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Experimental Setup 

Chapter II 

 

Experimental Setup 

 
 

In the rapid developing field of nanotechnology, the controlled formation and related 

exploration of nanostructures on surfaces is essential. The preparation and characterization of 

two dimensional nanostructures requires highly sophisticated surface techniques. Scanning 

tunneling microscopy (STM), which enables the observation of nanostructures on atomic 

scale, will be introduced as the most commonly used technique in this field. Ultra High 

Vacuum (UHV) systems provide for a clean environment for the experiments. UHV system 

enables the in situ sample preparation for surface and interfaces experiments.  

 

2.1 Scanning Tunneling Microscope 

 

In 1981, Binning and Rohrer at the Zurich research laboratory of the International 

Business Machine (IBM) cooperation invented a very powerful surface analytical technique -

- Scanning Tunneling Microscope (STM). The appearance of this new technique turns a 

general dream of scientists into reality, that people can observe the individual atoms or 

molecules on material surfaces and properties related to the behaviour of surface electrons in 

real space.  

The working principle for scanning tunneling microscopy is quite simple. A sample is 

scanned by a very sharp metallic tip (ideally, with only one apex atom). The tip is 

mechanically connected to the scanner, an XYZ positioning device and approached to a 

conducting sample. The sample is positively or negatively biased so that a small current, 

named as the "tunneling current", flows if the tip is close enough to the sample. The tunneling 

current is amplified and measured to give the information of the surface electronic properties. 

An STM image is collected either in the constant height mode where the current is recorded 

while scanning the tip over the surface at a constant height regulated through a feedback 

system or in the constant current mode where the feedback electronics always adjusts the 

distance between tip and sample to keep a constant tunneling current while the tip is scanned 

over the surface.  
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Here we will give a brief introduction to the general principles of STM, a complete 

description of the technique can be found in the book by C.Bai. [1] 

 

 

2.1.1 The tunnel effect 
 

In classical mechanics, a particle with kinetic energy E can not go over a potential 

barrier with a height E0 when E<E0. On the other hand, in quantum mechanics, particles 

(electrons, for instance) can also be viewed as a wave with the wave function 0ψ . When an 

electron is incident upon a barrier with potential energy larger than the kinetic energy of the 

electron (E0> E), there is a non-zero probability that it may traverse the barrier and appear on 

the other side. 

 

For an electron with energy E, mass m and wave function Eψ (r), and a potential 

barrier E0 and width s, the whole barrier  can be divided into three different regions:  

 
FIG. 2.1: One dimensional tunnel effect. (a) In classical mechanics, any electron having en 
energy E lower than the height of a potential barrier (V) is reflected. (b) In quantum physics 

this electron has a probability to cross the potential barrier. 
 

region I:  z < 0  in front of the barrier; 

region II:  0 < z < s inside the barrier;  

region III:  s < z  behind the barrier. 
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In all the regions, the dynamics of the free-electrons model of a metal-vacuum contact 

are described by the SchrÖdinger equation: 
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where Eψ (z) is the wave function of the electron with a energy E, the barrier potential is U(z) 

and h  is Plank’s constant divided by 2π . 

According to equation (2.1), we apply different barrier potential energies to different regions, 

the wave functions could be described as following: 
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A, B, C ,D and A’, B’ C’ are constants.  
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The incident current density ji and the transmitted current density jt can be described by 
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and the barrier transmission coefficient T is given by the transmitted current density related to 

the incident current density 

T= 2
D
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To derive the overall wave function, the different wave functions )(zψ  and their 

derivatives dzzd /)(ψ are matched at the discontinuity points of the potential z = 0 

and z = s. This results in a transmission coefficient 
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and in the limit of a strongly attenuating barrier (decay constant  κ >> 1) 
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This theoretical treatment of the tunnel effect in one dimension explains the 

phenomenon of electron tunneling well, but the application to realistic STM experiments in 

three dimensions is more complicated. 
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2.1.2 The tunnlling current 
 

Until now, we presented the tunneling theory only in a simple one dimensional model. 

