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Chapter 3  

Experimental methods 

 
The following chapter describes the instruments and techniques employed for the experiments 

performed in the framework of the present thesis. In the first part, the working principle of 

scanning tunneling microscopy (STM) is introduced. The STM experiments performed in this 

thesis were carried out in two different UHV-STM setups: a variable-temperature STM and a 

low-temperature STM. Moreover, in order to obtain complementary information in addition 

to the STM experiments, X-ray photoelectron spectroscopy (XPS) and low energy electron 

diffraction (LEED) experiments were done. Therefore, a brief outline on the working 

principle of XPS and LEED is also given in this chapter. 
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3.1  Scanning Tunneling Microscopy (STM) 

3.1.1 Introduction 

Since its invention in 1981 by Gerd Binnig and Heinrich Rohrer [1], who were 

honoured with the Noble prize in 1986, scanning tunneling microscopy (STM) has 

become one of the most important laboratory techniques for studying various aspects 

in surface science. The STM is a powerful tool for investigations not only of the 

topography of (semi) conducting surfaces with ultimately atomic resolution in real 

space, but also of the local electronic properties [2−6].  

The operating principle: A sharp metallic tip is brought very closely to a 

(semi)conducting sample surface within a separation of only a few Ångströms. If a 

bias voltage is applied to the system, an electron tunneling current flows between the 

tip and the sample due to the quantum-mechanical tunneling effect before they are in 

mechanical contact. After the tunneling contact is established, the tip scans over the 

sample surface with the help of a piezoelectric driver, whose extension can be 

controlled in three dimensions (x, y and z) to obtain a two-dimensional map of the 

surface. The tunneling current strongly depends on the distance between the tip and the 

sample. This is necessary for the discrimination of small surface corrugations. Even 

the smallest details such as depressions or protrusions on the surface lead to a large 

change in the tunneling current. The data are recorded by a computer and presented as 

an image using specific STM software. The schematic illustration of the operation of a 

scanning tunneling microscope is shown in Fig. 3.1 [5, 6].  

 

Figure 3.1: Schematic diagram of scanning tunneling microscopy. 
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Modes of operation: The STM can be operated in two different modes: (1) constant 

current mode and (2) constant height mode (Fig. 3.2). In the constant current mode, 

the tip is scanned over the surface, while the feedback loop controls the height of the 

tip to maintain a constant tunneling current. By recording the voltage which is applied 

to the piezoelectric driver in order to keep the tunneling current constant, the height of 

the tip z(x,y) as a function of position resulting in a topographical image with atomic 

resolution can be obtained. The constant current mode is the most frequently used in 

STM imaging because it allows probing surfaces which are not necessarily atomically 

flat. However, the disadvantage of this mode is the limited scan speed due to the finite 

response time of the feedback loop and of the piezoelectric driver. Alternatively, in the 

constant height mode, the tip is scanned across the surface at nearly constant height. 

The variation of the tunneling current depending on the topography and local 

electronic surface properties of the sample is recorded as function of a tip position. 

The advantage of the constant height mode is that it allows high scan speeds due to the 

feedback loop being slowed or turned off completely and hence, avoiding drift effects. 

However, this mode is limited to very flat surfaces and small areas because surface 

defects or contaminations may cause the tip to crash [5, 7].  

Figure 3.2: Schematic illustration of the two different operation modes of STM: the constant current 
mode (left) and the constant height mode (right). 

          In this thesis, all STM experiments have been performed in two independent 

two-chamber ultra-high vacuum systems with a base pressure of 5 × 10-10 mbar. The 

first system houses a variable temperature STM (VT-STM) (Oxford Instruments 

Omicron NanoScience). The second system houses a low-temperature STM (LT-

STM) (Oxford Instruments Omicron NanoScience). Each system is equipped with its 

own pumping system together with valves, heaters, evaporators, manipulators, wobble 
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sticks, etc. Fig. 3.3 displays both UHV−STM systems which were used to obtain the 

experimental results presented in this thesis.  

