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ABSTRACT 
 

This thesis focuses on the characterization of In0,4Ga0,6Sb/InAs and InSb/InAs quantum dots using 

Cross-Sectional Scanning Tunneling Microscopy (X-STM). Quantum dots (QDs) are small and 

spatially confined semiconductor nanostructures with a size-dependent band gap. This property 

makes them very attractive for devices such as sensors, solar cells and lasers. The QDs analyzed in 

this thesis were grown using Metal-Organic Vapor Phase Epitaxy (MOVPE) and are meant to be 

utilized in long wavelength infrared (LWIR) (~8µm) detectors. To study buried QDs by X-STM, the 

sample has to be cleaved and measured in Ultra High Vacuum (UHV). In order to do this, a cleaving 

apparatus was built and installed on an STM system. A sample preparation methodology was 

worked out in order to make the samples ready for cleaving. An easy method for finding the QDs 

with the X-STM was also developed. Measurements resulted in a number of atomically resolved 

images, revealing the QD layer morphology. Furthermore, larger images were captured in order to 

study growth defects. Because of the high dot density, at low resolution the QDs were perceived as 

quantum wells. It was only at atomic resolution that QDs could be resolved. The observed dot sizes 

ranged between ~3 nm (InSb) and ~8 nm (In0,4Ga0,6Sb) in diameter. 
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1 INTRODUCTION 
 

This thesis was carried out at the School of Information and Communication Technology (KTH-ICT) 

in a collaboration between the departments of Material Physics (MF) and Devices and Circuits 

(EKT).  

Researchers at the department of Devices and Circuits are involved in a project aiming to build 

Infra-Red (IR) detectors that operate in the long wavelength IR spectrum (LWIR) (~8µm). These 

detectors comprise of self-organizing In0.6Ga0.4Sb and InSb quantum dots, grown layer by layer 

using a method known as Metal-Organic Vapor Phase Epitaxy (MOVPE).  

A quantum dot is a small and spatially confined semiconductor with a size-dependent band gap. 

The latter means that the size of the quantum dot directly affects its ability to receive or emit light. 

By changing the size of the quantum dots during growth, optical devices such as IR detectors, solar 

cells and lasers can be customized. 

After the growth process, it is important to evaluate sample parameters like size, interface, density 

and defects. For this purpose, a surface sensitive microscope like the Scanning Tunneling 

Microscope (or STM), can be used. The STM utilized in this thesis was provided to the authors by 

the department of Material Physics.  

Buried quantum dots are often analyzed using a subtype to the STM, known as Cross-Sectional 

Scanning Tunneling Microscopy (or X-STM). This type of system is, besides the STM, also equipped 

with an in situ cleaving apparatus. The cleaving apparatus is used to create atomically flat cross-

sections, which in turn reveals the buried quantum dots hidden inside the sample. When dealing 

with exposed surfaces, a high level of cleanliness is necessary in order to avoid surface 

contamination. In order to fulfill this requirement, both cleaving and measurement is done in Ultra 

High Vacuum (UHV). 

The principle objectives of this thesis were to: 

 Design and build a cleaving apparatus that gives reproducible results. 

 Implement a cleaving apparatus into the STM, thus turning the system into an X-STM. 

 Establish a method for sample preparation. 

 Cleave samples in situ and produce atomically flat surfaces. 

 Find the quantum dots and capture images of them. 

 Interpret the captured images. 
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Cleaving samples in situ can be done in many different ways. In earlier studies, X-STM systems have 

been equipped with a variety of cleaving setups, ranging from complicated spring loaded 

mechanisms to just hitting the sample with a wobble stick. Reproducible results are most often 

achieved when there is less room for operator mistakes. A static setup, which minimizes the 

interaction between the operator and the cleaving apparatus, is thus preferred.  

In this thesis, a retractable knife setup was chosen. This setup made it possible for the cleaving 

apparatus to work well together with the transfer arm (where the sample is mounted before 

cleaving) while the operator interaction was minimized. 

Using this method, many samples were successfully cleaved and atomically flat surfaces obtained. 

In total, approximately 150 images of varying quality were acquired. At low resolution the quantum 

dots appeared to look like quantum wells. It was only with atomic resolution that quantum dots 

could be distinguished. This was interpreted as a result of a very high dot density. The found 

quantum dots had sizes ranging between ~3 nm (InSb) and ~8 nm (In0,4Ga0,6Sb) in diameter. Some 

defects were found but they were quite scarce. 
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2 THEORY 
 

2.1 SCANNING TUNNELING MICROSCOPE 

The Scanning Tunneling Microscope, or STM, is a surface probe microscope invented in the early 

1980s by Gerd Binnig and Heinrich Rohrer. It was the first surface probe microscope in the world 

able to spatially resolve atoms. For their invention, Binnig and Rohrer were awarded the 1986 

Nobel Prize in Physics. 

Although the STM is based on advanced physics like quantum mechanics, its operation is quite 

simple in practice.  

To perform a measurement, a sharp metal tip is brought in close proximity to a surface of interest. 

When the tip is only a few Ångströms (Å) off the surface the outermost atomic orbitals in the tip 

and the sample will start to overlap. Under the influence of a voltage, a tunneling current will form. 

While scanning the tip back and forth across the surface, current data can then be collected and 

subsequently used to gradually construct a surface image. The tip movement in the z-direction (up-

down) and forward-backward direction is controlled by the means of a biased piezoelectric tube 

scanner. 

Since STM is a surface sensitive microscope it cannot resolve structures buried deep inside a 

sample. In order to get around this, the sample has to be cleaved. Cleaving the sample will not only 

uncover any embedded structures but also create a fresh surface, making it possible to perform 

STM measurements. Cleaving samples in vacuum is known as in situ cleaving and the method 

mentioned is commonly referred to as cross-sectional scanning tunneling microscopy (X-STM).  

Since X-STM aims at resolving surfaces with atomic precision, the surface in question has to be 

clean. A dirty surface will make it more or less impossible to extract any vital information. In order 

to avoid surface contamination, cleaving and measurement is done in Ultra High Vacuum (UHV). 
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2.2 ULTRA HIGH VACUUM 

Ultra High Vacuum is roughly defined as pressures in the range      to       Torr (Roth, 1976, p. 4). 

To reach Ultra High Vacuum in the context of performing STM measurements, a system comprised 

of a number of stainless steel vacuum chambers and vacuum pumps are used. The STM system used 

in this thesis was comprised of three chambers; A load-lock, a preparation chamber and a STM-

chamber (or analysis chamber) (see Figure 1). 

 
Figure 1) Shows a schematic of the STM-system used in this thesis. 

The load-lock is the chamber where samples are loaded and removed from the system. Because of 

this, the load-lock has its own separate vacuum pumping system, consisting of a turbo 

molecular/rotary pump combination. Inside the load-lock, there is a manual driven transfer arm 

which moves samples to and from the preparation chamber. The load-lock also houses the cleaving 

apparatus (developed in this thesis) and a cold cathode gauge, which is used to measure the 

pressure.   

The preparation chamber is, just like the load-lock, equipped with a turbo molecular/rotary pump 

combination. In contrast to the load-lock it serves both the preparation chamber as well as the 

STM-chamber. The preparation chamber also contains an ion gun, an ion pump and a motorized 

transfer arm (manipulator). The STM-chamber houses the STM measurement station, a wobble 

stick manipulator, an ion pump and a carousel with space for up to six sample holders.  
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When speaking of pressures it is simpler to speak of the number of particles circulating inside the 

vacuum chamber. In this context there are essentially two factors regulating how contaminated a 

sample can get; the impinging rate and the sticking coefficient. The impinging rate is mainly 

dependent on the pressure and the temperature. It describes at which rate particles strike the 

surface. The sticking coefficient on the other hand defines how often the impinging particles 

actually stick to the surface. The sticking coefficient ranges from zero to one and is dependent on 

many things such as pressure, temperature, surface coverage etc (Lüth, 2001, pp. 33-34, 521). 

Assuming a sticking coefficient equal to one, it takes an average time of one second to cover a 

surface in one monolayer of particles at a pressure of      Torr. The same will happen in ten 

seconds at a pressure of      Torr and in one hundred seconds at      Torr and so on. This 

relation between time, pressure and contamination is more properly referred to as 1 Langmuir 

(Lüth, 2001, p. 34). 

