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Abstract 
In this report the growth conditions for pre-patterned GaAs surfaces are investigated for InAs site-

controlled quantum dot growth. With hydrogen assisted deoxidization is experimented to find 

optimal temperature circumstances for effective cleaning and preservation of the pre-patterned 

surface. Buffer layer and seeding layer are optimized for following quantum dot growth layers. Also 

with the amount of InAs for the growth of quantum dots is experimented to find actual site-

controlled quantum dots. The quality of these dots will need further improvement if they are to be 

used as single photon sources. 

Also indium assisted deoxidization is investigated for the production of site-controlled quantum 

dots. Conditions are optimized to minimize surface roughness and optimize the maintenance of the 

pre-patterned surface.  Indium assisted deoxidization turns out to be the cause of filling and 

flattening of the nano-holes when the indium is removed from the GaAs surface. Also we report on 

the possibility of re-etching the surface by using the indium etching effect. Re-etching turns out to 

be very well possible but needs more work for optimization.   
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1 Introduction 
 

Motivation: 

In the second half of the last century silicon based semiconductor devices have been developed at a 

very high pace. For more than 30 years Moore’s law has described the exponential increase in 

density of transistors in integrated circuits. In order to ever keep reaching higher performances the 

techniques of production are pushing the scales of these devices to sizes where quantum 

confinement is starting to play a role and classical computing becomes difficult. Now that the scales 

of these devices are reaching a minimum,  quantum computing is likely to be the next step to keep 

enhancing computational performances. Quantum computers can perform some calculations much 

more efficient than classical computers. Especially in the field of cryptography the algorithms that 

can be used by a quantum computers are superior to the algorithms of conventional computers. 

Quantum computing with photonic integrated circuits is shown to be a candidate with a lot of 

potential. Single photons are mostly free of noise and easy to manipulate, also there are several 

ways of defining quantum bits, for example; direction of polarization or the path taken. [O’Brien 

07].Reasonably working elements have already been reported [O’Brien 03], and scalability of the 

system is also believed to be possible [Knill 01]. So it is realistic to say that working systems can be 

produced in the future. A general design may look as shown in figure 1.  On the left hand side a 

single photon source in an optical cavity and two inputs are drawn. In the middle the photons are 

processed in a logical gate, a CNOT for example. On the right hand side single photon detectors 

measure the result of the quantum calculation. 

 
Figure 1: A possible schematic design of a photonic integrated circuit. [Dr. R Johne] 

 

In order to make this system work a single photon source has to be able to work reliably. Also the 

produced photons have to be indistinguishable and therefore the emitted photons have to be pulse-

coherent. Although great steps have been taken in the development of all of these individual 

components still there is a long way to go to producing a reliable working system[O’Brien 07]. 
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Single photon sources: 

Single photon sources have applications not only in quantum computing. They are being researched 

with great interest for  purposes like; quantum cryptography, quantum metrology or quantum 

teleportation [Waks 02]. Although several systems have been developed as single photon sources 

none of them has reached the necessary qualities for integration into an integrated systems. The 

systems that have been investigated so far are shortly reviewed below. 

A single photon source can be made by using the fluorescence of a trapped atom or ion. When 

trapped an atom can be seen as a two level system. The great advantage of these sources is that for 

equal isotopes they always emit exactly the same wavelength and that therefore all photons are 

indistinguishable. The great disadvantages of these systems is that it remains to be very difficult to 

trap a single atom and that it requires big equipment to do so. Therefore this technique is not 

suitable for the purpose of making an integrated circuit. 

A single photon source has also been realized by controlling nitrogen-vacancy defects in synthetic 

diamond crystals. These defects consist of a nitrogen atom in a diamond lattice with a vacancy at an 

adjacent lattice point [Kurtsiefer 00]. These defects can be easily localized and are also easier to 

isolate than the previous methods. The main drawback of this method is that the system has to be 

cooled to create pulse-coherent photons. Also this technology is not very mature.  

A single photon source that is investigated intensively and holds great potential is the quantum dot. 

A quantum dot is a nano-structure deposited within a bulk material. Because of the small sizes of 

quantum dots the energy states are quantized and single photons can be emitted. In order to make 

pulse-coherent photons the system has to be cooled, just like diamond crystals. The wavelength of 

the light emitted by a quantum dot can be controlled by manipulating the size of the dot. Because of 

this property quantum dots are already being used for the production of lasers [Ustinov 03]. These 

lasers can produce wavelengths which were unavailable before. For quantum dots to work as single 

photon sources in a quantum processing circuit the size and the position have to be controlled 

accurately. The goal of this project is to find proper growth conditions for the production of site-

controlled quantum dots. 
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Quantum dots  

Quantum dots have been researched for a couple of decades and a lot of theory is available on this 

subject. The modeling of quantum dots can become very difficult when complicated shapes are 

taken into account. The basic modeling of a quantum dot however is relatively easy and already 

gives a good impression of the properties of a quantum dot. 

Basic quantum dot model 

The most simple model for a quantum dot is a small cube in a bulk material. If the band gap of the 

dot is smaller than the band gap of the bulk material the charge carriers will be trapped within the 

local potential well. If this cube has a size in the order of the de Broglie wavelength the wave 

function of charge carriers is bound to follow the new boundary conditions and the energy states 

will be discrete. The new energy states E can be estimated by solving the three dimensional time 

independent Schrödinger equation for a cubical potential well V. [Kumar 13] 

�− ℏ�
2�∗ ∇� + 
��, �, ������, �, �� = ����, �, �� 

In which m* is the effective mass of the charge carrier. The reason that a cubic potential is chosen is 

that if it is assumed that this potential well is infinitely deep the Schrödinger equation can be 

separated into three independent equations for the x, y and z direction. So now the Schrödinger can 

be solved in each direction individually. 
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And the energies of the different solutions just have to be summed to find the total energy. This 

leads to the energies given in the equation below. 
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In which l, m and n are quantum numbers and Lx, Ly and Lz are the lengths of the dot in three 

different directions. Although this is just a very rough approximation of a real quantum dot the result 

shows that the energy levels are indeed quantized and not continuous. Also we can see that if the 

energy states are indeed confined the size of the quantum dot influences the energy levels. In reality 

quantum dots are not cubic and the shape also has a big influence on the properties of the dot. Also 

the potential well is not infinite. Unfortunately models of more realistic dots mostly have to be 

solved numerically and go beyond the scope of this report. [Bimberg 99] 
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Band structure 

With the simple quantum dot model the band structure of the system can be approximated as in 

figure 2. In this figure you see the energy of a state compared to the position in a material. The band 

gap of the dot is chosen to be much smaller than the band gap of the bulk material. When the dot is 

small enough the energy states within the dot shift from the continuous energy states (a) to the 

quantized energy states of (b). Better known as quantum confinement.  

 
Figure 2: Two models of a quantum dot. (a) shows a large quantum dot in which the energy states are continuous, 

(b) shows a sufficiently small quantum dot so that the energy states become discrete. 

 

An electron can be excited from the valence band to the conduction band. In the conduction band 

the electron is bound to the potential well of the quantum dot, it will stay in one of the discrete 

energy states. Pumping an electron to the conduction band can be done with a laser. An electron-

hole pair can recombine emitting a photon. This photon has a very specific wavelength due to the 

discrete nature of the energy levels. Because of this property quantum dots are sometimes referred 

to as “artificial atoms”. The decay time of a quantum dot is relatively short , in the order of nano 

seconds, so it can quickly be pumped again and emit another photon of equal wavelength. When the 

position and the wavelength of a quantum dot can be controlled accurately, quantum dots are a 

suitable single photon source for quantum computing. 
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2 State of the art 

Self-assembled quantum dots 

The production of quantum dots has been made possible due to the great developments in epitaxial 

techniques. Sputtering, vacuum evaporation, chemical vapor deposition, liquid phase epitaxy are all 

epitaxial techniques with as crown jewel molecular beam epitaxy (MBE) which was developed in Bell 

Telephone laboratories. [Parker 85]. Today MBE is by far the most used technique for quantum dot 

growth. For quantum dot growth crystal layers are epitaxially grown onto a wafer, when the material 

of the layers and the wafer are not the same. This is called “heteroepitaxy”. For heteroepitaxy three 

general growth modes can occur. Which mode occurs depends mostly on the surface free energy 

and the strain energy.[Ayers 07] All growth modes are drawn in figure 3 and will be explained in the 

following chapters. 