 

Figure 3.3: Digital photographs showing VT-STM (top) and LT-STM (bottom) systems which were 
employed to obtain the STM results presented in this thesis.  
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3.1.2 Tunneling effect 

The basic principle of scanning tunneling microscopy (STM) relies on the tunneling 

effect, a quantum mechanical phenomenon, which allows electrons to penetrate a 

classically impenetrable potential barrier due to their wave nature. Therefore, an in-

depth understanding of the tunneling process plays an important role in understanding 

and interpreting STM data. In the following sections, theoretical models treating the 

tunneling mechanism are presented [5, 6, 19, 11-13]. A one-dimensional potential 

barrier model is the easiest approach to describe quantum mechanical tunneling. The 

schematic illustration for this model is shown in Fig. 3.4. According to classical 

mechanics, an electron is unable to penetrate a potential barrier if its energy is lower 

than the height of the potential barrier. In contrast, the quantum mechanical approach 

predicts that there is a finite, small probability for an electron to penetrate the potential 

barrier when its energy does not exceed the height of the potential barrier if the 

thickness L of the potential barrier is small enough. The state of an electron having the 

energy E which is moving in a potential U(x) is described by a wavefunction ψ(x) 

following Schrodinger’s equation: 

                                          
2 2

2
( ) ( ) ( ) ( )

2

d
x U x x E x

m dx
ψ ψ ψ− + =

ℏ
                                    (3.1) 

where: m is the mass of the electron, E is the energy of the electron and ħ is the 

reduced Planck’s constant.  

Considering region I and III outside the potential barrier, where U = 0, the solution for 

Eq. (3.1) is given by:  

1 1
1( ) ik x ik xx Ae Beψ −= +                                                            (3.2)                           

1
3 ( ) ik xx Eeψ =                                                                         (3.3) 

where: A, B and E are coefficients, 1

2mE
k =

ℏ
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Figure 3.4: The wave function of an electron with energy E is sketched with a potential barrier width 
of L and a height of Vo. (Adapted from Ref. [19]) 

 
Eq. (3.2) describes an electron in region I, which is moving towards the barrier 

(positive direction) or can get reflected back at the barrier (negative direction), while 

Eq. (3.3) describes a transmitted electron in region III, which is only moving in one 

direction. 

Considering region II inside the potential barrier, where U = Vo > E, the solution for 

Eq. (3.1) is given by: 

                      2 2
2 ( ) ik x ik xx Ce Deψ −= +                                                    (3.4) 

where: C and D are coefficients, 2

2 ( )om E V
k

−
=

ℏ
  

The parameter 2k  is a complex quantity due to E < Vo. Hence, it can be replaced by:  

                                             2

2 ( )om V E
k i iκ

−
= =

ℏ
 

Then, the wave function (Eq. 3.3) in region II becomes: 

     2 ( ) x xx Ce Deκ κψ −= +                                                      (3.5) 

Eq. (3.5) describes the wavefunction of an electron decaying exponentially along the x 

direction inside the potential barrier (region II). By applying the boundary conditions 

at x = 0 and x = L, the transmission coefficient T (defined as the ratio E/A) can be 

given by: 

 2
2

16 ( ) Lo

o

E V E
T e

V
κ−−

≈                                                    (3.6) 
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Eq. (3.6) gives a non-zero probability for an electron penetrating the potential barrier 

and the probability of finding an electron after the barrier is proportional to 2 Le κ−
. 

        

 

 

 

 

 

 

 
Figure 3.5: Schematic illustration of a one-dimensional metal-vacuum-metal tunneling junction 
showing the tunneling process from the sample into the tip when a positive bias is applied to the tip. 
(Adapted from Ref. [5]) 
 

From this elementary model, the basic features of metal-vacuum-metal 

tunneling can be transferred to the case of STM. For simplicity, it is assumed that the 

work function of both the tip (φ t) and the sample (φ s) are the same. By applying a 

small bias voltage (eV) between the sample and the tip, a net tunneling current occurs. 

Fig. 3.5 shows the schematic of the tunneling process from a metal surface through the 

vacuum gap into a metal tip. The probability for an electron in the nth sample state nψ

with energy En lying between the Fermi level FE  and ( )FE eV−  to be present at the tip 

surface is proportional to 2 2(0) L
n e κψ −  (0 is the location of the sample surface) 

where: (0)nψ  is the value of the nth sample state at the sample surface, 
2mφ

κ =
ℏ

  

The total tunneling current is proportional to the sum over all sample states in the 

energy interval eV and given by: 

2

2(0)
F

n F

E
L

T n
E E eV

I e κψ −

= −

∞ ∑                                                  (3.7) 