In this thesis, all samples were cleaved inside the load-lock at a pressure of       Torr.  This 

translates, in a worst case scenario, to a time of approximately sixteen minutes before every atom 

on the surface has been struck by a gas particle (Lüth, 2001, p. 34). With this in mind, it is very 

important to transfer the sample into higher vacuum (lower pressure) as soon as the cleaving of the 

sample is completed. The nearest site, next to the load-lock, equipped with a higher vacuum is the 

preparation chamber. Since the STM operates at a base pressure of          Torr, it will take 

nearly six hours before every atom on the surface has been struck by a gas particle.  Knowing that 

the sticking coefficient can be significantly less than one, it is not surprising that a sample can be 

used for about two to three days before it becomes so contaminated it is deemed too dirty for use. 

2.2.1 VACUUM PUMPS AND THEIR USES 

To achieve UHV, a variety of pumps are used. First, a rotary pump mechanically presses the air out 

of the chamber. This yields a pressure of       Torr, enabling the turbo molecular pump to be 

started. The turbo molecular pump is made up of a series of aluminum blades, spinning at a very 

high speed (~56k rpm). The velocity and configuration of the blades forces the particles to move in 

one direction only. Using the turbo molecular pump, the pressure can be lowered to       Torr 

(Lüth, 2001, pp. 9-10). 

The last step in reaching UHV is to use an ion pump which can force the pressure down to 

       Torr. The ion pump operates by ionizing the gas particles and flinging them into a highly 

reactive titanium plate. Particles that move at high speeds can sometimes penetrate the plate 

surface. At lower speeds however, they are often chemisorbed to the surface atoms (Lüth, 2001, pp. 

11-12).  

Whenever a vacuum chamber is opened and exposed to air, moisture and other particles get inside. 

The moisture, i.e. water, settles as a thin film on the chamber walls. This makes it very hard, 

sometimes impossible, to reach ultra high vacuum. To expedite the vacuum pumping and to desorb 

water inside the chamber, the whole chamber is heated up to approximately       in a process 

called bake-out (Lüth, 2001, p. 6). 
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2.3 QUANTUM MECHANICAL TUNNELING 

Tunneling is a quantum mechanical phenomenon based on the wave-nature of elementary 

particles, such as electrons. Any elementary particle can according to quantum mechanics be 

described by its wave function. When speaking of atomically bound electrons, instead of wave 

functions, one usually refers to atomic orbitals. By knowing the atomic orbital for an electron, one 

can calculate the statistical distribution of all the possible positions that the electron can have 

around the nucleus (Atkins & Jones, 2002, p. 25). 

When two surfaces (tip and sample), separated by a classically insurmountable potential barrier, 

come close to each other, the atomic orbitals of the outermost atoms in each surface will overlap 

(see Figure 2). If a sample-tip voltage is applied, this overlap will give rise to a tunneling current 

(Wu & Lieber, 1988, p. 5556). The potential barrier can consist of any type of dielectric material, 

although vacuum is the one in question when running measurements with STM in UHV. 

 
Figure 2) Shows s-orbitals at the sample surface and a    -orbital in the tip. When they overlap under the 
influence of a voltage, a tunneling current will run between them. 

The tunneling current (  ) between the tip and the sample is approximately given as (Lüth, 2001, p. 

128): 

    
 

 
              [Eq. 1] 

 
Where: U = Applied voltage between tip and sample. 
 d = Distance between tip and sample. 
 K = ~1.025              for a vacuum gap. 
     Average work function for tip and sample. 

As seen in [Eq.1], the tunneling current is exponentially dependent on the distance between the 

sample and the tip. Consequently, the current increase exponentially as the tip comes closer to the 

sample surface. 
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There are different ways to explain the tunneling phenomenon. One way, which makes the 

explanation somewhat comprehensible, is to describe it using Heisenberg’s uncertainty principle. 

Heisenberg’s uncertainty principle states that the exact momentum (      and/or the exact 

position (    ) of a particle cannot be known. In quantum mechanics this is referred to as the 

momentum and position being non-commutable with each other (Heisenberg, 1927, p. 180).  

According to Heisenberg, the relation between the uncertainty in momentum and position is given 

by: 

      
 

 
 [Eq. 2] 

  
Where:    = Standard deviation (uncertainty) of momentum.  
    = Standard deviation (uncertainty) of position.  

 
  = Planck’s constant divided by    (reduced Planck’s 
constant). 

 

As seen in [Eq. 2], the product of uncertainty (     ) can never be less than ħ/2. This implies that 

there is always an uncertainty coupled with the momentum and the position. The highest certainty 

in determining both these entities is obtained when the product in [Eq. 2] is exactly equal to  /2. 

If a voltage is applied between the tip and the sample (e.g. the tip gets a negative bias and the 

sample a positive bias), electrons will start to gather at the end of the tip. Although the electrons 

want to jump from the tip to the sample (which in a classical sense would constitute a regular 

current), they cannot. This is due to the low energy they posses compared to the insurmountable 

potential barrier, i.e. the vacuum, separating them from the sample surface. However, if the distance 

between the tip and the sample is smaller than the value of uncertainty in position for the single 

electron     , there is a chance that the electron may be found on the other side of the barrier, i.e. 

in the sample. This small probability times a lot of electrons then makes up the tunneling current 

mentioned above.  

The tunneling phenomenon can be hard to comprehend since the transition between the tip and the 

sample is not physical in any classical sense. The explanation to what really happens lies within the 

properties of the electron itself. An electron should not be visualized as a classical particle, i.e. not 

like a ball. Instead it should be seen as a wave and a particle at the same time. This dual property is 

known as the wave-particle duality (Atkins & Jones, 2002, p. 11). 

Acting as a wave the electron must be continuous in space, independent on the nature of the 

surroundings (potential barriers etc.). If it behaved differently, the energy would not be conserved 

and the electron would no longer constitute a real wave. The electron is in other words forced by its 

own wave-nature to tunnel through the potential barrier, provided that the barrier thickness is 

small enough.  
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It is not hard to imagine a continuous wave not having an exact position. The wave is, after all, 

spread out in space, i.e.    is large (Atkins & Jones, 2002, p. 12). The only sensible thing to do is to 

instead talk about the possible positions the electron can have.  

Just as in the case of its position, a continuous wave must also have a more or less well defined 

wavelength. A reasonable known wavelength implies, through the de Broglie relation (see [Eq. 3]), 

that the electron momentum must be known to some extent (described by   ). In turn, the product 

between    and    must satisfy [Eq. 2]. This means, that if the uncertainty in position (  ) is small, 

consequently the uncertainty in momentum (  ) must be large and vice versa (Atkins & Jones, 2002, 

p. 13). To make the transition across the barrier, the possible positions taken by the electrons in the 

tip must coincide with the possible positions taken by the electrons at the sample surface. In other 

words, the atomic orbitals (wave functions) in the tip and the sample must overlap with each other. 

Thus, tunneling is not a transition of a particle from one side to another, but instead an interaction 

between continuous waves ending up in a transfer of energy. 

The de Broglie relation for the particle momentum is given by: 

  
 

 
 [Eq. 3] 

  
Where: p = Particle  momentum, h = Planck’s constant,   = Wavelength 

 

2.3.1 HOW IS ATOMIC RESOLUTION ACHIEVED IN STM? 

How is it possible to achieve atomic resolution with STM? This question is answered by first 

calculating the electron wavelength ( ), implying that the electron energy is already known, and 

then compare it to the inter-atomic distance in commonly studied materials.  

Assume that each electron in the tip is given the energy of 1eV, corresponding to a sample-tip bias 

of 1 V (Wiesendanger, 1994, p. 124). From this, the electron wavelength     can easily be calculated, 

resulting in        nm (~12 Å).  

In classical optics, the resolution for a microscope is limited by the Abbe diffraction limit 

(Wiesendanger, 1994, p. 267). The Abbe diffraction limit states that while measuring a surface using a 

wavelength ( ) one can resolve an object of a minimum size      . In the case of      Å, the 

resolution limit would be     Å. In solids however, the inter-atomic distance (r) is about 3 Å 

(Wiesendanger, 1994, p. 3). Apparently, since    , there must be something else explaining the 

atomic resolution obtained with STM. 

As it turns out, the spatial resolution is not determined by the electron wavelength     at all. 