Frank-Van der Merwe (FM) growth mode 

The first growth mode taken into account is the FM growth mode which is also known as “layer by 

layer growth”. In this growth mode the deposited material is strongly bound to the surface and will 

form a complete layer before the growth of a next layer starts. If the lattice mismatch between the 

substrate and the deposited material is not too big all following layers will also grow layer by layer. 

This technique is used to create quantum wells. In the 1970’s this technique was used in 

combination with nano-scale lithography to create quantum dots [Alloing 06]. The shape of these 

quantum dots was hard to control however. 

Stranksi-Krastanov (SK) growth mode 

The most used growth mode for the growing of quantum dots is the SK mode. This growth mode 

occurs when the deposited material has a significantly larger lattice constant than the substrate. 

When growth is begun this mode initially starts with a wetting layer. A wetting layer is a layer which 

completely covers the surface. The lattice constant of this wetting layer follows the lattice constant 

of the original substrate, therefore the newly grown crystal layer is strained. After this wetting layer 

it becomes more energy efficient for the particles to form islands instead of another layer. This can 

be explained because the strain energy linearly increases with increasing film thickness. So at some 

point it becomes energetically favourable to release some strain in the creation of dots instead of 

growing another layer [Ayers 07]. The film thickness at which the growth changes from layer by layer 

growth to island forming growth is called the “critical layer thickness”. The value of the critical layer 

thickness depends on lattice mismatch, surface free energy of both the substrate and the deposited 

material and the temperature at which the growth is carried out. Mostly the critical layer thickness is 

somewhere in between one and two monolayers. Note that with this growth mode quantum dots 

can be grown directly but it cannot be predicted where they will form. In the next chapter ways of 

site-controlling SK grown quantum dots will be discussed. SK growth mode has been used and has 

been developed intensively in the past decade for the production of quantum dots. In this report on 

finding proper growth conditions for quantum dots the SK growth mode is used.  

  



9 
 

Volmer-Weber (VW) growth mode 

The last growth mode we consider is the Volmer-Weber (VW) growth mode. This mode occurs when 

for certain surface energies the lattice mismatch between the substrate and the deposited material 

is large. In this case it is energetically more favorable to go to an island forming growth mode 

instantly instead of first creating a wetting layer. 

 
Figure 3: This figure shows the three different growth modes, FK (a), SK (b) and VW (c)  taken from [Ayers 07] 
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Site-control of quantum dots 

The method of site-controlling depends completely on the growth mode that is used to grow 

quantum dots. If the FM layer by layer growth mode is used then quantum dots can be site-

controlled with lithography. In the cases of SK and VW growth mode a more subtle method is used. 

In this report only the strain site-control method for the SK mode is highlighted since this is the 

technique that will be used. 

Strain site-control   

A very convenient and much used way of site-controlling quantum dots is to make use of localized 

differences in strain. This concept is schematically illustrated in figure 4. A substrate is made with a 

specific lattice constant in general, depicted as green dots, but a modified lattice constant at certain 

localized areas, depicted as light green dots. The substrate is overgrown with a suitable material to 

induce the SK growth mode and a wetting layer will form, depicted as the red dots. Because the 

wetting layer adopts the lattice constant of the substrate the layer will be strained. The local strain 

of the wetting layer depends on the local lattice constant of the substrate. After the wetting layer is 

formed the growth will continue in an island growing process for the next layers. As explained 

previously the second layer will try to release stress by forming dots instead of forming another 

layer. Because the lattice constant of the light green dots suit the lattice constant of the red dot 

material better than the lattice constant of the dark green dot material, it is energetically more 

favorable to form a dot on top of the light green dots than on the dark green dots. This way the 

location of a forming quantum dot can be controlled. Of course when exceeding amounts of material 

are supplied dots will also form at different sites, therefore the supplied amount should be 

controlled accurately. 

 

 
Figure 4: A model of strain controlled quantum dot growth. The dark green atoms have a smaller lattice constant 

than the light green, therefore the red atoms prefer to grow on top of the light green ones. 

Strain control with nano-holes 

With the previous chapter in mind a way has to be found to locally influence the lattice constant of 

the substrate. This is generally done with a clever combination of Electron beam lithography and the 

growth of several layers. [Cheng 10, Schramm 11, Kiravittaya 06, Skiba-Szymanska 10, Schneider 09, 

Huggenberger 11, Heidemeyer 03, Kiravittaya 04] The initial step is to etch nano holes into the 

surface of a wafer. The sites of these nano holes indicate the position where the quantum dots will 

grow in a later stadium. After the holes are produced a thin layer is overgrown which is needed to 

get a very clean surface. This so called “buffer layer” is thin enough to not completely fill the holes 

but thick enough to make sure next layers are not influenced by contaminations on the substrate.  

The next step is to fill the holes with the same material as with which later the quantum dots will be 

grown, the so called “seeding layer”. The lattice constant of this seeding layer matches the lattice 

 

Strain in wetting layer 
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constant of the quantum dots and is therefore suitable. On the sides of the holes many dangling 

bonds are present because of the etching. Therefore the material that is deposited to grow the 

seeding layer will grow in the holes instead of on the substrate because this is energetically 

favorable.  

After the seeding layer another layer called the “spacer layer” is deposited. This layer consists out of 

the same material as the buffer layer and is meant to nicely flatten the surface. The lattice constant 

of this spacer layer will initially follow the lattice constant of the spacer layer it is grown on but as 

the spacer layer gets thicker the lattice constant will gradually reduce to the natural constant of the 

material. This is effect is illustrated in figure 5. Because of this effect the spacer layer may not be too 

thick because then the locally enlarged lattice constant is lost, but should be thick enough to flatten 

the surface and reduce effects of contaminations of deeper layers. 

 

The surface is now set for the growth quantum dots and the SK growth mode layer can be applied. 

After the quantum dots are grown one last layer is grown. This layer called the “capping layer” is 

needed to make the quantum dots optically active. The material of the capping layer equals the 

material of the spacer and the buffer layer. A full overview of the different layers that are used to 

implement site control is shown in figure 6.  

 

 
Figure 6: The general growth design of a quantum dot. In the substrate a hole is etched after which a buffer 

layer is grown. The residual hole is filled with a seeding layer which is covered by a spacer layer. Eventually the 

quantum dot layer and capping layer are grown on top. 

 

 
Figure 5: A basic model of influencing the lattice constant on the surface by including a seeding layer. The red 

seeding layer has a bigger lattice constant than the green bulk material, but the bulk material is slightly 

strained because it will try to fit the red material.  
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3 Methods & Experimental Setup 
For this research 2 inch commercial wafers of GaAs (100) are used. The (100) crystalline direction is 

the most commonly used for quantum dot growth [Cheng 10, Schramm 11, Kiravittaya 06, Skiba-

Szymanska 10, Schneider 09, Huggenberger 11, Heidemeyer 03, Kiravittaya 04].  The reason for this 

choice is that this type is the cheapest and that the growth properties for quantum dots are most 

intensively studied for this direction. In this chapter the used preparation steps, growths and 

measurements of the used samples are reported and explained. 

Sample design 

For later measuring different sites have to be recognizable on the wafer. The pattern that is created 

on these wafers is shown in figure 7. Here one full wafer is shown on which different mesa 

structures are drawn. The yellow lines indicate a cleavage map over which the wafer can be cleaved 

into sample size pieces. In order to make later cleavage successful the pattern is always exactly 

aligned with the crystal structure of the wafer. Within each cleavage square a mesa structure is 

visible. An magnified picture (compared to figure 7) of one of these mesa structures is shown in 

figure 8. Here it is shown that each mesa structure consists of 10 rows and 10 columns of mesas. 

 

In each mesa a different configuration of nano holes is etched. The holes are always etched in a 

square lattice. For different columns the hole pitch is varied. For different rows a slightly different 

lithography recipe is used to make the holes. This results in different hole sizes for different rows. 

The exact details on these holes are included in appendix 1.  

  

  
Figure 7: An overview of the mesa structures that are 

patterned onto one 2 inch wafer. 

Figure 8 : A picture of what is to become one sample. 

The different mesas are the small squares. 
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Fabrication process 

After the GaAs (100) wafers are produced they get in contact with air and an oxide layer will form on 

top of the wafer.  This oxide layer mostly consist out of Ga2O3 and As2O3 of which Ga2O3 is the most 

challenging to remove. The thickness of the oxide layer will increase with time while the wafer is 

exposed to the air. When delivered or when wafers are slightly older this oxide layer is very thick and 

most of the layer has to be removed before the first step of etching can be done. This is done with 

an O2 stripper followed by a treatment with an NH4OH solution. The wafer is now clean enough for 

lithography. 

