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Chapter 3 

Experimental techniques 

 
 

In this chapter, a brief introduction to the main experimental techniques is 

given. The first section of this chapter describes the working principle of 

scanning tunneling microscopy (STM), which is the most frequently used 

experimental technique in this thesis. The second part introduces the basic 

setup of angle resolved photoemission spectroscopy (ARPES), which is a 

powerful technique for probing the occupied electronic states of conducting 

or semiconducting materials. The last section of the chapter deals with the 

working principle of low-energy electron diffraction (LEED). 
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3.1 Scanning tunneling microscopy 

Scanning tunneling microscope (STM) was invented by Gerd Binnig and 

Heinrich Rohrer in 1981 [1]. With STM, they presented a clear picture of 

surface atoms in real space for the first time in history [2]. For the invention 

of STM, they were awarded the Nobel Prize in physics in 1986. The key 

feature of STM is its astonishingly high resolution capability: it can show a 

non-averaging real space picture of individual atoms. Basically, STM can be 

utilized in three different aspects: it allows for the investigation of the surface 

structure of conducting or semiconducting materials [3-5]; it can provide 

local information on the electronic structure [6-8], and it enables the 

manipulation of individual atoms [9-11]. STM has become one of the most 

powerful instruments in surface science. 

 

3.1.1 Basic setup of STM 

In a STM experiment, a bias voltage is applied between a (semi)conducting 

sample and a sharp metal tip. When the tip is brought to the position of a few 

Ångströms away from the sample surface, a small tunneling current can flow 

between the tip and the sample due to the quantum tunneling effect. The 

tunneling current is exponentially dependent on the tip-sample separation, 

which leads to the high resolution of STM in topography imaging. When the 

STM is scanning over the sample surface, a contour of the area of interest can 

be obtained by maintaining a constant tunneling current while recording the 

vertical position of the tip. Figure 3.1 shows the basic setup of STM, which 

consists of four parts: the damping system, the scanning head, the controlling 

system and the data acquisition system. Since the STM tip need to be 

positioned a few Ångströms away from the sample surface, it is essential to 

have a damping system to minimize vibrations, otherwise the scanning tip 

may just crash into the sample surface. Usually, the passive damping of STM 
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can be achieved by utilizing a combination of viscoelastic materials, metal 

springs and eddy-current damping devices. The scanning head mainly 

consists of two parts: the coarse positioner and the fine positioner with the 

STM tip attached to it. The coarse positioner offers a relatively large 

travelling distance, while the fine positioner offers a small step size. 

Therefore, the scanning head can move the STM tip with both large travelling 

distance and high precision in positioning. The fine positioner is also used as 

the scanner of the STM, it is usually made of piezoelectric material, in which 

a mechanical strain can be induced in response to the applied electric field. In 

this way, the STM tip can move over the area of interest when the 

corresponding voltage signal is applied to the fine positioner. In the 

controlling system, the tunneling current signal can be monitored and the 

STM tip position can be regulated accordingly. In the data acquisition system, 

the acquired data can be processed and plotted, in this way the data 

acquisition process can be monitored by the STM user. In general, there are 

two working modes of STM: the constant-current mode and the constant-

height mode. In the constant current mode, the measured tunneling current is 

compared to the current value set by the STM user by utilizing a feedback 

circuit. The feedback circuit can generate a correction voltage signal to the 

fine positioner, thus the z-position (vertical position) of the tip can be 

adjusted to keep the tunneling current at the set value. The z-position of the 

tip is recorded with the x-y position of the tip when it moves over the sample 

surface. In the constant-height mode, the vertical position of the tip is kept 

constant by switching off the feedback circuit. The tunneling current signal is 

recorded with the x-y position of the tip when it moves over the sample 

surface. Basically, the constant-height mode can provide faster scanning 

speed, but the constant-current mode is more frequently used since it enables 

the investigation of surfaces which are not atomically flat.  
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Figure 3.1. Schematic showing the basic setup of scanning tunneling microscope. 
 
 

3.1.2 The quantum tunneling effect 

The working principle of the STM is based on the quantum tunneling effect. 

Here a brief introduction to the quantum tunneling effect will be given. 