Instead the STM operates in the so called near-field regime where the resolution is mainly 

dependent on three parameters; the tip geometry, the insurmountable potential barrier height and 

the distance (d) between the tip and the sample. The latter is directly related to the exponential 

tunneling current, described by [Eq. 1]) (Wiesendanger, 1994, pp. 3, 124, 131-132). 
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2.4 OPERATING THE STM 

The STM generally operates in two modes; constant height mode or constant current mode. 

Constant height mode is an inappropriate method when measuring uneven or tilted samples, since 

there is always a risk that the tip will crash. If there is any uncertainty in the flatness of the sample, 

constant current mode is the appropriate choice. In this thesis constant current mode was chosen 

due to the unknown surface morphology. 

In constant current mode, the current between the sample and the tip is kept at a constant value by 

regulating the voltage applied to the piezoelectric tube scanner (see Figure 3). The voltage is 

modified by the means of the so-called feedback loop. The feedback loop is a system which 

continuously measures the tunneling current (  ) and subsequently sends new voltage data to the 

piezoelectric tube scanner in order for it to correct the sample-tip distance (Wiesendanger, 1994, p. 

97). Since the voltage has a direct impact on the sample-tip distance (see [Eq. 1]), the feedback gain 

has to be properly set in relation to the scan speed. If not, there is a risk that the tip will crash into 

the sample surface (assuming one has a rough surface with many steps) (Güntherodt, et al., 1992, p. 

5). The obtained surface image is a mixture of topographic and electronic data since the tunneling 

current can be of different origin. Analyzing materials comprising of different atoms will yield a 

much greater electronic contribution compared to a case where the material is made up of only one 

type of atoms (Wiesendanger, 1994, p. 109). As stated earlier, the tunneling current increases 

exponentially with decreasing sample-tip distance. This gives the STM its incredible resolution in 

the z-direction of ~0.01 nm. The resolution in the forward and backward direction (~0.1 nm) is 

limited by the piezoelectric tube scanner (Bai, 1995, p. 2).  

 

Figure 3.a) Shows a simple sketch of the tip and the piezoelectric tube scanner with zero voltage applied. In 
b) a voltage is applied across the tube scanner and the piezoelectric material contracts/expands. This makes 
it possible for the tip to scan the surface in the forward-backward direction. In c) the tunneling current is 
continously measured and compared to the wanted (predefined) current. The error is calculated and a new 
voltage is subsequently sent to the piezoelectric tube scanner in order to correct the sample-tip distance in the 
z-direction. The data collected in the z-direction makes up the image seen while scanning the surface. 

 
 

z- direction 

forward - backward 

a) b) c) 

A 
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2.4.1 VIBRATIONS AND THEIR IMPACT ON MEASUREMENTS 

The STM is very susceptible to vibrations (see Figure 4) and great care is put into minimizing such 

impacts. In order to reduce any type of disturbance, layers off isolation are used. The whole STM 

system is mounted in a metal frame which is placed on rubber feet to decrease vibrations. The STM 

measurement station hangs freely from springs inside the vacuum chamber and an eddy-current 

damper is used to prevent oscillations. On top of this, the STM system rests on a floor with a 

foundation, separated from the rest of the building. This prevents other machinery in the lab to 

interfere with measurements. 

 
Figure 4) Shows an STM image where the turbo molecular pump interferes with the measurement (red 
arrows). The turbo molecular pump is spinning down and at certain frequencies it starts to resonate with the 
tip. This is due to the fact that the turbo molecular pump is mounted onto the load-lock, which in turn is in 
connection with the STM-chamber. The vertical lines seen in the image are rows of atoms (not atomically 
resolved).  
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2.5 QUANTUM STRUCTURES 

Quantum dots, -wells and -wires are essentials in many new semiconductor devices today. They are 

all part of the same family of geometrical structures, more known as quantum heterostructures. A 

heterostructure, in contrast to a homostructure, consists of one material confined between one or 

several other materials (Davies, 1998, p. 1).  

This thesis focuses on quantum dots (heterostructures) comprising of InSb and In0.6Ga0.4Sb grown 

in an InAs-matrix. All quantum structures mentioned in this text were grown by Metal-Organic 

Vapor Phase Epitaxy (or MOVPE) using the layer-plus-island growth method (Stranski-Krastanov).  

The size of the quantum dots has been pre-estimated to approximately 2.5 – 14 nm. The estimation 

is based on two articles where similar material systems have been used, i.e. InSb quantum dots 

grown in an InAs-matrix (Ivanov, et al., 2005, p. 74) (Moiseev, et al., 2010). 

2.5.1 QUANTUM HETEROSTRUCTURES 

The main feature of the quantum heterostructure is its size-dependent properties. These properties 

originate from the confinement, i.e. quantum confinement, of electrons (and holes). Quantum 

confinement is achieved by reducing the size of a quantum structure in one or more dimensions, 

reaching a size-limit known as the Exciton Bohr radius. The Exciton Bohr radius is a material 

dependent constant, described as the theoretical distance between an excited electron located in 

the conduction band and the corresponding hole left behind in the valance band, i.e. the distance in 

an electrostatic bound electron-hole pair (Rice & Giffin, 2008, p. 842).  

The Exciton Bohr radius is given by (Kumagai, et al., 2011, p. 663): 

         
   

     
 
 

  
  

 

  
   [Eq. 4] 

 

Where: e = Elementary charge,   = Dielectric constant, 

   
  = Electron effective mass,   

  = Hole effective mass, 
                      

In a quantum well (Figure 5.a), the electrons are confined in one of three spatial dimensions, 

meaning that the height is smaller than the length and width of the structure. For a quantum wire, 

the electron movement is restricted in all directions but the length and in the case of a quantum dot 

(Figure 5.b) the electrons are confined in all three spatial dimensions. A quantum dot thereby 

constitutes total spatial confinement.  
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a) b) c) 
Figure 5.a) Shows a sketch of a quantum well and b) a sketch of a number of quantum dots grown on top of a 
bulk material. c) Shows a side view sketch of a quantum well heterostructure. 

The main property obtained when restricting the movement of the electrons (and holes) is the 

splitting of the valence- and conduction band, into new discrete sub bands. Decreasing the size of 

the quantum heterostructure and entering the region of quantum confinement generally leads to an 

increase in the effective band gap and vice versa. 

2.5.2 THE PARTICLE-IN-A-BOX APPROXIMATION 

To explain the size-dependent properties in a simplified manner, let us assume that we are able to 

change the width (L) of an already grown structure (depicted as a yellow layer in Figure 5.c).  

 

Tunneling effects are neglected by assuming that the surrounding materials (bulk and capping 

layer) each have an infinite band gap (  ). The surrounding materials thus constitute an infinite 

potential      , acting in one dimension on the trapped electrons (and holes) inside the 

structure.  
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Assuming everything mentioned, the system can then be modeled by the one dimensional particle-

in-a-box approximation. 

 

 
 
 
  
 
 
 
 
 
 
 
 
 

 
  
  

a)  b) 

Figure 6.a) Shows the one dimensional particle-in-a-box approximation for the conduction band (L=  ). In b) 
the width (L) is set to   . The potential inside each box is V=0. Outside the two boxes the potential is V= , thus 
constituting an insurmountable potential barrier. For          . 

According to the particle-in-a-box approximation the valance- and conduction band splits up into 

discrete levels, forcing the electrons and holes to take only certain discrete energies. The 

approximation itself says nothing about when confinement occurs. Thus, it is simply a model to be 

used when confinement is reached. The energy discretization stems from the applied boundary 

conditions      , meaning that the electrons and holes are considered to be in a confined state 

(Davies, 1998, p. 5). 

It can be shown that the size-reduction of the structure will inevitably lead to an all over increase in 

momentum for the confined electrons and thus to an increase in energy for each state. The electron 

momentum (  ) and energy (  ) for each discrete level (n) is obtained by solving the time-

independent Schrödinger equation, resulting in the following relations:  

   
  

  
 
   
  

          
  
 

   
      

    

    
 
          

    

    
 

 [Eq. 5] 

 
Where: n=1, 2, 3...,   = Planck’s constant,    = Electron rest mass, 
                   ,     = Energy reference level = 0, L = Width of the box. 