Photolithography 

The different steps of photolithography are visualized in figure 9. The photolithographic etching of 

the mesa structure starts by applying a resist layer onto the wafer (3). This is done by spin coating. 

After the resist layer has been baked for a short period of time the wafer is transferred into the 

lithography machine. A quartz glass mask with the mesa structure is placed in front of the wafer and 

the wafer is exposed through the mask(4). After the exposure the wafer is developed, which means 

that the resist is brought in contact with a developer solution which washes away the exposed resist 

but leaves the unexposed resist as it is (5). After this step the wafer is etched chemically with an 

H2SO4 solution, which is an acid, to properly mark the structure into the wafer (6). The mesas are 

always protected by resist to make sure that the chemical etching does not influence the surface 

morphology. Finally the resist is removed with acetone in an ultrasonic bath.  

 

Figure 9: The production steps of photolithography. A sample in contact with air has an oxide layer on top(1), the 

oxide layer is removed by chemical cleaning (2), a resist layer is provided (3), a mask is placed in front of the sample 

and the sample is exposed (4), the exposed resist is removed (5), the substrate is etched with an acid (6). 

Electron beam lithography 

After the mesa structure has been etched onto the wafer the nano-holes are made. For the creation 

of nano-holes electron beam lithography is used instead of photo lithography, this is because of the 

smaller wavelength of an electron beam compared to light and therefore smaller holes can be made. 

The process however is very similar to photo lithography. Primarily the oxide layer which again has 

formed is removed with an NH4OH solution and a resist is spin coated onto the wafer. The wafer is 

loaded into the electron beam lithography machine and the resist is exposed at spots where nano 

holes are wanted. Afterwards the wafer is developed and chemically etched with a H2SO4 solution. 

Eventually the resist is removed by acetone in an ultrasonic bath.  
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MBE 

MBE makes use of an ultra-high vacuum (UHV) chamber in which crystals can be grown at extremely 

slow rates of even one hundredths monolayers (ML) per second. Also in-situ surface diagnostics like 

reflection high energy electron diffraction (RHEED), auger electron spectroscopy (AES) and laser 

interferometric methods of the growth are possible because of the extreme high vacuum. Molecule 

fluxes can be controlled accurately and can be shut off very abruptly with the use of shutters. This 

gives the grower extreme control over the process. 

MBE general design 

The MBE used at the TU/e consist of three chambers. This three chamber system is needed to reach 

the UHV in the growth chamber. The samples are mounted to a holder and loaded into the first 

chamber called the Load-lock chamber. After loading the chamber is depressurized to about 10-8 

Torr. A combination of a rough pump, turbo pump and cryo pump can reach this pressure. When the 

vacuum of the load lock is sufficient the sample is transferred into the transfer chamber where the 

vacuum is enhanced further to about 10-10 Torr. This chamber is only pumped by an Ion pump, no 

other pump is needed since this chamber is never in contact with atmospheric pressure. In the 

growth chamber the pressure is also about 10-10 Torr. The growth chamber is pumped by an ion 

pump, cryo pump and a turbo pump. The growth chamber needs to be pumped more intensively 

than the transfer chamber since material will be added to the growth chamber regularly. To give an 

impression of the complexity of the machine a picture of the MBE machine used at the TU/e is 

included in figure 10.  

 
Figure 10:  A picture of the MBE machine used at the TU/e, in the front a cryopump connected to the growth 

chamber is shown. 
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Knudsen-cell 

Several types of sources are available for MBE growth, like gas sources, electron beam evaporators 

or electrochemical doping sources [Farrow 95] however for the purposes of this research only 

Knudsen cells, also known as K-cells, have been used. The K-cell itself is usually made from a non-

reactive refractory materials crucibles, usually pyrolytic boron nitride [Kumar 13], which is heated by 

Joule heating. The used cells in this setup contain ultra-pure In, Ga and As. By heating up the cell the 

solid is brought to its melting point and will start to evaporate. On top of the cell a cap with a small 

aperture is mounted. A schematic drawing of a K-cell is shown in figure 11.  

 

The particle flux of this cell was described by Knudsen who made a model that applies when the 

mean free path of the particles is much larger than the exit aperture and found that the flux Φ is 

related to the temperature. 

Φ = $
%2��&'( 

In which T is the temperature of the cell, P is the partial pressure, m is the atom mass and kb is the 

Boltzmann constant. [Alloing 06]. Because of the UHV the Knudsen law applies and the flux can be 

controlled by manipulating the temperature of the cell. In front of each K-cell a shutter is mounted. 

Due to this shutter the flux can be turned on and off very quickly and amounts of down to one ML 

can be deposited in one opening period. 

  

 

 
Figure 11: A knudsen cell or K-cell. The metal inside the cell is heated and evaporates through the small 

aperture into the MBE machine. 

End cap with small aperture  

Heating spiral 

Ga, In etc. 

Thermal isolation 



16 
 

Growth chamber design 

A schematic drawing of the growth chamber is shown in figure 12. Mostly from the side the chamber 

can be loaded (here drawn from the top) this is done with a magnetically coupled transfer rod. In the 

bottom the K-effusion-cells are drawn. The cell is heated from the top side by radiation. All cells are 

positioned close to each other to maximize the angle the flux makes to the sample, this is done to 

most evenly distribute the flux over the sample. Also the sample is rotating during growth, this is not  

 

only to evenly distribute the flux but also to more evenly distribute the heat over the sample. The 

RHEED system works under a very small angle to the sample and therefore doesn’t collide with the 

effusion cells. On the right side of the chamber the electron beam is placed and on the left side the 

fluorescent screen where the refracted image is projected. 

 

  

 
Figure 12: A simple model of the MBE growth chamber, in the bottom the K-cells are places, in the middle the 

rotating sample and the RHEED system is placed at the left and the right side of the chamber. 
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RHEED 

Reflection high-energy electron diffraction, better known as RHEED, is a measuring technique for 

which a beam of electrons is shot at a sample under a very small angle, typically smaller than 1°. The 

refracted beams are monitored at a phosphor coated screen which will light up at places with a high 

electron flux. Because of the small angle the electrons do not penetrate deeper than a few 

monolayers into the sample, therefore the collected image is almost only dependent on the crystal 

surface [Kittel 05].RHEED is one of the major advantages of MBE compared to other growth methods 

because it allows to get in situ feedback. 

A schematic drawing of a typical RHEED setup is shown in figure 13. The sample is constantly 

rotating. This has the advantage that the pattern is more or less averaged over a bigger area and 

that the chance that the electron beam damages the surface is smaller. The gun and the screen are 

protected from flux of the sources with cryopannels. 

 

The image that will appear on the screen is only dependent on the crystal structure of the top few 

layers. Therefore the prediction of where the diffracted electrons will hit the screen can be 

described with a two dimensional reciprocal lattice and the Ewald sphere [Kittel 05]. This is 

schematically shown in figure 14 (a). In every direction where the Ewald sphere intersects with a 

lattice point refraction will take place. Note that the sphere has a finite thickness because the 

electron beam is not perfectly monochromatic. The drawing is not to scale, in reality the radius of 

the Ewald sphere is three orders of magnitude longer than the lattice constant. This way the lattice 

of the deposited material can be determined, and therefore the material itself as well. 

  

 

 
Figure 13: A schematic setup of the RHEED characterization system, from the left electrons are shot at the 

substrate, on the right the refracted image is collected on a phosphor coated screen. Picture taken from 

[Farrow 95] 
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Also the RHEED intensity gives information on the growth. During growth the intensity oscillates 

with respect to the part of the next monolayer that is completed. When a complete monolayer has 

formed the intensity is at its maximum due to constructive interference, when a layer is formed 

halfway the intensity dips.  

An example of a RHEED reconstruction pattern is shown in figure 14 (b) and (c). This specific 

reconstruction is called a (2x4) reconstruction. The name refers to the number of lines that are 

projected onto the phosphor screen in periodical order. Because the sample is continuously rotating, 

different crystal directions are illuminated and the pattern changes in time. The reconstruction of a 

GaAs layer for example would be (2x4), so the pattern observed will periodically change in time from 

the one shown in figure 14 (b) to the one of figure 14 (c). 

 

  

 

  
Figure 14: A reciprocal lattice with in it the Ewald sphere (a). In every direction where the Ewald sphere crosses 

a lattice point a reconstruction is found. Picture taken from [32]. (b) and (c) show a (2x4) RHEED reconstruction 

in which (b) has 2 lines per period and (c) has 4 lines per period. 