This model is easy to understand and sufficient to introduce some basic quantum mechanics 

which allows an understanding of the tunneling theory in general. However, for a more real 

STM process of the tunneling effect, a more realistic model would be required to explain the 

whole process. Further more, we did not give any modelling of the probe tip. The whole 

tunneling process was introduced only as electrons tunneling through the tip-sample barrier. 

A realistic tip, however, is made from a certain material with its atoms at the apex arranged in 

a particular way. The STM has a particular geometry and tip electron extended wave function 

may strongly differ from that of a free electron but also from that of a flat surface. In other 

words, the tip has an electronic structure that has to be considered with a 3-dimensional 

approach.  

 

STM is based on the tunneling process which has been introduced in section 2.1.1. 

Bardeen expresses the tunneling current in a first order time-dependent perturbation approach 

as a function of the overlap between the electron wave functions of the tip and surface. [2]. 

The most common method to explain an STM image was derived by Tersoff and Hamann 

who were the first to use Bardeen’s approximation as a means to describe STM imaging.  

 
FIG. 2.2: Geometry of the STM tip in the Tersoff-Hamann model: r0 is the centre of the 

curvature of the spherical tip apex with radius R, d is the distance from the end of the tip to 

the sample surface. [3] 

 

In the Tersoff -Hamann tunneling model, the tip apex is considered a perfect spherical 

ball, as shown in the figure 2.2., and only s-type of wave functions are allowed to contribute 
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to the tunneling process. With the conditions of very low bias voltage and very small distance 

between the tip and the sample surface (typically several Å), the tunneling current is found to 

be proportional to the local density of the states of the surface, at the position of the tip. The 

tunneling current can be presented as follow, the tunneling current is dependent on the 

electronic density of states of both the tip ( )(ETρ ) and the sample ( ),( eUESρ ); both the 

density of states and the probability (T(E, eU)) for the electrons to tunnel through the barrier 

between the tip and sample (also called the transmission factor) determine the tunneling 

current I, so that  
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The STM technique is developed based on the quantum mechanical tunneling of 

electrons through a potential barrier. The difference between the Fermi energy EF and the 

vacuum level Ev is the work function Φ (index t for tip and s for sample). In the equilibrium 

state in Fig. 2.3(a) the net tunnel current is zero. At a sample bias voltage V, electrons can 

tunnel through the tip-sample barrier and a tunneling current flows. 

 

  In the tunnel regime, the distance between the tip and sample surface is within a few 

ångstroms. The electronic wave function of the tip overlaps with the wave function of the 

sample surface. The work function of the sample (tip) surface Φs (Φt) is defined as the 

minimum energy required for removing an electron from the electrode to the vacuum level, 

see Fig.2.3. 

 

When no bias voltage is applied to the sample and the tip, the Fermi levels of the tip 

and the sample are aligned due to the overlap of the electronic wave function, as shown in 

Fig.2.3(a). There is no net tunneling current.  
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FIG. 2.3: Tip-sample tunnel junction. (a) No bias applied, no net tunneling current. (b)At 

negative bias, net tunnel current from the sample to the tip. Sample filled states electrons fill 

the tip empty states. (c) At positive bias, net tunnel current from the tip to the sample. Tip 

electrons fill the sample empty states. 

 

When a negative bias voltage V is applied between the tip and the sample, electrons 

tunnel from the filled states of the sample to the empty states of the tip, as depicted in Fig. 

2.3(b). On the other hand, when a positive bias voltage V is applied between the tip and the 

sample, electrons tunnel from the occupied states of the tip to the empty states of the sample, 

as presented Fig.2.3(c). The arrows in Fig.s 2.3(b,c) illustrate that high energy electrons 

contribute more to the net tunnel current because T(E) is larger. The energy difference 

between the tip and the sample states is eV, Fig.2.3. 

 

According to the tunneling theory, if the applied voltage is much smaller than the 

work function eV << Φt,s, the tunneling current depends on the distance d between tip and 

sample in the experiment.  