 

As seen in [Eq. 5], the energy will increase for each value of n (assuming L to be constant for all n). 
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To visualize the valence band, flip everything in Figure 6 upside down. The energy needed to raise 

an electron in the valance band to the conduction band almost conforms to the case of photonic 

excitation in the normal sense. There is a difference though. Strong absorption is only achieved 

when states with the same value of n is involved in the transition. This means that an electron in the 

valance band at n=1 is preferably excited to the conduction band level n=1. The same is valid for n=2 

and so on (Davies, 1998, p. 7).  

The calculations seen in [Eq. 5] are determined assuming an energy reference level (      ). Note 

that the confined particles actually cannot take the value    . The reason will be explained later 

on in the next section.  

Since the particle-in-a-box approximation is a model in every sense, the reference level is normally 

set to the energy at the bottom/top of the conduction-/valance band                .  The total 

confinement energy (            ) is then defined as the sum of the two differences in energy 

between the first excited state (n=1) and the bottom/ top of the conduction-/valance band (see [Eq. 

8]) (Zah, et al., 1996, p. 466). As the width of the box gets smaller, the total confinement energy 

increases. 

 

Figure 7) Shows the energy levels for n=1 in the conduction band (C.B) and in the valance band (V.B). The 
potential inside each box is V=0. Outside the two boxes the potential is    . 
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The confinement energy in the conduction band and the equivalent for the valance band are given 

by the following expressions: 

                                   
  

     
   

     
  

     
   

 
[Eq. 6] 

  

                                      
  

     
   

  
  

     
   

 [Eq. 7] 

The electron rest mass      seen in [Eq. 5] is replaced in [Eq. 6 and 7] with     
  for the electrons 

and     
  for the holes (Davies, 1998, p. 7). 

The total confinement energy is given by: 

                                             [Eq. 8] 

The smaller the structure gets (gradually reducing L), the more energy is needed to promote the 

electrons in the valance band to the empty states in the conduction band. The opposite is true when 

the size increases. The sum of the total confinement energy [Eq. 8] and the band gap energy 

               represent the lowest energy needed in the photonic excitation process (see Figure 7) 

(Davies, 1998, p. 7). This can in some comprehensible sense explain why the effective band gap is 

size-dependent. One practical consequence from this is that photonic excitation in devices which 

utilize these structures is size-tunable and can for example be used to customize photo detectors as 

well as solar cells and lasers.  
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2.5.3 HEISENBERG’S UNCERTAINTY PRINCIPLE 

As the structure decreases in size, the positions of the confined electrons become more well defined 

due to spatial limitations regulated by the Pauli Exclusion Principle         This in turn results in 

an increase in the standard deviation of momentum (   ) for each state, according to Heisenberg’s 

uncertainty principle (Davies, 1998, p. 18): 

       
 

  
 [Eq. 9] 

The average momentum      can be approximated to zero for a back and forth in-box motion (e.g. 

                   and                    ), resulting in the following simplification of    : 

If:        
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Then, for N=2: 

     
 

 
   

 

   

  
 

 
         

 

 
            

Resulting in:  

     
 

 
           

 

 

   

   
 

 
                   

 

 
                  

 

  
 

 
                

   
  

  [Eq. 10] 

The calculations in [Eq. 10] can of course be derived in a more formal sense, incorporating the wave 

function. However, this is not necessary considering this trivial approximation. 

In order for         there must be a non-zero uncertainty in electron momentum (       

and/or in position (    ). This leads us to conclude that an electron within the confined box 

cannot have     , or any other fixed value for that matter. Consequently, there must be a zero-

point energy       coupled with the ground state (n=1).  
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Increasing the momentum for each state by decreasing the width of the box will lead to an increase 

in the coupled uncertainty, according to [Eq. 10]. Since     
 , the energy will deviate more and 

more from its expectation value as     (Davies, 1998, pp. 17-18). 

In a real quantum structure of width (L), there are more advanced effects to take into consideration 

than those mentioned. One such effect is tunneling, which means that the infinite potential barrier 

      seen in Figure 6 becomes finite       (see section 2.3 for further reading). Another 

effect present is coupled to the creation of Excitons (electrostatic bound electron-hole pairs). It 

manifests itself by affecting the energies needed in the photonic excitation process (Davies, 1998, p. 

8). Thus, there is more to the understanding of quantum heterostructures than depicted in this text. 
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3 EXPERIMENT 
 

3.1 THE CLEAVING APPARATUS 

One of the main objectives in this thesis, besides doing all measurements, was to come up with a 

suitable idea for a cleaving apparatus. The requirement was that the method of choice had to give 

reproducible and acceptable cleaving results. 

Before deciding on any approach to the problem, a literature study was made on in situ cleaving of 

samples in UHV. The purpose of this was to locate different cleaving methods and to find some 

inspiration. The results of this study showed that even the most intricate cleaving methods only 

gave semi-reliable results. Most of the methods involved either the use of a knife or a mode II force 

(in-plane shear), applied to a sample via a wobble stick. 

Based on the literature study, three methods were evaluated: 

1) The wobble stick method - A small scribe was made to the sample. This was done to weaken 

the sample and to facilitate the cleaving. A mode II force was then applied to the sample by the 

means of a wobble stick. 

 

2) The knife method - A slit was made in the sample using a diamond saw. A mode I force 

(opening force due to tensile stress) was then applied to the slit via a small knife. 

 

3) The brute force method - A slit was made in the sample using a diamond saw. A mode II force 

was then applied above the slit using a small knife, thus initiating a brute force cleavage. 

After evaluation, the second method was found to be the most reliable in producing flat surfaces. 

This method was then further tested with respect to different materials (GaAs - Gallium Arsenide, 

InAs – Indium Arsenide and InP – Indium Phosphide). In order to do this, a prototype was built (see 

Figure 8.a and b) and mounted onto a small vacuum test-chamber. Many tests were performed 

using this setup and the prototype was improved in the process. Some of the conclusions were that 

the knife had to have a certain thickness and be set in a proper angle (with respect to the sample) in 

order for the procedure to work. 
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 A. A knife blade. 
B. A bent piece of aluminum. 
C. A metal strap clamping the knife to the 

aluminum piece. 
D. A small adjustable bellows for fine-tuning the 

knife position. 

 

a) b) 
Figure 8.a) Shows a detailed picture of the knife and how it is attached to the rest of the cleaving apparatus. 
In b) a picture of the small adjustable bellows. 

After deciding on the cleaving apparatus, it was time to figure out how to install it to the STM 

system. Cleaving samples is preferably done in the part of the system equipped with the best 

vacuum (lowest pressure); in this case the preparation chamber. Unfortunately, the mounting sites 

on the preparation chamber were located at odd angles with respect to the transfer arm. Using such 

a setup would thus have made cleaving very difficult. Consequently, the load-lock had to be chosen 

instead.  

Since the transfer arm moves through the load-lock and into the preparation chamber, the cleaving 

apparatus had to be retractable. A non-retractable cleaving apparatus would have obstructed the 

movement of the transfer arm. To avoid this, a bellows was added to the load-lock. To compensate 

for the extra distance (d) added by the bellows (see Figure 9.d), a steel rod was also incorporated 

into the cleaving apparatus (Figure 9.c). 

D 

B 
C 

A 
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a) b) 

  
c) d) 

Figure 9.a) Shows the setup BEFORE cleaving. In b) the same setup AFTER cleaving (Notice the retraction 
of the cleaving apparatus). In c) a picture of the small adjustable bellows and the steel rod (red arrow). In 
d) a picture of the bellows where the cleaving apparatus (depicted in c) is mounted. 

 

 

 

 

 

 

d 
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3.2 SAMPLE PREPARATIONS 

One very important step before initiating any measurements is to make sure that the sample is 

clean and well prepared.  

The sample preparation procedure can be divided into eleven steps: 

1) Cut out the sample from a wafer using a diamond scribe. 

2) Heat up the aluminum preparation holder using a hot plate. 

3) Mount the sample onto the preparation holder using polymer wax. 

4) Make a slit in the sample using a diamond saw. 

5) Heat up the aluminum holder on a hot plate in order to free the sample. 

6) Clean the sample from residues using acetone, cellulose cloths and q-tips. 

7) Mount the sample onto a grinding pellet using polymer wax. 

8) Grind the sample down to a satisfying thickness. 

9) Heat up the grinding pellet on a hot plate in order to free the sample. 

10) Clean the sample before mounting it on the sample holder. 