Consider an electron and a rectangular potential barrier. When the energy of 

the electron is smaller than the height of the potential barrier, the electron will 

not be able to traverse the barrier according to classical physics. But in 

quantum physics, the situation is quite different. It is possible for the electron 

to transverse the barrier due to the wave-particle dualism. Figure 3.2 

illustrates this interesting difference between the classical physics theory and 

the quantum physics theory.  
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Figure 3.2. Differences between classical mechanics and quantum mechanics. 

(Adapted with permission from reference [12]. Copyright 1994, Wiley Periodicals, 

Inc.). 

The basic idea of the quantum tunneling effect can be demonstrated by a one-

dimensional rectangular potential barrier. As shown in figure 3.3, the 

potential barrier has a width s and a height V0. In region 1 (z<0), the potential 

V(z)=0; in region 2 (0≤z≤s), the potential V(z)=V0; in region 3 (z>s), the 

potential V(z)=0. For an electron moving from region 1 to region 3, the state 

of the electron can be described by the Schrödinger equation as follows: 

2 2

2
- ( ) ( ) ( )

2 e

d
V z z E z

m dz
 

 
  

 



,                                                     (3.1) 
where me is the electron mass, ħ is the reduced Planck’s constant, ψ(z)is the 

electron wave function, E is the energy of the electron.  The solution of the 

Schrödinger equation in each region is given as: 

1 = +Ai z i ze e  ,                                           (3.2)   

2 =B i z i ze Ce   ,                                                                                 (3.3)   

 3 =D i ze  ,                                                                                                (3.4)   
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where α2=2meEħ-2 , β2= 2me(V0 – E)ħ-2, A, B, C and D are the coefficients 

that can be derived. According to quantum physics theory, the square of the 

electron wave function bears the meaning of probability. Therefore, when the 

electron is travelling from region 1 to region 3, the probability of finding an 

electron at the point z is proportional to (Deikz)2. This is a nonzero value, 

which means that there exists a possibility of finding the electrons in region 

3. In other words, it is possible for the electron to traverse the potential 

barrier. The formula (Deikz)2 shows the exponential relationship between the 

tunneling current and the distance. This is why the STM is extremely 

sensitive to distance changes perpendicular to the sample surface. 

 
Figure 3.3. Schematic of a one-dimensional rectangular potential barrier.  

 

3.1.3 Theories of STM 

 In order to get a better understanding of the tunneling process between the 

tip and the sample surface, many models and theories with different 
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approximations have been developed [12,13], which provide an essential 

foundation for the understanding of the experimentally obtained data from 

STM measurements. In 1961, Bardeen developed a reasonably simple theory 

to understand the tunneling current between two metal electrodes separated 

by a thin insulating layer [14]. Though Bardeen’s theory is not specially 

designed for STM, it can be used to understand the tunneling process in 

STM. As shown in figure 3.4, the tunneling junction consisting of two 

electrodes is assumed to be a one-dimensional system. Though the real 

tunneling junction is simplified to be a one-dimensional system, it is still not 

easy to find a solution for the Schrödinger equation of the combined system. 

Instead of finding the solution for the coupled system, according to Bardeen’s 

theory, we can consider the two electrodes as two separate systems. By 

solving the stationary Schrödinger equations, the electronic states of the 

separated subsystems are obtained. The rate of electron transfer from one 

electrode to another is calculated by using time-dependent perturbation 

theory [14]. This method shows that the amplitude of the electron transfer is 

determined by the overlap of the surface wave functions of the tip and the 

sample. In other words, the tunneling matrix element ���  between the tip 

state ��
�  and the sample state ��

�  is determined by a surface integral on a 

separation surface S0 inside the barrier as 

0

2
* *= ( )

2m
t s s t

S
M dS         



.                                                       (3.5) 
After summing over all the relevant states, the tunneling current I can be 
evaluated as 
 

 
22 e

= ( )[1 ( )] ( )[1 ( ) ] ( )t s s t t sI f E f E eV f E eV f E M E E      



     

 (3.6) 
Here V is the bias voltage applied to the tip with respect to the sample. ��

�  

and ��
�  are the energy eigenvalues of state ��

�  and ��
�  respectively in the 
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absence of tunneling. f(E) is the Fermi distribution function. With low 

temperature and small bias voltage, the tunneling current can be simplified to  

2
22 e

= ( ) ( )t s
F FI V M E E E E  




  

 .                                              (3.7) 
 

 
Figure 3.4. Schematic of the one-dimensional tip-sample tunneling junction with a 

width d. Φ� is the work function of the sample and Φ� is the work function of the 

tip. 