(a) 

(b) (c) 
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Temperature estimation 

One of the big challenges of MBE growth is determining the substrate temperature. This is difficult 

because the production is done in UHV and the substrate is always rotating during growth, therefore 

physical contact is hard. One of the easy techniques that is used for MBE is a thermocouple which is 

placed just behind the sample, in front of the heater. Thermocouples are cheap and easy to install, 

but unfortunately inaccurate because they cope with a big offset (because of the temperature 

difference between their position and the position of the substrate) and are also slightly delayed 

because it takes  a while before thermal equilibrium is reached between the thermocouple and the 

substrate. Another technique that is often used is a measurement of the bandgap of the substrate. 

This is done by exciting states optically through one view port and collecting the emitted photons 

through another. Out of the bandwidth the temperature can be calculated accurately. The major 

drawback of this technique is that the exact material that is on the surface of the substrate has to be 

known, when growing several layers of different materials this may be difficult. A last commonly 

used measurement device for temperature is the pyrometer which measures thermal radiation. Out 

of this radiation the temperature can be calculated, but this also requires accurate knowledge on the 

specific material that is deposited. 

Unfortunately no band gap measurement or pyrometer were available for this project. Therefore the 

thermocouple is calibrated with former measurements on thermal deoxidation. The RHEED of GaAs 

changes very quickly from a diffuse glow to a sharply reconstructed surface [Farrow 95] when the 

oxide layer is desorbed, this desorption happens very rapidly when a temperature of 582° C is 

reached. Furthermore it is assumed that around 0°C the real temperature TR and the temperature 

measured by the thermocouple TC are about the same. With this data TR can be estimated by inter- 

and extrapolating the two points. The estimation is valid as long as the temperature TR does not get 

too far from 582° C. In this experiment two holders have been used, holder I and holder VI, for both 

holders the transition formula for the estimated temperature is determined: 

(.,/0(1,/ ∙ 582953																							(.,6/0(1,6/ ∙
582
913 

 

Growth 

When all etching steps have been performed the sample is cleaved and goes through a final cleaning 

procedure containing an ultrasonic bath in acetone, cleaning with H2SO4 and finally an oxide removal 

step with HCl. Now the small pieces of GaAs (about 1cm2) are mounted as quickly as possible onto 

one of the two holders. This mounting is done by gluing the sample onto the holder with Indium. The 

sample is then loaded into the load lock chamber. 

When the load-lock chamber is depressurized  the sample is transferred to the transition chamber. 

In the transition chamber the sample is degassed for one hour at about 100° C. Degassing is needed 

to remove contaminants. When the degassing is complete the sample is transferred to the growth 

chamber. In the growth chamber the sample is first deoxidized, this can be done in various ways 

including thermal cleaning, hydrogen assisted cleaning or indium assisted cleaning. Hydrogen 

assisted deoxidation is an exception to the rest of the procedures because this is already done in the 

load-lock chamber instead of the growth chamber.  The main reason that hydrogen is unwanted in 

the growth chamber is because the cryopump cannot properly handle hydrogen. 
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As soon as the sample is deoxidized it is overgrown with GaAs to create a buffer layer. This buffer 

layer is needed to make sure the contaminants that are still on the surface will not influence higher 

layers. A typical thickness for a buffer layer is somewhere in between 8 and 15 nm [Kiravittaya 06, 

Skiba-Szymanska 10, Schneider 09]. For most samples in this project this is the final layer before 

unloading because the holes and surface quality are investigated. For some samples the process 

goes further with  a seeding layer of InAs with a thickness of about 1 to 2 ML [Schneider 09, 

Kiravittaya 04].The InAs will migrate into the nano-holes since this is energetically favorable. After 

the seeding layer a spacer layer of about 10 nm is deposited [Kiravittaya 04]. On top of the spacer 

layer quantum dots are grown by depositing about 1 to 2 ML of InAs. To make the quantum dots 

optically active they should be covered by a capping layer. In this project however no capped 

samples have been used. 

Cleaning methods 

When the sample is loaded into the MBE machine most of the oxide layer consisting of Ga2O3 and 

As2O3 are removed. However small amounts of oxide, close to a couple of monolayers, have already 

formed during the short air exposure in between the final cleaning and the loading. As mentioned 

before As2O3 is relatively easy to get rid of, with reasonable temperature increase, about 580°C, it 

will evaporate. Ga2O3 however is a lot tougher and is still present after de-gassing. The successful 

removal of this oxide without damaging the surface morphology is the main goal of this project. 

Three ways of oxide removal are discussed in this chapter; Thermal cleaning, hydrogen assisted 

cleaning and Indium assisted cleaning. 
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Thermal cleaning 

Thermal cleaning is done by heating up the GaAs substrate to at least 580° C under arsenic pressure. 

At this temperature the Ga2O3 will vaporize quickly. The arsenic pressure is needed to avoid the 

arsenic in the GaAs bulk to desorb. The result of such cleaning is a rough surface [Fuster 13]. RMS 

roughness values of about 1 nm are very common. 

78�9: + 278;< → 	378�9 ↑ +;<� 

In order to get a flat surface again the cleaned (and damaged) GaAs surface can be overgrown with a 

thick buffer layer. This buffer layer is sufficient to make a surface which is ready for processing. This 

procedure is very useful for the growth of self-organized quantum dots. For site-controlled quantum 

dots however the previously etched nano-holes still have to be intact. The grown buffer layer is not 

only too thick to still see some trace of the holes, the shape of the holes was already seriously 

damaged by heating up to high temperatures [Kiravittaya 04]. At high temperatures GaAs becomes 

able to migrate gradually and the holes flatten out. An example of this effect is shown in figure 15. 

Here you see an AFM measurement of an etched sample but further unprocessed (a) and an etched 

and thermally deoxidized sample (b). It is clear that the surface of the thermally cleaned sample 

became pitted. The places that are most affected by this phenomenon are the edges of the holes.  

  
Figure 15: A patterned, not further processed sample (a), and shows the same sample which was thermally 

deoxidized (b). 

 

Although thermal cleaning has been used for the production of site-controlled quantum dots 

[Schramm 11] and it is one of the most basic ways of deoxidizing, it appears not to be the best way 

of preparing the substrate for growth. Therefore thermal deoxidation will not be investigated  in this 

project. 

  

(a) (b) 
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Hydrogen cleaning 

Hydrogen assisted cleaning is probably the most commonly used cleaning method for the production 

of SCQD [[Cheng 10, Kiravittaya 06, Skiba-Szymanska 10, Schneider 09, Huggenberger 11, 

Heidemeyer 03, Kiravittaya 04]]. By heating the sample to a temperature of about 250°	~450°C and 

supplying hydrogen atoms the following reaction can be triggered. 

78�9: + 4A →	78�9 ↑ +2A�9 ↑ 

The hydrogen reacts with the oxide layer and turns it into two types of gas-phase molecules. This 

deoxidation technique is executed in the load-lock chamber instead of the growth chamber. Here a 

H2 gas is heated and injected into the chamber in order to get H atoms. The great advantage of this 

technique is that the procedure can be done at relatively low temperatures, because of this the 

surface morphology is generally better maintained than with thermal deoxidation. Of course the 

sample is first de-gassed in the load-lock chamber before it is deoxidized. In this experiment we will 

try to optimize the parameters of growth according to hydrogen cleaning  for the production of site-

controlled quantum dots.  

Indium cleaning 

Indium assisted cleaning is the final type of cleaning we consider in this experiment. The idea of 

indium assisted deoxidation is relatively new but some results have already shown that this method 

might hold potential [Fuster 13, Li 11]. Indium cleaning is induced in the growth chamber of the MBE 

machine, the reaction of this process is given below. 

78�9: + 4B → 78�9 ↑ +2B �9 ↑ 

This process is believed [Li 11] to give better results than previously attempted gallium assisted 

deoxidation [Lee 06]. Indium assisted deoxidation also holds advantages over thermal desorption of 

oxides, namely that the substrate temperature can be kept around 490°C which is lower than the 

required temperature of 582°C for thermal desorption. If the Indium cleaning is a superior 

technique to hydrogen cleaning is not known. It is in the scope of this research to find good 

conditions for deoxidizing a substrate with indium and comparing the results with those of hydrogen 

cleaning and thermal cleaning. 
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Characterization 

AFM 

In situ characterization is made possible by RHEED. This technique however is very limited, its major 

advantage is that it can be used during growth. For ex situ characterization an atomic force 

microscope (AFM) is used. It was invented in 1986 as an improvement on the scanning tunneling 

microscope. AFM is a scanning probe microscope which can make images with a precision of tenths 

of nanometers. 