11) Paint the sample with Plano carbon to ensure good electrical conductivity. 

Step 1. 
 

The first step in the preparation process is to cut out a sample from the wafer. This can be easy or 

hard depending on the thickness of the wafer and the material in question. To cut the wafer, a 

diamond scribe and a ruler is needed. The ruler is a simple but useful tool to facilitate the sample 

cleaving. A well-made sample has a rectangular shape with a hypotenuse c ≤ 1 cm and a length (l) in 

the same scale as the metal box attached on top of the sample holder (Figure 10.b). The limitation in 

sample size stems from the diameter of the grinding pellet. If the sample is too big it will not fit in 

the disc grinder (Figure 13.b). 

 

 

 
 
 
 
 

a) b)  
Figure 10.a) Shows the disc grinder from above and b) shows a side view sketch of a completely prepared 
sample, with a hypotenuse (c ≤ 1cm), mounted on a sample holder. To the right an image of a real sample 
holder. 

 

Sample holder Sample glued to the 

metal box 

Metal box on top of the sample holder 
c 

Epoxy glue 

l 
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Step 2-3. 
 

The next step in the procedure is to mount the sample onto the preparation holder. The holder 

itself is an aluminum box with a pre-sawed cut in it. The cut has to be made large enough to fit the 

sample. Before mounting the sample, the preparation holder is heated up on a hot plate to a 

temperature of ~140 °C.  A small portion of polymer wax is then put on top of the holder. As soon as 

the wax has melted the sample is ready to be mounted. Make sure the sample is mounted in such a 

way that there is an       angle between the sample and the holder (Figure 11.b). Otherwise, the 

slit will be skew in relation to the sample holder and the cleaving will probably fail. When the 

mounting is completed, the holder is quickly taken off the hot plate and cooled down using cold tap 

water. 

 

  
a) b) 

Figure 11.a) Shows the aluminum preparation holder on top of the hot plate and b) shows the holder after it 
has been cooled down. The sample (red circle) is placed in the cut and hold in place by a portion of polymer 
wax. 

Step 4-6. 
 

The fourth step starts off by mounting the preparation holder to the saw (see Figure 12.a and b). 

The slit depth is of great importance, since it affects the outcome of the cleaving. The slit depth must 

be large enough to fit the blade and in the same time sufficiently small in order for the sample not to 

break while cleaving. A sawing blade with a thickness of only 0.2 mm (see Figure 12.c) is used to 

make the slit. When the slit depth is acceptable (~2-3 mm), the holder is dismounted from the saw 

and placed on the hot plate again. Once the wax has melted, the sample is lifted off the holder using 

a pair of pliers and put in a small beaker filled with acetone. Using a couple of q-tips and some 

cellulose cloths, the sample is then cleansed from wax residues. 

 

 

 

 

 

 

Pre-sawed cut       
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Figure 12.a) Shows the aluminum preparation holder 
mounted to the saw and b) shows the setup before 
making the slit (Notice the sample enclosed by the red 
circles). In c) the sawing blade is seen. The water bath 
beneath is used to lubricate the blade. 

Step 7. 
 

The preparations done before grinding the sample is in some aspects similar to what is done before 

mounting the sample onto the aluminum holder (step 3). First the grinding pellet is heated up on a 

hot plate to a temperature of ~140 °C, whereas a small portion of polymer wax is applied to it. The 

sample is then gently placed on top of the pellet using a pair of pliers. The position of the sample is 

subsequently adjusted by means of a toothpick. When the position is acceptable, the pellet is cooled 

down using cold tap water. The grinding pellet is then ready to be placed in the disc grinder. 

Step 8-9. 
 

The position of the pellet in relation to the rest of the disc grinder can easily be adjusted by the use 

of a thin glass plate (Figure 13.b). This adjustment sets the starting position. The grinding amount is 

gradually regulated by twisting the top of the disc grinder (Figure 10.a), where each step 

corresponds to      . The abrasive grinding paper used while grinding has to have an ultra fine 

grit (P2000) in order to minimize the stress applied to the sample. When the sample has reached a 

satisfying thickness (       ) the grinding pellet is removed from the disc grinder and again 

placed on top of the hot plate. As soon as the wax has melted, the sample is carefully removed and 

placed on a cellulose cloth, drenched with acetone. Using a pair of q-tips the sample is then finally 

cleansed from residues. 

 

Water bath 

a) b) c) 
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a) b) c) 

Figure 13.a) Shows the grinding pellet on top of the hot plate. In b) a picture of the disc grinder and the glass 
plate used to adjust the pellet position. In c) a picture of the grinding procedure. The top of the disc grinder is 
twisted manually while the grinding pad is spinning. Water is poured on top of the grinding paper to lubricate 
and facilitate the grinding.   

Step 10. 
 

Reaching this step, it is time to mount the sample to the sample holder. It is very important that the 

sample is mounted with the quantum dots pointing towards the metal box (see Figures 10.b, 14.a-

c). Mounting the sample is a very crucial step in the preparation procedure and has to be done with 

a steady hand. If the sample breaks, everything has to be done all over again, starting from step 1. 

   
a) b) c) 

Figure 14.a) Shows the sample lying on a cellulose cloth after being cleansed. b) Shows the sample before 
being mounted to the sample holder. In c) the sample is in place on top of the glue. With the help of a 
toothpick the sample position is carefully adjusted. The glued sample is then finally left to dry for 
approximately one hour. 

Step 11. 

After the sample has been mounted to the sample holder, a small amount of Plano carbon solution 

is painted on the edge of the sample. This will ensure good electrical conductivity between the 

sample and the sample holder. The paint must cover both the sample as well as the sample holder 

but it is crucial that it does not reach the height of the slit, since this will affect the cleaving. 

Abrasive grinding 

paper placed on top 

of the grinding pad. 
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3.3 TIP PREPARATIONS 

The tip is a very delicate and central part of the STM system. To be able to capture a clear image 

while measuring, one atom on the tip has to be closer to the surface than all other atoms. This 

implies that the tunneling current will be dominated by one atom only (see right hand side in 

Figure 15.a). Unfortunately, this is an ideal situation and there is really no way to guarantee a good 

tip (single-tip). However, one way to increase the chance of getting a single-tip is to make sure the 

tip is made very sharp.  

On the other hand, if two atoms happen to be at a comparable distance to the sample surface, a 

double-tip phenomenon can occur (see left hand side in Figure 15.a and Figure 15.b). The 

contributions from the two tips will then superimpose on each other, resulting in an overlaid image. 

In a case where there are many atoms contributing to the tunneling current, i.e. a multiple tip, one 

will not be able to interpret anything at all. To avoid double/multiple-tip phenomena, the tip has to 

be well prepared. 

a) 

 
b) 

 

Figure 15.a) Shows a picture of a 
double-tip (left) and a single-tip 
(right). The double-tip 
corresponds to a situation where 
two locations are equidistant to 
the surface, resulting in two 
images, superimposed onto each 
other.   
 
b) Shows an image of a captured 
double-tip phenomenon. Almost 
halfway in the image, the tip 
geometry suddenly changes, 
resulting in the formation of a 
double-tip. The quantum dot rows 
and the adsorbed gas particles 
(blue dashed circles) appear in 
pairs. After a while the tip reverts 
to a more favorable geometry.   
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Tips can be made from a range of different materials. Common tip materials are either Tungsten 

(W) or Platinum Iridium (PtIr).  Both these materials are similar in performance when studying 

quantum dot structures.  Making a Tungsten tip is quite easy, because the material itself is relatively 

simple to etch (Revenikiotis, 2011, pp. 14-18). On the other hand, it has a tendency to oxidize. The 

oxide layer on a tip can create a potential barrier that is greater than the tunneling current can 

overcome. This leads to the tip crashing into the sample surface, damaging both itself and the 

sample.  

To remove the oxide layer, different methods can be applied. The tip can for instance be heated. 

Unfortunately, this method was not implemented in the STM system used in this thesis. The oxide 

layer can also be removed by sputtering the tip with Argon ions. Argon is a noble gas and when 

hitting the tip the ions knock off the surface atoms, i.e. the oxide layer, in non-elastic collisions. This 

method might improve the tip, but can actually in some cases lead to the tip becoming less sharp. As 

the sharpness of the tip decreases, the likelihood of getting overlaid images increases. 