 

To further simplify the calculation of tunneling current, Tersoff and Hamann 

modified Bardeen’s theory and proposed a model in which the tip was 

approximated to be of spherical symmetry with a radius of R as shown in 

figure 3.5 [15,16]. The tip is simply described by a symmetric s 

wavefunction. As a result, the tunneling current can be expressed as  

24 2
t 0( ) ( ) ( )R s s

F FI V E e r E E
 



         .                       (3.8)  

Here 
1

22 -1=( m )    is the decay constant,  is the work function, assumed to 

be equal for tip and sample and r0 is the center of the tip apex. t ( )FE is the 

local density of states (LDOS) of the tip at the Fermi level. The density of 

states at the Fermi level for the sample at the position of the tip can be 
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expressed as: 

2

s 0 0( , ) ( ) ( )s s
F Fr E r E E 



     .                                                 (3.9) 

Hence, in the situation of low temperature and small bias voltage the 

tunneling current can be described as:  

2
t s 0( ) ( , ) R

F FI V E r E e    .                                                            (3.10) 

It should be noted that 
s 0( , ) exp( 2 ( ))Fr E R d    , since the sample’s 

wave functions decay into vacuum exponentially. Therefore, it can be 

concluded that: exp( 2 d)I   . This expression shows that constant current 

images can be considered as the topography of the sample’s surface in the 

case of constant sample density of states, low temperature and small bias 

voltage.  

 
Figure 3.5. Schematic of the STM tip in the Tersoff-Hamann model. Though the 

STM tip can have an arbitrary shape, its apex has a spherical shape with a radius of 

R. The tip-sample distance is d. 

 

3.1.4 Scanning tunneling spectroscopy 
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The tunneling current can also be expressed by an integral, which is 

00
( , ) ( )

eV

s F t FI r E E eV d         ,                                         (3.11) 

where ε  is the energy. Since E,V,0( , )= ( ) ( s)s sr E E T   with s=R+d, the 

expression equals 

,V,
0

( + ) ( s) ( )
eV

s F t FI E T E eV d         ,                               (3.12) 

where ,V,( s)T   is the transmission coefficient. Hence, the differential 

conductance dI/dV can be expressed as: 

,V,

,V, eV,V,

0

0

/ ( , ) ( + ) ( s) ( )

( + ) ( ) ( s) ( +eV) ( s) ( )

eV

s F t F

eV

s F t F s F t F

d
dI dV V s E T E eV d

dV

d
E E eV T d E T E

dV

     

       

   

      





(3.13) 

By assuming that the LDOS of the tip is constant and the transmission 

coefficient is weakly dependent on V at small bias voltages, the first and 

second term of the expression can be neglected. This leads to  

eV,V,/ ( , ) ( +eV) ( s) ( )s F t FdI dV V s E T E    .                                      (3.14) 

The above result shows that the LDOS of the sample can be proportional to 

the differential conductance under the assumption that the LDOS of the tip is 

constant. To acquire a STS curve, the STM tip is first positioned at the point 

of interest on the sample, then the feedback loop is switched off to keep a 

constant tip-sample distance, then the bias voltage between the tip and the 

sample is swept over the defined range and at the same time the 

corresponding dI/dV signal is recorded. In this way, a STS curve of the 

sample can be obtained. 

 

3.2 Photoemission spectroscopy 

3.2.1 Photoelectric effect 

The photoelectric effect was first discovered by Hertz in 1887, when he 

noticed that the electrodes illuminated with ultraviolet light can create 

electric sparks more easily [17]. In 1905, Einstein published the famous paper 
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“On a heuristic point of view concerning the production and transformation 

of light” [18]. In this paper, Einstein explained the photoelectric effect by 

introducing the wave–particle duality of light, i.e. light can be viewed as a 

continuous wave and at the same time it can also be viewed as a discrete flux 

of photons. The photoelectric effect can be described by a simple formula: 

���� = ℎ� − ���� − Φ  where Ekin is the kinetic energy of the emitted 

photoelectron, ℎ� is the photon energy of the light beam, Ebin is the binding 

energy of the electron in the material and Φ  is the work function of the 

material. The basic idea of the photoelectric effect is that when a light beam 

with sufficient photon energy is shone onto the material, the photoelectrons 

of the material can be emitted after absorbing the photon energy.  

 
Figure 3.6. Schematic diagram of the photoelectric effect. 