For small bias voltages, Eq. (3.7) can be written in terms of the local density of states 

(LDOS) at the Fermi level. The LDOS is a physical quantity which is defined as 

number of electrons per unit volume per unit energy, at a given point in space and at a 
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given energy [5]. At location x and energy E, the LDOS (x, )s Eρ  of the sample is 

defined as: 

                                         
2

1
(x, ) (x)

n

E

s n
E E eV

E
eV

ρ ψ
= −

≡ ∑                                        (3.8) 

Thus, the tunneling current can be written in terms of the LDOS (0, )s FEρ near Fermi 

level at the sample surface: 

2(0, ) L
T s FI V E e κρ −∞                                                      (3.9) 

It is apparent from Eq. (3.9) that the tunneling current is directly proportional to the 

bias voltage and the LDOS of the sample surface. The tunnelling current is 

exponentially dependent on the sample-tip distance. Thus, the tunneling current is 

extremely sensitive to changes in the sample−tip distance.  

Bardeen formalism and the Tersoff-Hamann Model: In 1961, Bardeen developed 

the time-dependent perturbation theory to calculate the tunneling current between two 

electrodes [9]. In this approach, Bardeen did not solve the Schrödinger equation of the 

combined system. Instead, he solved the equation for two separate subsystems. Using 

Fermi’s golden rule, the amplitude of electron transfer (the tunneling matrix element) 

is determined by the overlap of the two wave functions of the two subsystems at a 

separation surface. According to Bardeen’s formalism, the tunneling current is given 

by [8, 14]:   

22
( )[1 ( eV)] ( )

e
I f E f E M E Eµ υ µυ µ υ

µυ

π
δ= − + −∑

ℏ
                     (3.10) 

where: f(E) is the Fermi function, V is the applied voltage, Mµν is the tunneling matrix 

element between wave function ψµ of the tip and wave function ψν of the sample. Eµ 

and Eν are the energies of state ψµ  andψν , respectively, in the absence of tunneling 

events. δ(Eµ - Eν) is the term which describes the energy conservation which is the 

case for elastic tunnelling [8, 14].  
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In the limits of low temperature and a small applied bias voltage, Eq. (3.10) reduces to 

[21]: 

22
( ) ( )F FI eV M E E E Eµυ µ υ

µυ

π
δ δ= − −∑

ℏ
                          (3.11) 

where: EF is the Fermi energy.  

To determine the tunneling current, calculation of the tunneling matrix element Mµν  is 

essential. Bardeen showed that the tunneling matrix element Mµν is obtained by a 

surface integral and given by:           

                                        
2

* *( )dS
2

M
mµυ µ υ υ µψ ψ ψ ψ= ∇ − ∇∫
ℏ

                                    (3.12) 

To derive Mµν from Eq. (3.12), detailed expressions for ψµ  and ψν are required. 

However, the precise shape of the STM tip is generally unknown. In order to interpret 

STM data, J. Tersoff and D. R. Hamann introduced a theoretical model in which they 

assumed the tip apex as a sphere with only s-type wave functions [8, 14]. Other 

contributions from the tip wave functions were neglected. With this assumption, the 

tunneling current is proportional to the amplitude of ψν at the center of the spherical 

tip. Thus, Eq. (3.11) can be simplified to                      

2
( ) ( )o FI r E Eυ υ

υ

ψ δ∝ −∑                                              (3.13) 

As per the definition, the sum of the local density of sample electronic states (LDOS) 

at the Fermi energy at the center of curvature of the tip is given by: 

                                           2
(r , ) ( ) ( )s o F o FE r E Eυ υ

υ

ρ ψ δ≡ −∑                                  (3.14) 

Thus, the constant current mode in STM represents the contour of the surface local 

density of states (LDOS, (r , )s o FEρ ) at the Fermi energy at the center of the spherical 

tip.   