Platinum Iridium is a bit harder to etch and very expensive to buy (Czerepak, 2011, pp. 2-4).  

However, it does not naturally oxidize. This is a huge advantage when heating the tip is not an 

option. Both Tungsten and Platinum Iridium tips were used during this thesis project. To ensure the 

sharpness of the tip, electro-chemical etching was used. The results turned out to be very 

reproducible.   

3.3.1 IN SITU TIP PREPARATION METHODS 

When electrons are tunneling from many places at once there are some tricks that can be used to 

coax the tip into shape. One trick is to suddenly increase the tunneling current and/or the voltage 

(Wiesendanger, 1994, p. 198). The polarity of the tip can also be changed several times. This puts a lot 

of stress upon the tip and forces the outermost atoms to rearrange themselves. Whether this 

rearrangement will be for better or worse is unpredictable to say beforehand. However, with a little 

patience a decent tip can sometimes be achieved.  This method is a neat and relatively fast way to 

change the tip geometry and can save the STM-operator a lot of time.  

Another method to enhance the tip geometry is to very gently crash the tip against a metal surface. 

When this is done, some metal atoms might stick to the tip. With a little luck, the tip geometry can 

change, leading to just one metal atom dominating the tunneling current (Hla, 2005, p. 1352). 
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3.4 CLEAVING AND MEASUREMENTS 

When a sample is ready for insertion into the system, the load-lock needs to be opened. Before 

opening, it is important to make sure that the turbo molecular pump mounted on the load-lock is 

switched off and that the pressure inside the load-lock is close to atmosphere. Otherwise, air 

outside the chamber might rush in and damage the turbo molecular pump.  

When the load-lock is opened, the sample needs to be firmly mounted on the transfer arm or the 

cleaving will suffer. Over time, the metal clamp that holds the sample holder will loosen. If that 

happens it needs to be bent back gently to make it firm again. After mounting the sample, the load-

lock is sealed-up and the pumps are started.  

The next step is to bake the system, i.e. start a bake-out. This is done by wrapping the load-lock in 

bake-out bands. The bake-out bands are used to heat up the system. When all bake-out bands are in 

place, the system is wrapped up in aluminum foil. This is done to keep the system heat-isolated and 

the temperature even. The temperature should be approximately           . Certain parts of the 

system, for example the turbo molecular pump and the magnets are so sensitive to heat that they 

should be excluded in the bake-out. Even the valves are sensitive to heat. The valves are not 

supposed to be hotter than       if closed and       if open. Before turning on the bake-out, all 

glass windows need to be well wrapped in aluminum foil. This is done to get a uniform distribution 

of heat over the glass. If the heat is non-uniformly distributed the glass might crack. The baking 

time is usually set to eight hours.  When the bake-out has finished, the system is left to cool off for 

approximately four hours.  

Once cooled off, all aluminum foil and all bake-out bands are 

removed.  The pressure should at this time be around 

         Torr.  

Before the cleaving procedure can be initiated a couple of things 

need to be prepared. Since the sample must be transferred from 

the load-lock to the preparation chamber as fast as possible 

after cleaving, the valve separating the load-lock from the 

preparation chamber should be carefully pre-opened. This 

enables the ion pump in the preparation chamber to lower the 

pressure inside the load-lock. It also saves the time it takes to 

open the valve after cleaving. To retract the cleaving apparatus 

as fast as possible, a hand held electrical drill, with a drill-bit 

that matches the top of the bellows, is used (see Figure 16). In 

this way, the cleaving apparatus can be retracted in a matter of 

seconds. Retracting it manually would take a much longer time, 

around 30-40 seconds.  

 

 

 
Figure 16) The cleaving 
apparatus in action. Notice the 
electrical drill used to retract the 
knife. 



29 
 

The cleaving procedure goes as follows: First the blade is lowered until it is in level with the sample 

slit (see Figure 17). Then, the sample is gently pushed towards the knife until the sample is split in 

two.  While the cleaving apparatus is being retracted, a second or two should be spared to look at 

the surface cross-section with the naked eye. This gives a rough estimate of how successful the 

cleaving was. A mirror-like surface is often indicative of a good cleavage. In some cases surface 

defects can be gleamed. Those defective surfaces can then easier be avoided. 

 
Figure 17) Shows the knife lined up with the sample slit in the moment before cleaving. 

If the sample is considered to be good enough for measurment, it is transferred to the preparation 

chamber, using the transfer arm. Once mounted in the STM, the tip is aligned with the sample (see 

Figure 18). This is quite difficult to do using just the naked eye. A magnification instrument is 

therefore recommended. 

 

A. The sample, glued to 
the metal box on the 
sample holder. 

B. The tip. 
C. The omicron tip holder 

(attached to the 
piezoelectric tube 
scanner). 

Figure 18) Shows the tip aligned with the sample before auto approach. 

C 
B 

A 
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Before approaching the sample with the tip, make sure to close all valves to isolate the STM-

chamber from any turbo molecular/rotary pumps. When this is done, the turbo molecular pumps 

have to be turned off in order to stop them from inducing mechanical vibrations while measuring.  

When the tip is lined up with the sample, use the auto approach (a feature within the system) to 

approach the sample. The auto approach will stop as soon as the system senses a tunneling current. 

Everything is now ready for measurements.  

The first thing done is usually to check the sample quality by letting the tip sweep the cleaved 

surface for a couple of minutes.  If the quality is acceptable, the surface should be flat and no atomic 

steps should be seen.  

The width of the sample is usually around        in size after grinding and the quantum dots are 

located at the surface of the sample, approximately            from the surface edge. The area 

of interest is thus quite small. From the tip’s perspective, the surface edge is always to the right (see 

Figure 19.b). This perspective is also correlated with what is seen on the computer screen, i.e. 

quantum dots are located on the right-hand side. 

To find the edge quickly and without endangering the tip, a method was devised (see Figure 20). 

The coarse engine of the tip is controlled manually via a control box. It can move the tip in any 

direction with a step size between one and ten. One corresponds to a minimum step size while ten 

corresponds to a maximum step size (The actual step size is unknown).  

 

 

a) b) 
Figure 19.a) Shows the coarse movement control box used to regulate the movement of the tip. In b) a 
side view sketch of the sample-to-tip setup. The red box shows how the tip moves when certain buttons are 
pressed. 

Quantum dots located near 

the surface 
Bulk 

Sample holder 

Tip 

TIP MOVEMENT: 

 

+X (right) -X (left) 

+Z (retracting from the sample) 

-Z (approaching the sample) 
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If the tip is retracted thirty steps (done by clicking on the +Z button thirty times) and the step size is 

set to ten, it takes about 9.5 seconds to reach the surface again using the auto approach with a step 

size set to eight.  

At first contact with the sample, always check the sample quality and the flatness. When this is 

done, abort and retract the tip thirty steps using a step size set to ten. Move the tip twenty steps 

towards the edge of the sample (by pressing +X twenty times) and adjust the step size to eight, then 

auto approach the sample. The time it takes to auto approach should be around 9.5-12 seconds. The 

approach time is directly related to how many steps are taken sideways and how much the sample 

leans. If tunneling current is achieved within 9.5-12 seconds the tip is still on the sample. Repeat 

these steps until it takes too long to achieve tunneling current. If the auto approach takes about 14+ 

seconds the tip is over the edge and it is time to abort. First, retract the tip sixty steps. Then, move it 

back twenty steps to its last known tunneling position. Now, auto approach again but pay no heed 

to how long it takes as this depends on how late the last auto approach was aborted. When 

tunneling current is achieved, retract the tip and repeat like before, but now move the tip ten steps 

towards the edge instead of twenty. When the tip is over the edge, repeat as before, but now use 

five steps. When the edge is reached within five steps, scanning can start. Scan towards the edge 

and the quantum dot rows should appear before the edge is reached. 



32 
 

 
Figure 20) Shows a sketch of the systematic work done to find the quantum dots. A, B, D, E, G and H 
correspond to approaching the sample in 9.5-12 seconds using the auto approach. Retraction is made by 
moving thirty steps away from the sample. In C, F and I the auto approach is aborted after 14+ seconds. 
The tip is then retracted sixty steps and then moved back (pressing -X) to the last known tunneling 
position. 
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4 RESULTS AND DISCUSSION 

The results are divided into two main categories: Cleaving results and measurement results.  