 

Even though the photoelectric effect was explained at the beginning of the 

20th century, the utilization of the photoelectric effect as a measurement tool 

in photoelectron spectroscopy was only realized almost half a century later. 

Development in the fields of ultra-high vacuum techniques and high-

resolution electron energy analyzers in the first half of the 20th century finally 

made it possible to successfully carry out photoelectron spectroscopy 



Experimental techniques 

 

54 
 

measurements.  

 

3.2.2 The photoemission process 

The basic principle of the photoemission process can be described by 

Einstein’s equation ���� = ℎ� − ���� − Φ , which is the foundation for 

understanding the photoelectron spectroscopy. Due to the fact that the 

photoemission process is a complicated many-body problem in quantum 

mechanics, different theoretical approaches have been developed to gain 

insight into the underlying principles of the photoemission process. Basically, 

there are two main theoretical methods that describe the photoemission 

process: the so-called “one-step model” and the “three-step model”.  

In the one-step model, the photoemission process is viewed as a one-step 

coherent process [19-22]. The main difficulty in treating the photoemission 

process arises from the surface. Due to the presence of the surface, the wave 

functions of the electrons near the solid-vacuum interface can no longer be 

viewed as Bloch waves. To deal with this problem, the so-called inverse low-

energy electron diffraction wave function is used as the final state of the 

electron in the calculation of the one-step model. The one-step model is 

considered as a rigorous way to treat the photoemission process but it is 

technically too complicated to get the accurate calculation result. To 

disentangle the complexity in the calculation of the photoemission process, 

the three-step model has been developed [23-27]. As a phenomenological 

method, the three-step model artificially divides the photoemission process 

into three independent steps: first, the excitation of the electron in the solid 

by a photon; second, the propagation of the photoexcited electron to the 

surface; third, the transmutation of the electron from the solid surface into 

vacuum. 
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Figure 3.7. Schematic of the three-step model of the photoemission process. 

 

A schematic of the three-step model of the photoemission process is shown in 

figure 3.7. At the first step, a light beam with photon energy of ℎ� is shone 

onto the material. The energy of a photon is transferred to an electron in the 

material. Then it is excited from the bulk initial state to a bulk final state with 

the conservation of both energy and momentum. For this step, the 

photocurrent is determined by the probability of the optical transition from 

the initial bulk state to the final bulk state.  

In the second step, the photoexcited electron propagates from the bulk to the 

surface of the material. For this step, the photocurrent is determined by the 

probability of inelastic scattering. It is possible for the photoexcited electrons 

to be inelastically scattered when they travel to the surface of the material. 

The kinetic energy and momentum of the electrons will be changed if 

inelastic scattering occurs. As a result, these electrons will be detected as the 
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background signal of secondary electrons in the photoemission spectrum. The 

probability of inelastic scattering can be quantified by the inelastic mean free 

path 	����, which is the average travelling length of the electron before it 

undergoes inelastic scattering. Figure 3.8 shows the universal curve of the 

inelastic electron mean-free path versus the kinetic energy of the electrons.  

 
Figure 3.8. Universal curve of photoelectron mean free path as a function of the 

kinetic energy of the photoelectron. The blue dots represent the experimental data 

and the black one is the fitting curve of the experimental data. (adapted from 

reference [28], adapted with permission from reference [29]. Copyright 1979, 

Heyden & Son Ltd). 

 

In the third step, the electron escapes from the solid’s surface into the 

vacuum. This final step takes place only when the kinetic energy of the 

electron is sufficient to overcome the effective work function Φ���  . As 

shown in figure 3.9, the sample and the energy analyzer are in electrical 

contact in an electron photon emission spectroscopy (PES) measurement, 
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which means that the Fermi level of these two parts are equal. Consequently, 

the “effective” work function of the PES measurement is Φ��� = 	Φ������ −

�Φ������ − Φ��������� = Φ�������� . Therefore the work function of the 

energy analyzer must be calibrated in order to precisely determine the 

binding energy of the electrons. 

 

Figure 3.9. Schematic energy level diagram for a sample which is sharing the same 

ground with the analyzer. 