A schematic drawing of an AFM is shown in figure 16. The AFM works with a cantilever with on the 

end a very small tip. The radius of curvature of the tip is just a few nanometers. The tip is lowered 

onto the surface and presses on it with very small force. While the tip traces the surface it follows 

the morphology of the surface and the tip moves up and down which causes the cantilever  to bend. 

A laser is shined at the cantilever. When the cantilever bends the direction of the laser reflection will 

change. The position of the reflected laser on the optical sensor changes and a change in height is 

recorded. To make sure the tip will not break the force between it and the surface is maintained 

constant. This is done by adjusting the height of the cantilever very quickly with a piezo electric 

element.   

 
 

Figure 16: A schematic drawing of the functioning of an AFM, a tip which is mounted on a cantilever traces 

the surface. When the tip changes height the cantilever bends and the laser which is shining on the 

cantilever changes direction. 

 

A drawback of the AFM is that the measurement can be influenced by the shape of the tip. A tip with 

a very small angle from side to side can measure much steeper edges than a tip with a very wide 

angle. Also the sharpness of the peak of the tipis of great importance, where a sharp tip might find a 

miniscule hole a blunt tip might scan over without noticing it. Because there is great variety in tips 

and because the shape of a tip can change during measurement the pictures taken with the AFM 

should be evaluated with caution. 

 AFM is the main ex situ characterization method used in this work. AFM is used to determine the 

quality of nano-holes, quantum dots and all steps in between. 
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4 Results and discussion 
In the previous chapters several deoxidization methods for in situ cleaning have been introduced. In 

this work it is attempted to create suitable growth conditions for the growth of site-controlled 

quantum dots with different cleaning methods. The cleaning methods that are reported on here are 

hydrogen assisted deoxidation and indium assisted deoxidation.  

Hydrogen cleaning 

Hydrogen assisted deoxidation (HAD) is the only cleaning procedure that does not take place in the 

growth chamber of the MBE machine. Instead the samples are already deoxidized in the load lock 

chamber where a hydrogen cracker provides a flux of hydrogen atoms. After cleaning the substrate 

is transferred to the growth chamber where the rest of the processing takes place.  

Quality of holes and roughness after cleaning 

At first time is taken to determine the effect of the HAD step in the process. In the literature 

hydrogen is supplied for somewhere in between 30 [Schneider 09, Kiravittaya 04] and 60 [Cheng 10, 

Skiba-Szymanska 10] minutes at a substrate temperature of in between 360°C [Schneider 09, 

Kiravittaya 04] and 480°C. Since these values vary rather much it is first investigated which 

conditions are suitable for HAD in this specific case. Therefore three samples have been made, 

namely, H1, H2 and H3. Each sample has been etched and chemically cleaned with the procedure 

described in previous chapters of this report. After chemical etching the samples have been 

mounted with indium onto a sample holder and were loaded as quickly as possible into the load-lock 

chamber of the MBE machine. Each sample has first been degassed for 30 minutes. After degassing 

they have been cleaned for 30 minutes under hydrogen pressure. All samples have been degassed 

and cleaned at a different temperature. Sample H1 is cleaned and degassed under 350°C, H2 under 

450°C and finally H3 under 550°C. After the cleaning step the samples were unloaded and 

characterized using AFM measurement. From these measurements cross sections were taken to 

 

 

 

 

 
 Figure 17: The averages of the cross sections of samples H1 (350˚C), H2(450˚C) and H3 (550˚C) (a). Also the AFM 

measurements of which the cross sections are taken are shown of H1 (c), H2(d) and H3(e). 

(a) 

(b) 

(c) 

(d) 

C 

C 

C 
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determine the shape and preservation of the nano holes.  

The results of these measurements are shown in figure 17. In figure 17, (b), (c) and (d) the taken 

AFM images are shown and (a) shows the cross sections of the different samples. The lines shown in 

figure 17 (a) are averaged over 4 taken cross sections per sample. The result shows that the damage 

on the holes is negligible for each sample. When sample H1 and H3 are compared a slight widening 

of the holes can be seen, however this amount will have no significant influence on the growth of a 

buffer layer. To determine which recipe is most suitable for overgrowth the roughness of each 

sample is measured. The roughness was determined for a 5um x 5um planar mesa. The results are 

shown in figure 18. 

 
Figure 18: The roughness of H1 (350˚), H2(450˚) and H3 (550˚). The line is just a guide to the eye and holds no 

physical meaning. 

 

In figure 18 the RMS roughness is  plotted versus the temperature at which the HAD took place. A 

slight decrease is monitored for a temperature of 450° C compared to the other two temperatures. 

The actual fluctuation in roughness for the three samples is less than 3.5% and all roughness values 

are more than sufficient for a proper overgrowth condition. Unfortunately it is not possible to 

determine how long it takes for the oxide layer to be completely desorbed, since no RHEED device is 

available in the load-lock chamber. Therefore it is assumed from the experiences of others  

[Schneider 09, Kiravittaya 04] that 30 minutes of deoxidizing is enough for all three temperatures. As 

HAD temperature  450°C is chosen for future samples, this temperature has shown to give the best 

result, though just slightly. 
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Hole shape after buffer layer 

A buffer layer is grown on top of the nano-holes to create a smooth surface free of any 

contaminations. Of course the thickness of this buffer layer should be optimized to create a clean 

surface but to still maintain a proper hole shape for the growth of next layers. In references [Cheng 

10, Schramm 11, Skiba-Szymanska 10, Schneider 09, Kiravittaya 04] the thickness of the chosen GaAs 

buffer layer differs between 10nm and 30nm. Therefore experiments with several layer thicknesses 

are done to see what works best for this case. Four samples have been made to see the effect of the 

layer thickness namely H4, H5, H6 and H7 with respectively 4nm, 9.3 nm, 12nm and 24 nm of GaAs 

buffer layer. 

All four samples have been produced by the same etching and cleaning procedure which is explained 

in previous chapters. All samples have been degassed and deoxidized by HAD before they were 

transferred to the growth chamber. In the growth chamber they were heated up and overgrown 

with a buffer layer at about 510°C. After overgrowth the samples were unloaded from the MBE 

machine and characterized by AFM to check the quality of the surface and the quality of the nano-

holes.  

    

 
Figure 19: The AFM images of H4(a), H5(b), H6(c) and H7(d), each with a different buffer layer thickness. The 

averages of the cross section of each AFM measurement are plotted in (e) with H4(4nm), H5(9.3nm), H6(12nm) 

and H7(24nm) of GaAs buffer layer.  

 

The results of the AFM measurements are shown in figure 19 (a)-(d). In figure 19 (e) cross sections of 

the measurements are shown. The taken cross sections are marked in the previous four pictures. 

Every line shown in figure 19 (e) is an average of four cross sections. The lines show that the holes 

(b) (a) (c) (d) 

(e) 
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are slightly being filled by the GaAs when overgrowth takes place. The difference between a 4 nm 

and a 9.3 nm thick buffer layer has a big effect on the hole shape. The flat bottom of the hole is 

turned into a point shape and the surface in between seems to be slightly flattened. The depth of 

the holes is for both samples about 17 nm. The difference between a 9.3nm and 12nm buffer layer 

appears to be negligible. When a thick buffer layer of 24nm is supplied the holes start to slowly 

flatten out and the depth is only about 12 nm. 

The depth and the cross section shape of the holes are not the only things that influence the 

conditions for following layers. From the AFM pictures it can be observed that the holes elongate 

with thicker buffer layers. This effect is physically well understood [7] and has to do with the 

different crystalline directions in the surface. Planes in the (-110) direction, the horizontal direction 

in figure 19, are more arsenic rich than the planes in the (110) direction therefore GaAs grows more 

easily on the planes in the (-110) direction. Therefore an anisotropic growth occurs. Although the 

amount of elongation strongly depends on the substrate temperature during growth. To give an 

impression of the elongation of the holes, the hole width in the (-110) direction has been measured 

and divided by the hole width in the (110) direction. The result is shown in figure 20.  

 
Figure 20 : The ratio of the hole sizes in the (0-11) direction to the hole size in the (011) direction. Elongation is 

clearly observable. 

The results in figure 20 are based on measurement of the full with half maximum (FWHM) of the 

holes. All the measured hole sizes are averaged over at least 20 different holes. The measurement 

for the 0 nm buffer layer is performed on sample H2, introduced in the previous chapter. The ratio of 

the H2 sample should in theory be one, since no elongation is expected. The point however is slightly 

offset to a ratio of about 0.8. This offset is due to an inaccuracy in the calibration of the AFM. 