 

It ∝  Vs·e -(2k·d)  

 

where k is a constant, Vs is the tunneling bias, d is the distance between the tip and the 

sample. For metals k ≈ 2Å-1 this means that the current varies one order of magnitude when d 

decreases 1 Å. 
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2.1.3 Contrast in the STM constant current mode 
 

Experimentally, we use the dependence of I on the tip-surface distance to investigate 

the surface structural properties and electronic properties. In the constant current mode, the 

STM tip scans the surface adjusting the tip height z in order to keep the tunneling current (It) 

constant. When the surface density of states ρs and the surface work function φs1 remain 

constant, the STM image gives information of the surface topography because, as sketched 

Fig.2.4, the tip path will follow the topographic structure with excellent vertical resolution. 

 

 

FIG. 2.4: STM operation in constant current mode, measurement of the height (z)  in relation 

with the tip-sample distance (d) 

 

In other cases, STM imaging is very sensitive to the variation of the surface electronic 

properties. Fig. 2.5 shows a sample having a flat surface but areas with different local density 

of states ρs and work function φs. In region I, the density of states is ρs1 and the work function 

is φs1 whereas in the region II, the density of states is ρs2 and the work function is φs2. If the 

STM tip scans the surface at a constant tip-sample bias, the tunneling current measured in the 

Region I will be higher than in Region II if φs1 < φs2 or ρs1 > ρs2 . This means that in the 

constant current mode, the difference between the values of φs1 , φs2 and/or ρs1 , ρs2  will lead 

to a contrast in the STM image in the case of a flat surface. If φs1 < φs2 or ρs1 > ρs2 , the region 

II will appear lower (d2) than the Region I in Fig.2.5 
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FIG. 2.5: Sketch of the ’topographic effect’: sample areas with different local density of 

states ρs or work function φs1 can lead to a variation in tip height z when operating in 

constant-current mode even though the surface is flat. 

 

To understand the lateral resolution in an STM image, the Tersoff -Hamann tunneling 

model is not sufficient. In fact, in that model the tip and the surface are treated separately, 

which neglects any interaction between them and is valid only in the limit of large tip surface 

distance. Secondly, the structure of the tip apex is modelled as a spherical ball and any tip 

dependence of the image is lost. Tsukada et al. [8] have extended the perturbation approach 

to a more precise description of the tip structure with a cluster of 10 atoms and have 

introduced an accurate description of the wave function tail in vacuum. [12]. The most 

important outcome of their studies of the dependence of the image on the tip structure [9] is 

that 90% of the tunneling current travels through the pinnacle atom alone and including the 

nearest neighbours of the latter one can account for 99% of the tunneling current. This clearly 

explains why with a sharp tip excellent lateral resolution is achievable. 
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2.1.3 STM set-up 

 

STM piezo scanner 

Controlling the lateral and horizontal position of the STM tip with a resolution of sub-

ångstrom is a key parameter to record high resolution images. This can be achieved using a 

piezoelectric ceramic. In our STM instrument, the STM tip is fixed at the extremity of a 

piezoelectric tube. One electrode is placed inside the tube and four outside the tube as 

sketched in Fig.2.6. When a voltage Vz is applied to the electrode inside the piezoelectric 

ceramic, the tube length increases or decreases depending on the bias voltage polarization and 

amplitude. This enables us to precisely control the vertical tip position (z direction) with a 

resolution higher than 0.01 Å. In a similar way, by applying different polarization on the X+, 

X- electrodes and Y+ ,Y- electrodes, the piezoelectric tube can be bent along the X+, X- axis 

and Y+ ,Y- axis, which are within the X-Y plan. It is therefore possible to scan the surface 

horizontally in two dimensions. In that case, the lateral resolution is limited by the tip apex 

shape as decribed before but a resolution <0.1 Å can be achieved.  

 

 

FIG. 2.6: Schematic drawing of the STM scanner. 
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STM feedback loop 

As the tunneling current depends on the surface structure and electronic properties of 

the sample, the STM constant current mode imaging will require adjusting precisely the tip 

position according to the tunnel current value.  

 

FIG. 2.7: Principle of the STM scanning control.  