 

3.2.3 Angle-resolved photoemission spectroscopy 

In an angle-resolved photoemission spectroscopy (ARPES) experiment, the 

kinetic energy of the photo electrons is measured with respect to the emission 

angle of the electrons. In this way, the distribution of the filled electronic 

states in the reciprocal space can be directly observed. Since many 

fundamental material properties are closely related to its band structure, a 

great deal of information on the material can be obtained by performing 

ARPES measurements. 
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Figure 3.10. Schematic showing the basic measurement geometry in an ARPES 

experiment. A beam of photons is shone onto the sample, the energy of the excited 

photoelectron is measured with respect to its emission angle by the analyzer.  

 

Figure 3.10 shows the basic setup for doing ARPES measurement. It consists 

of three parts: a light source with well-defined photon energy, a crystalline 

sample and an electron energy analyzer. When a flux of photons with an 

energy of ℎ� irradiate the sample, the corresponding photoelectrons, which 

have sufficient energy to overcome the effective work function, will be 

emitted from the surface of the sample at different angles. The analyzer 

detects the electrons with different emission angles and records the kinetic 

energy of the electrons with respect to their emission angle of the electrons. 
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Usually, the momentum of the photon is neglected, the in-plane momentum 

Pin of the photoelectron and the energy of the photoelectron are conserved 

during the photoemission process. The in-plane momentum Pin of the 

photoelectron is given by the following formula:  

2 sinin in kinP k mE    ,                                                                       (3.15) 

where m is the mass of the electron, Ekin is the kinetic energy of the 

photoelectron and � is the emission angle of the photoelectron with respect to 

the surface’s normal (polar angle). Based on this formula, the wave vector in 

the x and y direction of the reciprocal space can be obtained as 

2 sin cosx kink mE                                                                         (3.16) 

2 sin siny kink mE      ,                                                                   (3.17) 

where	�is the azimuthal angle. When the kinetic energy of the photoelectron 

is measured by the electron energy analyzer, the binding energy Ebin can be 

extracted from the formula ���� = ℎ� − ���� − Φ��� , where Φ���  is the 

effective work function. In this way, the binding energy Ebin, the polar angle 

� and the azimuthal angle � can be experimentally determined. With formula 

3.16 and 3.17 the wave vector in the x direction (kx) and the wave vector in 

the y direction (ky) can also be calculated. Thus, the dispersion relationship 

between the electron energy and the wave vector can be obtained. In other 

words, the band structure of the filled states can be measured.  

 

3.3 Low-energy electron diffraction 

Low-energy electron diffraction (LEED) is a widely used technique in 

surface science [30]. It can be used to check the cleanliness, investigate the 

ordering of the surface and determine the in-plane lattice parameter [31]. In 

this thesis, LEED was mainly used to study the molecular self-assembly on 

surfaces.  
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Figure 3.11. Schematic showing the basic setup of a LEED instrument. 

 

The working principle of LEED is based on the Bragg diffraction of the 

electrons on the atomic lattice of materials. Due to the principle of wave-

particle duality, the electron beam can also be considered as a succession of 

electron waves. At the low energy range (10-200 eV), the de Broglie 

wavelength of the electron is comparable with atomic spacings, which 

enables the diffraction of the electrons on the atomic lattice of materials. The 

mean free path for the electrons at this energy range is around several 

angstroms, which makes LEED a surface sensitive technique. In a LEED 

experiment, a beam of low-energy electrons is generated by the electron gun, 

the electrons are directed onto the sample surface and the elastically scattered 

electrons are observed as diffraction patterns on a fluorescent screen. Figure 

3.11 shows the basic set up of a LEED instrument. It mainly consists of two 

parts: an electron gun and a fluorescent screen with a set of four grids. 
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Electrons are emitted when current passes through the cathode filament in the 

electron gun. The emitted electrons are focused and accelerated by the 

electrostatic lens in the electron gun. Then the electrons hit the sample 

surface with a normal incidence angle. The electrons are diffracted by the 

surface atoms of the sample. The first grid through which the backscattered 

electrons pass is connected to the ground to ensure a field-free space around 

the sample. The second and third grids are usually called retarding girds, 

these grids are on a potential slightly lower than the kinetic energy of the 

electrons to ensure that only the elastically scattered electrons can go through 

the girds while all the inelastically scattered electrons are prevented from 

reaching the fluorescent screen. Then the electrons pass through the fourth 

grid which is also on the ground potential. After passing through all the grids, 

the electrons are accelerated towards the fluorescent screen which is with a 

high positive potential. As a result, LEED patterns are observed on the 

fluorescent screen which is made up from the elastically scattered electrons.   
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