3.2 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is widely used as a quantitative spectroscopic 

technique to determine elemental compositions, chemical and electronic states of the 
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elements in the sample [15, 18, 20]. This surface analysis method is not or very weakly 

destructive but it requires ultrahigh vacuum (UHV) conditions. In 1964, the Swedish 

physicist Kai Siegbahn and co-workers developed high resolution spectrometers which 

enabled a precise determination of the binding energy of the core level electrons. For 

his pioneering contribution, Kai Siegbahn was rewarded the Nobel Prize in Physics in 

1981. The principle of XPS is based on the photoelectric effect observed by Heinrich 

Hertz in 1887 [16]. Albert Einstein who was awarded the 1921 Nobel Prize in Physics 

explained this effect by introducing the concept of the photon [17]. A schematic 

diagram of the photoemission process is illustrated in Fig. 3.6. In principle, XPS 

spectra are obtained by irradiating a sample surface with a beam of X-rays. The X-ray 

photon transfers its energy to a core-level electron. If this energy is larger than the 

energy which binds the electron to the atom, the electron will leave the atom. 

According to the law of energy conversation, the emitted electrons have a certain 

kinetic energy which can be determined via the following equation: 

B kin sE h Eν φ= − −                                                     (3.15) 

where: hv is the total energy of the incoming photon, EB is the binding energy of the 

electron in its initial state, Ekin is the kinetic energy of the photoelectron (measured) 

and φs is the work function of the sample.  

 

 

 

 

 

 

 

Figure 3.6: Schematic diagram of the photoemission process. 
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By measuring the number of emitted photoelectrons as a function of kinetic energy, a 

XPS spectrum is obtained. Based on the analysis of a peak at a particular energy in the 

XPS spectrum, quantitative and qualitative information on the elements present in the 

sample can be obtained. Fig. 3.7 shows a schematic diagram for the experimental 

setup for XPS experiments [18]. The XPS system consists of two main components: 

(1) a photon source and (2) an electron energy analyzer to record the spectra of the 

photoemitted electrons. X-rays can be produced either by an X-ray source such as Mg 

Kα (1253.6 eV) and Al Kα (1486.6 eV) in the laboratory or from a synchrotron 

radiation light source. Synchrotron radiation has several advantages in comparison to 

the laboratory sources: e.g. the resolution is very high, the radiation is polarized and 

the photon energy can be tuned [18, 20].  

 

 

 

 

 

 

 

 

Figure 3.7: Schematic diagram of the experimental setup for XPS experiments. (Taken from Ref. 

[18])  

3.3 Low energy electron diffraction (LEED) 

Low energy electron diffraction (LEED) is one of the most widely used tools to study 

the geometric structure of both single crystal surfaces and ordered phases of adsorbate 

overlayers under UHV conditions [15, 18, 20]. In contrast to X-rays, electrons in 

LEED only exhibit a low inelastic mean free path in a solid surface, thus giving 

information on the uppermost atomic layers. The principle of low energy electron 

diffraction (LEED) is based on the occurrence of electron diffraction. Fig. 3.8 shows a 

schematic diagram for the experimental setup of a standard LEED apparatus. The 
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LEED system has two main components: (1) an electron gun producing a collimated 

beam of low-energy electrons and (2) a hemispherical fluorescent screen with a set of 

four grids for observing the diffraction pattern of the elastically scattered electrons [18, 

20]. The electron gun consists of a cathode filament with a Wehnelt cylinder and 

electrostatic lens. The electrons are produced and accelerated by the electron gun to 

kinetic energies in the range of 10 to 200 eV. They hit the sample in normal incidence 

and are backscattered from the sample in the field-free space. The first grid (counted 

from the sample) is on ground potential to ensure a field-free space around the sample 

while the potential of the second and third grids is set to the so-called retarding voltage 

which is slightly lower than the kinetic energy of the electrons. The second and third 

grids are used to reject the in-elastically scattered electrons. The fourth grid is on 

ground potential again while the fluorescent screen is set to a high positive voltage. 

Thus, the elastically scattered electrons after passing the retarding grids are 

reaccelerated to a high energy to excite fluorescence in the screen, where the 

diffraction spots are observed and they represent a projection of the reciprocal space 

[20]. This provides information on the real space unit cell and the surface symmetry. 

As an example, a typical image of a LEED pattern of a clean Cu(111) surface is shown 

in Fig. 3.9. LEED can also be used to obtain information on the arrangement of 

organic molecules on a surface. If the adlayer is ordered, its unit cell and its orientation 

with respect to the underlying substrate can be determined.  

 

 

 

 

 

 

 

 

 

Figure 3.8: Schematic diagram of a standard LEED setup. (Taken from Ref. [18]) 
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Figure 3.9: A LEED image of a clean Cu(111) surface which was taken with an electron energy of 90 
eV showing the six first order spots.  
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