This is achieved by means of a feedback electronic control which acts on the piezo 

scanner as sketched in figure 2.7. The STM tip scans the sample surface horizontally (x, y 

directions). A feedback loop adjusts the tip–surface distance in order to keep constant the 

tunneling current. If the tunneling current exceeds its preset value, the feedback loop adjust 

the vertical position of the tip to decrease the tunnel distance, whereas if the tunneling current 

falls below this preset value, the tunnel distance is decreased. The value (z) corresponding to 

the tip vertical position is then stored for each point (x, y) of the scan. A 3D map of the 

surface is like this obtained by measuring the z tip position in each point a 2D grid covering a 

region of the sample. The corresponding 3D map of the sample surface is of the sample can 

be visualized on the monitor.  
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2.1.4 Treatment of STM images 
 

Processing STM images is essential not only to reduce image distortions but also to 

precisely and reproducibly assess surface properties and nano-object dimensions and position 

in the image. STM images are 3D maps of the surface is obtained by measuring the z tip 

position in each point a 2D grid covering a region of the sample. This 3D map is often 

converted into a 2D image, whose pixel (x, y) colour is determined by the z(x, y) value and a 

colour-to-z conversion function (defined by a colour scale bar). The STM images can be 

represented mathematically by z = f (x, y). 

 

We used the portable FabViewer application [10] to process the images. This software 

is a home made application developed by Dr Fabien Silly. The processing algorithms are 

based on the least square method; they minimize the sum of the squared deviations generated 

by the comparison of a set of observed data (z = f (x, y)) to data predicted by a selected model 

or function. The image processing algorithms are precisely described in Ref.[11]. 

 

The polynomial function is particularly efficient to correct image distortions along the 

tip fast scan direction, which are due to piezoelectric ceramic drift. Another very popular 

image correction is the plane correction. The tip scan course is rarely in the optimum 

direction to visualize the surface map. The plane correction permits to re-oriente STM data 

and preserve the surface morphology in the image. This correction is particularly adapted for 

processing flat area in the STM images. 

 

The ability to extract line profile in the STM images is particularly useful to precisely 

estimate the surface corrugation and reveal details less that <0.01 angstrom high. 

 

In complement colour scale image adjustment options are used graphically reveal 

STM image details in a picture. The STM image z(x,y) physical values are converted into 

coloured pixels, forming a 2D picture. A colour scale bar is defining the conversion rule. The 

dark colours correspond to the lowest physical height value whereas bright colours 

correspond to the highest physical height values. We used the colour scale image adjustment 

options to select the colours of the colour bar scale and also adjust the colour-physical value 

conversion rules to the detail of the STM image.  
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2.2 Experimental set-up 

 

2.2.1 UHV STM and preparation chamber 
 

In our experiments, we used a home-built ultra-high vacuum (UHV) system equipped 

with an Omicron VT-STM/AFM microscope which is controlled by a Nanonis MAX system 

(electronics supply and software). The UHV system, shown in the photograph of Fig. 2.8, is 

composed of several parts, namely the fast entry-lock, the preparation chamber and the 

measurement chamber.  

 

 

FIG. 2.8: Photograph of the ultra high vacuum system. 

 

The fast entry-lock can reach a pressure of 10-7 mbar with a membrane pump and a 

small turbo molecular pump running. Using a manipulator we can transfer new samples from 

the fast entry-lock to the preparation chamber, which has a base pressure of 10-9 mbar. The 

preparation chamber is equipped with an Ar+ sputter gun used for sample cleaning and an 

annealing system based on resistively heating. Annealing after sputtering brings the sample to 

an appropriate temperature to favour atom diffusion as to obtain a highly ordered single 

crystalline surface. The annealing temperature can be read by a K-type (Nickel-Chromium 

&Nickel-Aluminum) thermocouple which is mounted very close to the sample.  
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In the preparation chamber several Knudsen cell (K-cell) type evaporators are 

mounted to deposit the molecules of interest onto the surface. 

The UHV background is assured by ion getter pumps, Titanium sublimation pumps, 

and Turbo molecular pumps backed by membrane pumps. The base pressure of the STM 

chamber was 1×10-9 mbar. When performing STM measurements, the UHV is maintained 

only by ion getter pumps. All the other pumps are switched off to avoid the mechanical 

vibration during scanning.  