Therefore the AFM pictures are suitable for comparing but not for absolute measurements. 

Furthermore a very clear trend is visible in the elongation of the holes compared to the thickness of 

the buffer layer. For the purposes of this experiment it is important to keep the elongation of the 

nano-holes as small as possible, this to get the best accuracy for SCQDs. Therefore a buffer layer of 8 

nm is chosen to prevent the elongation of the holes but still keep enough distance from the surface. 

This value is relatively low compared to values used in other experiments [Cheng 10, Schramm 11, 

Skiba-Szymanska 10, Schneider 09, Kiravittaya 04].  
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Hole shape with seeding layer 

On top of the cleaned samples with proper nano-holes the seeding layer is grown. The seeding layer 

will be made out of InAs which has a lattice constant that is 6.6% larger than that of GaAs. This larger 

lattice constant is needed to induce the quantum dots to grow on top of this site. A consequence of 

this larger lattice constant is that InAs will be highly strained on the GaAs surface and will not 

smoothly fill the nano-holes. In several references it can be read that the thickness of the seeding 

layer varies in between 1.0 ML and 2.0ML [Schneider 09, Kiravittaya 04]. Also 3.0ML has been 

reported, but this amount induces the growth of 3D-structures. In agreement with the literature the 

chosen seeding layer thicknesses of this experiment will be varied in between 1.1ML and 2.0ML.  

Five samples, H8-H12 have been made to optimize the seeding layer thickness. All samples that are 

made for this chapter are etched and chemically cleaned by the previous mentioned recipe. They are 

degassed and deoxidized using HAD at 450°C. After deoxidization the samples are overgrown with 

an 8 nm GaAs buffer layer and finally overgrown with various amounts of InAs seeding layer. 

Characterization has been done using AFM. The results of the measurements are shown in figure 21.  

 

 

 
Figure 21: The AFM measurements of substrates with different seeding layer thicknesses of 

InAs, H5 (0ML)(a), H8 (1.1ML)(b), H9 (1.2ML)(c), H10 (1.4 ML)(d), H11 (1.7ML)(e), H12 

(2.0ML)(f). 

(a) (b) 

(c) (d) 

(e) (f) 
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In figure 21 (b)-(f) several amounts of seeding layers have been deposited, sample H5 (a), has been 

added for comparison without seeding layer. Note that H5 has 9.3nm of buffer layer instead of 8nm 

like the other samples. The difference in hole shape that this induces is negligible according to the 

results for the buffer layer thickness. 

For the smaller amounts of InAs deposited, 1.1ML to 1.4ML the seeding layer seems to prefer to 

attach to the (011) direction of the hole and form inside as a small droplet. As expected, the material 

is not evenly distributed over the hole and parts of the hole are still left open [Kiravittaya 04]. For 

larger amounts of InAs, 1.7ML to 2.0ML, the holes are completely filled and 3D structures have 

formed on top of the holes. It is interesting that these 3D structures already start to form before the 

hole is completely filled, like the in the case of 1.4ML of InAs, this is probably due to the high strain 

in the InAs.  

For this layer to serve as a seeding layer it is preferred to have no 3D structures on top of the nano-

holes. Besides that limitation the holes should be filled as much as possible. Therefore a seeding 

layer thickness of 1.2ML is chosen for future samples. This thickness is at the edge of forming 3D 

structures or not.   
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Quantum dots 

Now that proper values for the buffer layer and spacer layer have been found the actual quantum 

dots can be grown. First a 10nm GaAs spacer layer is grown after which the second layer of InAs can 

be deposited. This layer will form the quantum dots. The thickness of this layer, that will grow in SK-

mode, is again some value that has to be determined experimentally. In general the critical layer 

thickness for a strained GaAs surface is less than the critical layer thickness for a strain free surface. 

Also the size of the quantum dots is probably dependent on the hole to hole distance or pitch of the 

initial nano-holes. Therefore for each grown sample, several mesas with different pitches have been 

measured to characterise this effect.  

Three samples have been grown, H13, H14 and H15 with respectively 1.2ML, 1.6ML and 2.0ML of 

InAs grown as QD layer. The choice for these values is rather trivial, beneath one monolayer it is 

impossible to form QDs if first a wetting layer has to form, which is the case in SK-growth mode. The 

critical layer thickness of InAs on a strain free GaAs is around 1.7ML [Leonard 94]. So therefore we 

expect to find a critical layer thickness somewhere in between 1.0ML and 1.5ML. 

The first sample to be analysed is H13, with 1.2ML InAs grown on top. For this sample four different 

mesas have been measured with a pitch of 250nm, 500nm, 1um and 2 um. Measurements have 

been done with AFM. Of each AFM picture three cross sections have been taken in the (0-11) 

direction, this is the elongated direction of the nano-holes. The cross sections have been chosen to 

cut through the nano-hole sites to see the grown quantum dots. Of the three taken cross sections 

the average is plotted in figure 22. The complete AFM pictures with the taken cross sections are 

shown in figure 35 in appendix 2. 

 

 
Figure 22: The cross sections of H13 which is overgrown with 1.2ML of InAs for mesas with a pitch of 250nm, 

500nm, 1um and 2um. 

 

Only for a large pitch, 2um for example quantum dots start to take form, they only have a height of 

approximately 1nm but are very distinctive from the surface. For intermediate pitch of 500nm and 1 

um, small periodic height differences are distinguishable but no mature QDs form. In the case of 
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small pitch no periodicity is distinguishable, the formation of a rough surface seems to be completely 

random. It is interesting though that the height differences for this case equal the height differences 

for a larger pitch like 2um, but no ordering is present. It is expected that with a layer thickness just 

slightly thicker than 1 ML no proper QDs can form. 

For the H14 sample the formation of QDs is expected, a layer thickness of 1.4ML is relatively close to 

the critical layer thickness of 1.7ML for a planar GaAs surface. Again four different mesas with 

different pitches have been measured using AFM. Three cross sections taken over the nano-hole 

sites have been averaged to create the lines in figure 23. The cross sections have been taken in the 

(0-11). Again the actual AFM pictures with taken cross sections are shown in figure 36 in appendix 2. 

 
Figure 23: The cross sections of H14 which is overgrown with 1.6ML of InAs for mesas with a pitch of 250nm, 

500nm, 1um and 2um. 

 

The biggest peaks appear for a 500nm pitch, which is unexpected. It is likely that the InAs would first 

distribute over the surface and  then distribute the surplus of material over the different sites, 

therefore bigger dots are expected for a higher pitch. When 1um of pitch and 2 um of pitch are 

compared the theory seems to be valid, in both cases site-controlled dots are visible but the dots for 

the 2um case are bigger. For a 250 nm pitch the growth of quantum dots does not seem to appear,  

the amount of InAs in each site is probably too small for nucleation to occur. The resulting surface is 

very comparable with the 250nm pitch of sample H13, the same height differences of about 1nm are 

found. 

The final sample that is analysed is H15, with 2.0ML of InAs of QD layer. This amount exceeds the 

critical layer thickness of InAs on unstrained GaAs, therefore quantum dots in between nano-hole 

sites may also be expected. To determine the forming of the quantum dots, cross sections have been 

taken in the (0-11) direction of the substrate over the nano-hole sites. Three cross sections have 
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been averaged to determine the plotted lines in figure 24. The actual AFM figures and the taken 

cross sections are shown in figure 37 in appendix 2.  

 
Figure 24: The cross sections of H15 which is overgrown with 2.0ML of InAs for mesas with a pitch of 250nm, 

500nm, 1um and 2um. 
 

Figure 24 shows very successful site-control of QDs, for every HtH distance quantum dots have 

formed on top of the hole-sites. However what may be less clear from this figure, but very clear from 

25 (b) is that on each site several QDs have formed. Mostly three or four quantum dots per site. This 

happens only in the (0-11) direction but not in the perpendicular (011) direction. This multiple 

forming of quantum dots has probably to do with the elongated holes and therefore the elongated 

seeding layer. For future experiments it is cause to keep the elongation to a minimum to avoid 

multiple QD growth. 

Figure 25: A 5umx5um picture of sample H14 with site controlled quantum dots (a) and a picture of H15 with 

site controlled quantum dots and interstitials. 