4.1 CLEAVING RESULTS 

Cleaving results include statistics from the cleaving apparatus evaluation as well as a description of 

the method used to predetermine the surface quality. 

4.1.1 RESULTS USING THE TEST-CHAMBER 

The test-chamber was used in an initial state to evaluate different variables regarding both the 

cleaving apparatus and the sample preparation. In the work to improve the cleaving apparatus, the 

angle and thickness of the knife blade was experimented with.  The sample thickness and the slit 

depth were also varied in order to yield the best circumstances for cleaving. As it turned out, there 

are (unfortunately) two possible ways cleaving can occur: 

1) The sample cleaves as intended: The knife is pushed into the slit, resulting in a horizontal 

split of the sample. Success rate varies depending on the thickness of the sample. Mostly 

however, the results are fine and the surface looks flat.  

 

- This outcome is most likely to produce a flat surface. 

 

2) The sample cleaves in a two step procedure: At first the sample splits almost vertically, 

leaving everything but the part above the slit intact. With no slit left, a brute force method is 

applied. The knife is placed in alignment with the slit and pushed against the sample until 

cleaving is completed. Generally, the surface in this outcome contains more steps compared 

to the surface of a nicely cleaved sample. 

 

- A vertical split is usually an indication of the slit depth being too large in relation 

to the sample thickness. Consequently, more attention must be given to the slit 

depth in the next sample preparation. 

 

Both outcomes mentioned above can produce a flat surface. However, brute force generally 

produces more steps. The flatness of each sample was evaluated using the naked eye, Phase 

Contrast Microscopy (PCM) and Scanning Electron Microscopy (SEM). This gave an idea of how well 

the cleaving apparatus worked. 
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a) b) 
Figure 21.a) Shows an image of a cleaved InAs-sample taken with a Phase Contrast Microscope at 200x 
magnification. The sample edge is clearly visible (red arrow) and no defects (steps etc.) can be seen. In b) a 
SEM-image of the same sample. This time the magnification is 60 000x. There is no difference in perceived 
flatness. When measurements were carried out, the surface looked flat, although some minor defects could be 
found at the sample edge. These defects were zoomed in on to make it easier to correct the microscope for 
astigmatism. 

As seen in Figure 21.a and b there is no difference in perceived flatness, despite the vastly 

difference in magnification. Since SEM is a quite time consuming method in the evaluation of a 

sample, compared to PCM, it was decided to continue the evaluation without SEM. 

After a while it got apparent that most steps and defects could actually be seen with the naked eye.  

At first glance, the cleaved samples looked either flat or extremely damaged. In the latter case it is 

recommended to redo everything and try with a new sample. It should be said though, that one can 

actually find quantum dots rows on a damaged surface. However, it is a very time consuming 

process and quite possibly a fruitless venture. If on the other hand the surface appears to be flat, 

further inspection can reveal hints of defects appearing as faint lines on the surface. All but the 

smallest of defects can actually be detected with the eye (see Figure 22.a-c). 

   
a) b) c) 
Figure 22.a) Shows a PCM image of an extremely damaged and corrugated surface. b) Shows a PCM image 
revealing big steps with flat plateaus in between them. These steps are possible to spot with the eye. c) Shows 
a PCM image of a surface with many small steps. Steps with this size can be very hard to spot with the naked 
eye. 
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4.1.2 RESULTS USING THE STM SYSTEM 

In order to evaluate the cleaving apparatus and to test the preliminary assessment technique, 

statistics were continuously kept (see Table 1). Two conclusions could be drawn from that data: 

 The actual surface quality after each cleaving. This told us how often the cleaving apparatus 

lived up to expectations.  

 

 The accuracy of the preliminary assessment performed with the naked eye compared to the 

actual surface quality. This told us if it was possible to determine the surface quality by just 

looking at the sample from outside the chamber. 

Measurement statistics     

   X          
Nr. Pre- assessment Surface quality while 

measuring 
Agreement between pre-assessment and surface 

quality  
1    
2    
3    
4 X X  
5 X  X 
6    
7  X X 
8    
9 X X  

10    
11 X X  
12    
  Total: 8/12  67% Total: 10/12 83% 

Table 1) The statistics indicate that the pre-assessment is reliable and that the cleaving apparatus works as 
intended. 
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4.2 MEASUREMENT RESULTS 

In this section, all relevant measurement data is presented and interpreted. This part also includes 

possible explanations to surface defects found on some sample. 

4.2.2 MEASUREMENT AND GROWTH DEFECTS 

The quantum dots analyzed in this thesis were grown in layers which translate into rows when 

looking at the sample cross-section.  An often observed phenomenon while measuring is that the 

rows appear bent (see bottom half of Figure 23). This is due to drift in the piezoelectric tube 

scanner (Güntherodt, et al., 1992, p. 4). 

Studying Figure 23, one can also see that the InSb rows bulge out more than the surrounding matrix 

material (InAs). This is due to strain in the sample, stemming from a mismatch in lattice constants 

between the two materials. The lattice constant of InSb (6.4782 Å) is slightly larger than that of 

InAs (6.036 Å) (Wyckoff, 1963, p. 110). This difference forces the InSb to contract in order to fit the 

InAs it is grown on. The contraction leads to a build up of strain, i.e. confined energy. When a 

sample is cleaved there is nothing holding back the InSb on the surface.  The rows are thus free to 

bulge out perpendicular to the surface plane in order to relax the built up strain, resulting in a 

changed height profile. Even non-exposed quantum dots, so called buried quantum dots, has a 

tendancy to bulge out. How much depends on how deep they are buried, i.e. their distance to the 

surface (Lenz, 2008, p. 28). 

  
Figure 23) Shows a 400x400 nm2 STM-image on InSb (white rows) grown in an InAs matrix. 

3.05 Å

-1.92 Å



37 
 

 

  

  
Figure 24.a) Shows 7x (900x900 nm2) STM-images. In each image there are ten rows of 
InSb quantum structures clearly visible. The images are laid below each other in order to 
get an overview of possible quantum dots and defects.  
 
b) Shows a 250x250 nm2 image of another sample comprising of InSb quantum structures 
grown in an InAs-matrix. As seen in the image, a possible cleaved quantum structure is 
clearly visible. However, the structure is so big it is considered a growth defect. c) Shows 
another 250x250 nm2 image of the sample seen in b). Since no quantum dots are in the 
vicinity of the surface the left row in this image suddenly disappears (black dashed 
encirclement). In d) a 115x115 nm2 zoom in on the image seen in b). In e) a 40x40 nm2 
zoom in on the image seen in c). One can clearly see how the row suddenly disappear 
(green dashed encirclement). 
 

A nicely cleaved surface is often flat over a large area. As seen in Figure 24.a-e, 

the rows generally appear uniform and smooth. However, sometimes one of 

two things happen; either a row suddenly appears thick (Figure 24.a, yellow 

dashed circle) or it solely disappears (Figure 24.a, blue dashed encirclement). 

The former indicates that a critical lattice mismatch has resulted in the 

formation of dislocations during growth, thus making it possible for the 

quantum structure to grow to abnormal proportions. This phenomenon is 

therefore considered to be a growth defect. A row which suddenly disappears 

indicates that no quantum structures are in the vicinity of the surface. These 

two phenomena strongly suggest that the grown structures are indeed 

quantum dots and not quantum wells. 
 

a) c) b) 

d) e) 

~ 90 nm 
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Other noticeable defects consist of depressions and protrusions, filling the matrix material (InAs) 

between the quantum dot rows. The look of these defects changes as the sample-tip polarity is 

changed. A negative sample bias means that electrons are tunneling from the sample to the tip. 

Consequently, a positive sample bias corresponds to the opposite. A change in appearance 

depending on sample polarity (comparing Figure 26.a and b) is an indication of a non-topographic 

origin. A more logic interpretation would instead be that the depressions/protrusions correspond 

to empty/filled states, probably originating from some sort of adsorbate such as hydrogen. Figure 

26.c shows how the described phenomenon affects multiple atoms. Evidently there must be 

something beneath or above the surface, distorting the local density of states (LDOS).  

  
  

 

Figure 26.a) Shows a 199x199 nm2 image of two 
InSb rows captured with a sample bias of -0.6 V. 
Probable adsorbates are clearly seen (black spots). In 
b) the same as in a) except with a sample bias of +0.6 
V. The probable adsorbates are seen here as diffuse 
white dots. The blue dashed circles show the 
correlation between the empty- and filled states. c) 
Shows an 18x18 nm2 image of a probable adsorbate 
located in such a way that it comprises multiple 
atomic rows (yellow dashed circle).    