 

2.2.2 The Knudsen cell 
 

The K-cell utilizes the principle of molecular effusion (demonstrated by Knudsen in 

1909). The source material to be deposited is loaded into a crucible surrounded by heating 

filaments as shown in Fig. 2.9. 

 

FIG. 2.9: Photograph of a Knudsen cell used for depositing organic molecules or NaCl in  

ultra high vacuum. 

 

By controlling the current and voltage applied to the filament, the source can be 

heated to achieve a suitable vapour pressure and sublime a beam of electrically neutral 

material onto the clean substrate. A C-type thermocouple is mounted at the end of the 
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crucible to read out the temperature during deposition. A shutter is mounted next to the 

crucible by which the evaporators can be opened or shut. Normally the shutter will be closed 

and be opened only during deposition so that the depositing time can be well controlled. With 

this type of source coverage ranging from sub-monolayer to continuous films of the source 

material can be grown in a reproducible fashion and the whole sample surface can be covered 

homogeneously. 

 

2.2.3 STM tip preparation 
 

To obtain high resolution STM images, the preparation of a sharp and stable tip is 

crucial. Pt/Ir and W are two kinds of tips most widely used. Atomically resolved STM images 

can be recorded using a cut Pt/Ir wire. Cut STM tips are easy to prepare and as Pt/Ir is an 

inert metal alloy, it will scarcely be oxidized. This is the reason why, these STM tips are 

widely used in air, at solid-liquid interface and in ultra high vacuum. 

 

Pt/Ir wire (from Goodfellow, diameter 0.25 mm, purity 99.99%) was the chosen 

material for our STM tip. A mechanically cut tip is introduced into the ultra high vacuum fast 

entry lock first and then transferred via the preparation chamber to the STM meansurement 

chamber..  

 

Tungsten tips are only used in UHV systems because they oxidize in air. High purity 

tungsten wire (from Goodfellow, diameter 0.25 mm, purity 99.99%) was the chosen material 

to prepare a tungsten STM tip. A successful STM tip is produced by electro-chemical etching 

in aqueous potassium hydroxide (KOH) solution. 400 ml KOH solution with a concentration 

of 8mol/100ml is used and a Titanium wire as the electrode is embedded into the solution to 

etch the tungsten wire. The STM etcher is well fixed on a heavy metal plate to avoid 

vibrations. The electrode is bent into a circle around the area to be etched and the tungsten 

wire is positioned in the middle of the Titanium electrode. A 1.5 cm tungsten wire is 

immerged for 2/3 of its length into the KOH solution; a potential of around 2V is applied 

between the electrodes with a corresponding current of around 10 mA. After about 20 min, 

the lower part of the tungsten wire drops off into the tip solution and the power is 

immediately cut from the electrodes to stop the etching. The upper part of the tungsten wire 

constitutes a sharp STM tip which is immediately introduced into the vacuum chamber.  
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2.3 STM substrate :Au(111) 
 

2.3.1 Au single crystal 
 

 

FIG. 2.10: Unit cell of Au crystal structure. 

 

Gold has an atomic number of 79 and mass 197 amu in the periodic table (1 amu = 

1.66053886×10-27 kg). The melting temperature of pure gold is around 1064oC and the 

density is 19.32 g/cm3 under ambient conditions. The gold single crystal has a faced centred 

cubic (fcc) structure with a lattice parameter a of 4.08 Å, sketched in Fig. 2.10. The distance 

between the two nearest neighbours is around 2.9 Å. In our experiments the Au(111) surface 

was chosen as substrate. 