(b) 
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Although some problems are visible for sample H15, sample H14 proves that successful site control 

was achieved. In figure 25 (a) the AFM image of sample H15 is shown, we see that on all the nano-

hole sites a quantum dot has grown. The shape of the quantum dot is unfortunately not very 

homogeneous, in general the whole site is nucleated but one side is much higher than the other 

side. In figure 25 (b) a picture of sample H15 is shown. This picture shows that not only multiple 

quantum dots grow on top of each site, but also that some interstitial quantum dots form. This is to 

be expected since the supplied amount of InAs is well above the critical layer thickness. The result of 

these two measurements imply that the optimal layer thickness of the second layer of InAs is 

somewhere in between 1.6ML and 2.0ML.  

Photoluminescence 

Unfortunately after capping of the quantum dots the photoluminescence of the hydrogen cleaned 

substrates appeared to produce no PL at all. It is beyond the scope of this report to go into the 

details of PL but this brings more than enough motivation to look for other cleaning procedures that 

will not influence the eventual PL quality of the quantum dots. 
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Indium cleaning: 

Indium assisted deoxidation(IAD) is an alternative to hydrogen assisted deoxidation (HAD) and will 

be investigated in this experiment. The IAD method has been shown to be suitable for deoxidizing 

[Fuster 13, Li 11] a GaAs surface but has not yet been tried in combination with site-controlled 

quantum dot growth. All deoxidization methods have the flaw of damaging the surface to some 

degree [Fuster 13] therefore it is the cause to see which method can provide the best overgrowth 

conditions for quantum dots. Unfortunately the hydrogen assisted cleaning did not give the 

photoluminescence (PL) results that were hoped for.  So in order to let IAD be a success the surface 

has to be left as clean as possible after deoxidization.  

Indium assisted deoxidation 

To get an impression of the working of IAD a sample was made (sample A) with as basis a GaAs 

wafer which got  the same etching and chemical treatment as described for hydrogen cleaning. Then 

this sample was loaded into the MBE machine and deoxidized with a recipe based on experiences of 

L.H. Li [10]. The substrate was first heated up to about 490°C, well below the temperature needed 

for thermal deoxidization of 582°C. Then indium was provided until the RHEED reconstruction 

changed to (4x2). The (4x2) reconstruction shows that all the oxide is removed so at this point 

indium flux is turned off. Probably small amounts of indium are still on the surface but because the 

goal of this sample is only to see the effect on the surface morphology the sample was unloaded and 

measured with an AFM. The result of this measurement is shown in figure 26.   

  

Figure 26: A 2umx2um AFM measurement of sample A (a, which is IAD and a 2umx2um AFM measurement of sample B (b) 

which is thermally deoxidized.  

 

Figure 26 (b) shows a sample (sample B) that is deoxidized thermally and is placed for comparison of 

surface quality with the IAD sample, sample A. It is very clear that the surface and the holes of the 

IAD cleaned sample are of much better quality. The surface roughness of a planar mesa of the IAD 

sample was found to be 0.308 nm RMS where the comparing thermally deoxidized sample has a 

roughness of 0.835nm RMS. Hydrogen assisted cleaning however still holds the record with a 

roughness of 0.18nm RMS after deoxidization. Although HAD can provide a flatter surface, IAD still 

offers great potential if the eventual QDs will not cope with the same PL problem as HAD samples 

did. Two self-assembled quantum dot samples were grown in our group, one prepared with IAD and 

(a) (b) 
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the other with HAD, it turned out that the PL intensity of HAD was about 16 times less than the 

intensity of the HAD sample.  

To be able to grow a proper buffer layer on top of an IAD cleaned sample no traces of indium should 

be left. Because InAs has a very different lattice constant than GaAs the grown buffer layer may be 

subject to strain or insufficient planarization spreading over the surface. With following samples 

ways of removing the Indium are investigated. 

Removing Indium 

As mentioned the exceeding amount of indium supplied to the substrate should be removed. Indium 

and its compounds such as In2O or InAs are easily desorbed from the substrate at temperatures of 

about 500°C [Li 11, Heyn 03, Schaadt 06]. So heating up the substrate after IAD should be a proper 

way of removing the indium. Two ways are considered to do this, at first the indium can be left on 

the surface as atoms and then thermally desorbed, or the indium is crystallized by supplying arsenic 

and then the InAs is thermally desorbed.  The desorption of the indium is induced by first heating up 

the sample and then annealing (keeping the sample at a specific temperature for a specific time) for 

5 minutes at 580°. 
As an attempt to remove the indium without seriously damaging the surface morphology two new 

samples were made (sample C and D). Both samples are initially based on the same etching and 

cleaning procedures as previous samples. After this ex situ preparation sample C was loaded into the 

MBE machine, de-gassed and heated up to a temperature of about  510°C. Then indium was 

provided until a (4x2) reconstruction of the RHEED pattern was monitored. After the indium flux was 

closed the substrate was heated further to 574°C to desorb the indium atoms. The sample was then 

annealed under arsenic flux at this temperature for 5 minutes before it was cooled down and 

unloaded. Afterwards AFM measuring was performed, the result is shown in figure 27 (a). Sample D  

essentially got the same treatment, the main difference is that arsenic was provided immediately 

after the IAD step had finished, before the substrate was heated up. The indium on the surface then 

quickly changes into InAs. Under arsenic pressure the sample was then heated to  574°C and 

annealed for 5 minutes. The result of the AFM measurement after unloading is shown in figure 27 

(b).  

  
Figure  27 : An  AFM image of sample C from which the indium was directly desorbed (a) and a 2umx2um AFM image of 

sample D on which the In was first turned into InAs before desorption 

(b) 
(a) 
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The AFM measurements show that the surface morphology has seriously changed compared to 

sample A. The roughness of sample C is 0.569 nm RMS which is a major increase compared to 

sample A. Sample D which was annealed after the In was turned into InAs has a roughness of 0.498 

nm RMS which is only slightly better than sample C. Also it is clear that the nano holes are slightly 

filled. This probably has to do with the annealing, as this is known to flatten out the surface 

[Kiravittaya 04]. At the relative high temperatures at which the annealing takes place (around 580°C) 

the migration of GaAs on the surface becomes an important factor. Also the desorption of arsenic 

out of the GaAs is a well-known feature. [Fuster 13] To get a better impression of the actual hole 

shape, cross sections were taken of figures 26 (a), 27(a) and (b). For each samples four cross sections 

were taken, all of them were taken from the top to the bottom of the picture, they are all plotted in 

the same figure on top of each other. The graphs of sample A and D are offset. The result is shown in 

figure 28. In the figure it can be seen that the hole shape of sample A is very consistent and the 

depth is everywhere around 20 nm, all cross sections have the same shape. In the cases of sample D 

and C it can be seen that the different cross sections start to differ from each other. In the case of 

sample D it does not only appear that the surface in general is damaged but some holes are actually 

filled.  

 

The negative effects are most likely due to the annealing of the substrate, therefore in following 

attempts annealing will be left out of the process. Furthermore the next samples will be based on 

the cleaning technique of sample D, this means that immediately after IAD arsenic flux will be 

provided and the residual indium will be turned into InAs before heating up the substrate. This 

 
Figure 28: The cross section taken from AFM measurements of  samples A,D and C. Th cross sections have been 

taken in the (011) direction 
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choice is not only based on the slightly better roughness result but also intended to avoid possible 

indium etching effects [Wang 07, Heyn 09, Bietti 12]. 

Including a buffer layer 

Based on previous results a recipe for IAD and removing the indium afterwards has been found. This 

recipe can only be acknowledged as successful when the buffer layer that will be grown on top is of 

good quality. The quality of the buffer layer probably largely depends on the fact if there is still 

indium present on the surface . 

To test this new recipe a sample E has been made. This sample is again based on the same etching 

and cleaning steps. After loading and degassing, the sample is cleaned with indium at a temperature 

of about 490°C. Indium is provided until a (4x2) RHEED reconstruction is found and afterwards 

arsenic is provided to crystallize the residual indium. Then the temperature is gradually increased 

until a (2x4) reconstruction is monitored, this indicates that the InAs is desorbed. The annealing step 

is skipped to avoid possible damage to the surface.  The substrate is then cooled down to about 

430°C and a GaAs buffer layer of 10 nm was grown on top. The sample is characterized using AFM. 

The result is shown in figure 29 (a) and (b).  

