of I through the 
surface-tip potential barrier. The tunnelling current, at low bias voltage (V) and low 
temperature, behaves as6 
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where 2k = 1.025Φ, Φ½ is the average work function assumed equal to the mean 
barrier height between the two electrodes. Aeff = π × (½Leff)2 is the effective area 
determining the lateral resolution Leff ≈ 2 × [(Rt + d)/k]½ which applies when the 
separation d becomes smaller than the radius Rt of the tip. For typical metals (Φ ≈ 
5 eV) it was verified that ∆d = 1 Å produces a change of one order of magnitude in 
I, giving an excellent vertical distance sensitivity. 

A real space image of a surface is obtained by moving the tip across the 
sample surface and recording the electron tunnelling current between tip and 
sample as a function of position. The design of an STM requires tip-to-sample 
position control with picometer precision, a rough and fine positioning capability 
in three dimensions and a scanning speed as high as possible, to ensure stable 
operation conditions and reliable results. The control of lateral and vertical 
positions is achieved by mounting the tip on a piezoelectric tube (see Figure B.1) 
because the narrow tolerance requirements for controlling the tip cannot be 
satisfied by using mechanical devices. A piezoelectric actuator is an 
electromechanical device that undergoes a dimensional change when applying an 
electric voltage, allowing scanning across the sample surface with a precision of 
0.1 Å for d and lateral resolution within 1-2 Å. This part is equipped with 
electronic connections for scanner operation. The STM can be operated in either 
constant-current mode or constant-height mode. In the first case, the tunnelling 
current is maintained constant by continuously adjusting the vertical tip position 
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though a feedback voltage. In the case of an electronically homogeneous surface, 
constant current basically means constant d, consequently topographic information 
can be obtained by an x-y raster scanning of the tip over the surface, which is 
processed by a computer and displayed on a screen. In the second case, the tip is 
scanned across the surface at constant height and constant voltage while 
monitoring the tunnelling current. The variations in tunnelling current are recorded 
and plotted as a function of scan position. Each mode has its own advantages. In 
particular, the constant-current mode can be used to track surfaces, which are not 
atomically flat, and this is the reason why it was preferred to study the samples 
discussed in this thesis. 
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Figure B.1. Schematic representation showing the main components of a classic STM. 
 

Some of the major experimental difficulties to overcome are the suppression of 
mechanical vibration and the preparation of atomically sharp tips. The vibrations 
can be suppressed by suspending the instrument on springs and by the use of 
magnets (see the photograph presented in Figure B.2). Tips can be prepared by 
several methods. The simplest and fastest one – used to obtain all the images 
presented here – consists of mechanically cutting a Pt-Ir wire (80:20, diameter = 
0.25 mm). Tips prepared in this way allow obtaining atomically resolved images of 
surfaces as the one of Highly-Oriented Pyrolitic Graphite (HOPG) presented in 
Figure B.3, where carbon atoms, which appear as white spots, arranged in a 
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hexagonal lattice are clearly recognized. Notice that STM does not probe the 
nuclear position directly, but rather it is a probe of the electron density. 

 

 
Figure B.2. Scanning tunnelling microscope that operates in ambient conditions. Surfaces and 

Thin Films group (Zernike Institute for Advanced Materials, University of 
Groningen). The instrument is suspended by springs inside a special box that 
isolates it from vibrations. 

 

 
Figure B.3. STM image of HOPG surface covering a 4.0 x 4.0 nm2 region scanned with 0.2 nA 

tunnelling current and 500 mV tip to sample bias, at room temperature in air. 
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B.3   Data treatment 

The information obtained by STM is not directly presented as a visually 
understandable image. The data treatment consists of image processing to optimize 
their visual appearance making easier their interpretation. Most of the available 
commercial softwares provide a list of tools easy to operate based on algorithms 
for systematic data correction. The data presented in this thesis were processed 
with the software package WSxM 4.0,7 by means of the following tools when 
appropriated: 

Flatten or plane subtraction. In general, the surface is not perfectly perpendicular 
to the tip and the features of interest are in an inclined plane. It is difficult to see 
details looking at such pictures in a top-view presentation (e.g. in a computer 
screen). The flatten tool fits and subtracts a plane from the image in order to 
correct the sample tilt, enhancing the z scale in the range of interest. 

Equalizer. Used to adjust the colour contrast. 

Filters. Since images typically contain noise, several convolution filters are 
available for smoothing, sharpening and edge detection. 

Profile. This tool displays the cross-sectional height values in terms of topography 
for analyzing features that cannot be easily visualized in a top-view image. 

 

B.4   Considerations for imaging non-conductive thin films 

STM is based on the flow of an electrical current and thus cannot be used to 
directly image insulating materials. Nevertheless, the tunnelling effect enables us 
imaging non-conductive thin films as monolayers of organic molecules deposited 
on conductive substrates under particular instrumental conditions. In this situation, 
the tunnelling current will be set only between the tip and the metal substrate, and 
the tip can penetrate in the organic film inducing damage. Thus, the key point to 
image non-conductive surfaces lies in the use of very low tunnelling current (few 
picoampers).8 A lower tunnelling current means a larger distance between the tip 
and the surface sample, which keeps away the tip from the non-conductive film. 
This consideration is taken into account for the study of alkanethiol self-assembled 
monolayers and organic molecules discussed in Chapters 4; 5 and 6. 
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