 

2.3.2 Au(111)/mica substrate preparation 
 

Crystalline Au(111) substrates were prepared by sublimation of 99.99% gold 

(Umicore materials AG) on mica. The sublimations were carried out in a custom build 

vacuum chamber with a base pressure of 10-7 mbar, achieved and maintained by a turbo 

molecular pump. Freshly cleaved mica sheets (Ted Paella, Inc.) were pre-heated at 640 K for 

12 hours. We deposited 150 nm thick film at a rate of ~ 2nm/min with the mica substrate 

heated to 640K. The deposition rate was measured with a quartz crystal microbalance. At the 
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end of the deposition the substrate was cooled down to room temperature over a period of 8 

hours. The substrates were introduced into UHV after growth. Before being used they were 

repeatedly sputtered (U = 0.5 kV, I = 10 mA, PAr=2×10-5 mbar) for 15 min and annealed at 

T=500oC typically for 45 min.    

 

2.3.3 Au(111)-(22×√3) reconstruction 
 

In Fig. 2.11(a), an STM image of an Au(111) surface, acquired in situ after sputtering and 

annealing the sample is shown. Triangular shaped islands with atomically flat terraces can be 

seen clearly confirming that our deposition protocol yields high quality crystalline films. The 

step height of a gold terrace was measured to be 2.35 Å. For layer by layer grown thin films, 

the atomic step height is the distance between the two nearest Au(111) surfaces which 

corresponds to the gold plane separation in the <111> direction of the gold single crystal and 

amounts to √3/3a = 2.3 Å (a is the lattice constant of a gold crystal). This shows a perfect 

agreement with our experimental value. Ideally, the Au(111) surface reconstructs into a 

herringbone pattern, but often this surface forms a complicated pattern of paired corrugation 

lines [5, 6], as seen in Fig. 2.11(b).  

 

 

FIG. 2.11: STM images of the Au(111)-(22×√3) superstructure, (a) 150×150 nm2; Vs = 

+1.0V, It = 0.5 nA. (b) 60×60 nm
2; Vs = +1.33 V, It = 0.3 nA. The (22×√3) unit cell is 

represented in blue in (b). 
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A schematic illustration of the herringbone structure which in the Wood notation is 

called Au(111)-(22×√3) is shown in Fig. 2.12. The Au(111)-(22×√3) superstructure has a 

rectangular unit cell having a (22×a×√2/2 = 6.35 nm) and (√3×a×√2/2 = 5 Å) length. 

a×√2/2 corresponds to the atom separation in the ideal (111) surface. These paired 

corrugation lines are aligned with the <11
−

2 > gold direction and repeat periodically every 6.3 

nm (long side of the Au(111)-(22×√3) unit cell).  

 

 

FIG. 2.12: (a): schematic illustration of the herringbone reconstruction. (b): height 

oscillation in the Au(111) herringbone structure [5]. 
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The length of the short side of the Au(111)-(22×√3) unit cell is around 0.5 nm. The 

Au(111) surface is a strained surface. The surface reduces its lattice strain energy by the 

contraction of the top atomic layer. This leads to the formation of an anisotropic, periodic 

dislocation network consisting of parallel dislocations. The corresponding (22×√3) surface 

reconstruction can appear in the degenerate orientational domains due to the six-fold 

symmetry of the underlying bulk crystal. On clean and fully relaxed Au(l11), large regions 

where narrow stripe-shaped domains of two orientations alternate in a herringbone pattern are 

visible [5, 7]. The model of the Au(111)-(22×√3) superstructure [5] presented Fig. 2.12 

illustrates that along the <1
−

1 0> direction, the distance between 24 Au surface atoms 

corresponds to the separation between 23 bulk atoms (22 unit cell of the Au(111)surface). 

This induces a shift in the <11
−

2 > direction of some atoms that form hcp region. 

 

This therefore results in the formation of fcc and hcp domains. At the hcp-fcc 

boundary, the surface gold atoms are in bridge position (Gray circles in Fig.2.12), their 

vertical position is the highest on the surface whereas the vertical position of the hcp atoms is 

the lowest this results in a height oscillation as shown in Fig.2.12(b). The bridge atoms form 

a double line domains covering the Au(111) surface (compare to Fig.2.11(b)) in the 

equivalent gold directions. This is why the angle between the lines at the domain boundary is 

120°. This forms a zig–zag pattern, which is called the gold ‘‘herringbone’’ reconstruction. 
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