  

 

b) a) 

c) 
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As stated before, the measured tunneling current comprises of different contributions (see section 

2.4). Because of this it can be quite hard to tell what is what from just looking at a recorded surface 

image. As an example, the first nine rows (left to right) in Figure 27 could be either buried quantum 

dots, bulging out the matrix material (mainly indicating on a topographic contribution), or cleaved 

structures (indicating on a mixture between a topographic and an electronic contribution). In either 

case there is a big difference between these nine rows compared to the thick overgrown structure 

(black arrow) seen in the tenth row. Since it is more or less impossible to separate the topographic 

and electronic contributions from each other, the exact origin of the height difference (~1 Å) seen 

in the tenth row is very difficult to assess.  

However, there is another side to this problem. The closer a quantum structure is to the surface, the 

more it will contribute to the image topography. Given that the structure in the tenth row is actually 

a cleaved structure it will give rise to a maximum topographic contribution because of the surface 

strain relaxation. A cleaved quantum structure will also give rise to a prominent electronic 

contribution compared to a buried structure (where the electronic contribution is almost 

neglectable). Thus, given a flat surface, the highest probability of a structure actually being a 

cleaved quantum dot is found where the “topographic” image data reaches its maximum value. 

 

 

 
Figure 27) Shows a 900x900 nm2 image of ten InSb rows and a superimposed topographic profile. The profile 
is measured at the dashed blue line. The height difference between a regular row and a thick row (black arrow) 
is ~1Å and the difference between a regular row and the matrix material is ~1.2Å. 
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Noise is an often observed phenomenon seen in atomic resolution images while scanning a surface 

area comprising of quantum structures. The exact origin behind this effect is not known. It is most 

likely related to the tip geometry, the sample material and in some cases to external vibrations or a 

combination of them. As seen in Figure 28 and 30, the noise is primarily located at the InSb rows. 

Despite this, good atomic resolution is still achieved in sectors comprising just the matrix material 

(InAs).  

 

 
Figure 28) Shows a noisy 15x15 nm2 image of an InSb row located in an InAs-matrix.  
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4.2.3 POSSIBLE QUANTUM DOTS AND ATOMIC RESOLUTION IMAGES 
 

At low resolution it is hard to tell whether a structure is a quantum dot or not. In addition, it is hard 

to determine if the structure is cleaved or buried beneath the surface (see Figure 29.a-b). At higher 

resolution this problem remains to some extent, which in this case is probably due to a high dot 

density. 

  
a) b) 

Figure 29.a) Shows a 20x20 nm2 image of a possible cleaved InSb quantum dot (black dashed 
marking). The image is recorded at a 45   angle. b) Shows the same sample at a 70   angle. 

 

One common problem while scanning a surface is the directional dependent resolution. As seen in 

Figure 30, the resolution in the horizontal direction is atomic and one row can easily be separated 

from another. In the vertical direction however, where the atomic density is higher, it is harder to 

distinguish the rows. This is a of course a problem while identifying separate quantum structures, 

lying in the vertical direction. In order to get around this, the scan angle can be changed (compare 

Figures 30 and 31).  

 
Figure 30) Shows a 15x7.5 nm2 high resolution image of an InSb row 
at -1.1 V. The noise seen in the middle of the image could be related to 
the tip geometry (multiple tip), the sample or to external noise.  
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Figure 31) Shows a 15x6.5 nm2 strip of the same image as in Figure 30 but this time taken at a -80   angle. 
Changing the scan angle enhances the possibility of seeing quantum dots.  

 

When looking closer at some of the captured images it becomes evident that the atoms along some 

of the rows (see Figures 32 and 34) appear to merge with each other, looking like local smearing of 

the atomic rows. This is not just visible while measuring on In1-xGaxSb quantum dots, but also seen 

in other quantum dot systems comprising of different group III-V atoms (Offermans, 2005, p. 33). 

Since no smearing is observed while measuring on the InSb bulk, the phenomenon is likely related 

to quantum confinement (Whitman, et al., 1990, p. 7292).  

In order to visualize smearing (seen in Figure 

32) and to obtain a higher in-row resolution, 

the scan angle was changed, resulting in the 

image seen in Figure 33.a. A contrast enhanced 

3D image was then constructed based on Figure 

33.a (see Figure 33.b). From this image it is 

evident how the smearing manifests itself.  

 

To further visualize the phenomenon, two 

height profiles were captured (see Figures 33.b 

and 34.a-b). These height profiles clearly show 

the difference in the periodic surface structure 

on and off the In0.6Ga0.4Sb rows.  

 
Figure 32) Shows a 15x15nm2 In0.6Ga0.4Sb row 
captured at a 0    angle. The sample bias is -1.2 V. 
Smearing within the atomic rows is visible (black 
dashed encirclement). 

 

 

Possible quantum dot (~3 nm) 
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a) 

  

 

b) 
Figure 33.a) Shows a 15x15 nm2 image of In0.6Ga0.4Sb quantum dots grown in an InAs-matrix. The image is 
captured at an -80   angle. In b) the same image as in a) but in 3D and with a color representation adjustment to 
enhance the contrast. The atoms in each row appear to merge with each other. The dashed lines (1 and 2) show 
sites where height profiles have been captured (see Figure 34a-b).  

 2.13 Å

-1.83 Å

 2.13 Å

-1.83 Å

Possible quantum dot 

(~8.3 nm) 

1 

2 
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a) 

 
b) 
Figure 34.a) Shows a height profile (1) of the image seen in Figure 33.a. It is pretty clear that the atoms tend 
to merge with each other. b) Shows a height profile (2) captured on the matrix-material (InAs). The atoms 
follow a smooth periodic continuum as expected. 
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In order to show that the possible quantum dot in Figure 33.a-b really was a separate unit, a 3D 

mesh based on a strip including the whole quantum dot row in Figure 33.a was constructed (see 

Figure 35). The mesh shows two red encirclements where the dot material abruptly disappears. 

From the surface geometry it looks like the structure could be a cleaved quantum dot. In addition, 

the interface between the InAs and the In0.6Ga0.4Sb looks sharp. 

 

 
Figure 35) Shows a 15x3.6 nm2 selective height profile of the In0.6Ga0.4Sb row seen in Figure 33.a. The red 
dashed encirclements show locations where no dot material is visible. This strongly indicates that the ~8.3 nm 
structure seen in Figure 33.a and b really is a quantum dot. The left and right edges of the structure are 
seemingly sharp in their geometry, making one to believe that this is a cleaved quantum dot. 
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5 CONCLUSIONS AND FUTURE WORK 
 

The cleaving apparatus performed well and the method for finding the quantum dots turned out to 

be extremely reliable. Although many images were captured, individual quantum dots were hard to 

distinguish. This was probably due to a high dot density (which in itself is good considering that the 

future goal is to produce a functional IR detector). 

 

Due to the origin of the tunneling current it turned out to be hard to separate cleaved and buried 

quantum dots from each other. Since smearing is most likely coupled to quantum confinement (see 

section 4.2.3) one should be able to use it to identify individual quantum dots. However, it is 

impossible to say whether or not smearing is dependent on how close to the surface the structure 

is. Consequently, this needs further investigation. 

 

The interface between the dot- and the matrix material looked sharp. The diameters of the quantum 

dots were measured to ~3 nm (InSb) and ~8 nm (In0.6Ga0.4Sb).  In order to get more solid statistics 

on the actual quantum dot size and geometry, more images should be captured. 

 

As seen in some of the images, our measurements revealed local areas of lower- and higher growth 

dot density, showing both missing- and overgrown structures. However, their occurrence was quite 

scarce (e.g. see Figure 24.a). 

 

To obtain electronic information from the surface, Scanning Tunneling Spectroscopy (STS) 

measurements should be performed. This should be done by first making point-measurements 

across the quantum structures. Also, a lock-in amplifier should be connected to the STM system in 

order to perform conductance imaging. Such measurements are used to visualize the surface local 

density of states (LDOS). The latter technique would most definitely prove the existence of the 

quantum dots and yield information on the different energy levels and ultimately give an idea of the 

quantum dot size. 
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