 
 

Figure 29: A 2umx2um AFM image of sample E, (a) and a 3D-picture of one nano-hole (b) 

 

It is very clear that the holes are elongated and mostly filled. The elongation is a known process 

[Heidemeyer 03] which was also observed in the hydrogen cleaning case. The filling of the holes is a 

more worrisome effect. This happens probably due to the higher freedom of atoms to migrate over 

the surface compared to HAD samples where contaminations are on the surface. The roughness 

determined from a 5um x 5um surface however is promising and turns out to be 0.294 nm RMS. 

Which is a slightly better result than it has been seen with sample A which has a roughness of 0.308 

nm RMS. 

To take a better look at the filling of the holes, some cross sections of sample E and sample A have 

been compared in figure 30. All cross sections have been taken from the top of the picture to the 

bottom of the picture over the center of the nano holes. In total four cross sections for each sample 

have been plotted in this figure. It is a reasonable result that the roughness of both samples are 

about the same, the depth and the shape of the holes however is very troublesome. Where sample 

(a) (b) 
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A has a very well determined hole shape and holes that are consistently around 20 nm deep sample 

E has vague flattened out hole shape with depths of around 4 nm.  

 
Figure 30: Several cross sections in the (011) direction of samples A and E. 

 

The filling of the holes is very troublesome, the depth of the holes is crucial for applying a successful 

seeding layer. On the other side the choice of no annealing has probably increased the surface 

quality and also no indium etching effects have been found on this sample. So for future samples a 

solution has to be found to maintain the hole shape or to redefine the filled holes. 

Re-etched holes by indium 

In the literature several descriptions of the indium etching effect better known as the nano-drill 

effect can be found [Wang 07, Heyn 09, Bietti 12, Stemmann 08], although this effect is research 

more extensively for gallium droplets the same effects are true for indium. This effect comes due to 

the crystallization of In droplets deposited on a GaAs surface. Because of the great gradient in 

arsenic concentration the arsenic from the GaAs bulk migrates into the indium droplet. It greatly 

depends on the conditions, especially temperature and arsenic flux, whether this droplet will fully 

crystallize and form a quantum dot [Bietti 12]or will desorb, carrying away the arsenic and leave a 

hole behind.  

If the conditions are properly controlled this effect may give very useful results for this experiment. 

The final result from sample E is taken as a starting point. Then indium can be supplied to cover the 

surface, because the surface now only consists of GaAs, the effects of differences in lattice constants 

or other distortion may be left out of consideration and the indium will migrate to the energetically 

most favorable locations, which are the nano-holes. If the substrate is then heated up the arsenic 
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from the bulk GaAs will diffuse into the indium droplets in the holes and eventually the InAs will 

desorb while etching the holes. 

The initial attempt of this recipe brings some questions because there is no literature on the nano-

drill effect applied to nano holes. So as a first attempt a new sample was made, sample F. This 

sample is initially grown exactly similar to sample E. But after the GaAs buffer layer growth the 

arsenic pressure is brought down and the substrate was brought to a temperature of about 460°. At 

this temperature about 3 ML of indium are grown. When the growth is complete the indium flux is 

cut off and the substrate is heated to a temperature of 590°. At this temperature all the indium and 

InAs will desorb and the surface will be clean again. After the temperature of 590° the substrate is 

generally cooled down and unloaded for measuring. Again AFM is used for the characterization, the 

results are shown in figure 31 (a) and (b).  

  

Figure 31: A 2umx2um AFM image of sample E which has been etched with In(a) and a 2umx2um AFM image of sample F 

on a planar mesa. 

 

The first results shown in figure 31 (a) looks very good, the holes are visually deeper than before and 

the surface roughness turns out to be only 0.209 nm RMS. Figure 31 (b) show a planar mesa in which 

step edges are very clearly visible, this indicates a very smooth surface. In the measurement also a 

small hole is visible in the center, this is probably due to a very small indium droplets, aspects of 

these holes will be discussed later. The roughness result is comparable to the hydrogen cleaning 

quality of roughness. However, the etching recipe is not optimized by far. Figure 32 shows a 

histogram of a measurement of hole depths for samples A, F and E. For the making of this spectrum 

144 hole depths were determined for each sample. When sample E and F are compared it is clear 

that the etching indeed has deepened the holes. The spreading in the hole depths of the etched 

sample, sample F, is much bigger than the spreading of sample E which means that the etching is not 

very evenly spread over the surface of the substrate. This could be due to the fact that the indium 

flux is not spread very homogeneously over the substrate surface. A much more logical explanation 

however is the fact that indium as a VW-growth mode on GaAs, which means that it is more 

energetically favorable for the in atoms to cluster in droplets than to evenly spread over the surface. 

So in this case it also means that forming bigger droplets is more favorable than forming small ones. 

Therefore some holes may have been etched by bigger droplets than other holes. In following 

(a) (b) 
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attempts it may be an option to provide more indium for the etching process to see if the indium will 

distribute more evenly. 

When the results of sample F are compared to sample A according to figure 32 it is clear that not 

only the spreading in in hole depth for sample F is much larger than for A but also the average hole 

depth of A is deeper. Where sample A has an average hole depth of 22 nm sample F only comes to 8 

nm. This again is an argument for increasing the amount of indium deposited for etching. 

 

 
Figure 32: The frequency count of hole depth intervals for different samples. For all samples the mesa with a 

pitch of 500nm was measured for each sample 144 holes have been taken into account. 

 

On this sample also examples of big indium droplets have been found that are just partially 

crystallized and have partially etched the surface [Heyn 09, Bietti 12, Stemmann 08]. An example of 

this effect is shown in figure 33 (a). In this case a large ring forms around the etched hole which is 

conform the model of Zh. M. Wang [Wang 07]. The interesting thing about this effect is that the 

density is very low, as can be concluded from figure 33 (c) where large areas are free of these big 

indium droplets. The cross section of  Figure 33 (a) in figure 33 (c)  shows that the major indium 

etching effect follows the nano-hole grating on the surface. This adds to the argument that it is more 

favorable for indium to attach to previous shaped droplets than to attach to the GaAs surface. This 

effect however may cause problems when holes are attempted to etch deeper holes by supplying 

more indium. 
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In general the method of re-etching the holes using the indium etching effect offers potential. It is 

shown that holes can effectively be deepened and surface roughness can still be kept at very low 

values. Also the created indium droplets are site-controlled by the nano-holes which also offers 

potential for other applications. 

 

 

 
 

 
Figure 33: A 2umx2um AFM measurement of sample F with in the center an example of the indium etching effect (a), a 

5umx5um AFM measurement of the same sample (b) and cross sections (c) of the measurement(a). 

  

(a) (b) 

(c) 
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5 Conclusion 
In this study growth condition for site controlled quantum dots have been explored. The most 

troublesome step for the making of these has turned out to be the deoxidation of the samples. Two 

methods of deoxidization have been explored. Hydrogen assisted deoxidization gave very good 

results in the sense that it hardly influenced the surface morphology and negligibly influenced the 

hole shape. Where Indium cleaning brought not only a slightly rougher surface, but also greatly 

influenced the hole shape at the moment the indium was removed again. 

For hydrogen deoxidation experiments have also been performed concerning the buffer layer 

thickness, where elongation of the holes played a major role in determining which thickness would 

be suitable for further processing. Eventually a buffer layer of 8nm was found to be suitable. The 

thickness of a InAs seeding layer has been determined to be 1.2ML to avoid the formation of 3D 

structures on top of the holes but to still optimally fill the holes with InAs. And after a spacer layer of 

10nm we have experimented with different amounts of InAs to grow a layer to form the quantum 

dots. For 1.6ML of InAs successful site-control was achieved, unfortunately the quality of the 

quantum dots remained very low. For a 2.0ML InAs layer multiple quantum dots grew per nano-hole 

site, also interstitial quantum dots which did not occur for the 1.6ML InAs layer. Herewith the 

optimization of site controlled quantum dot growth on hydrogen assisted cleaned surfaces has come 

close to optimization. 

For Indium assisted deoxidation the surface roughness has been found to be sufficient for further 

processing. Unfortunately the nano-holes were severely damaged by removing the indium. It has 

been attempted to use the indium etching effect to re-etch the holes and make them suitable for 

seeding layer growth. The indium etching is initially a success in the sense that it did deepen the 

holes, unfortunately the distribution in hole depth has become much larger than before cleaning. 

Also the eventual hole depth is not sufficient. This technique however has not been deepened out 

yet and may offer potential for future nano-hole drilling.  
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7 Appendix 

Appendix 1 nano hole etching 

In order to characterize the exact sizes of the holes etched in the wafers a test sample was made. 

This sample is etched with a large mesa structure, a part of this structure is shown below. The mesas 

within this substructure are numbered vertically from A to J and horizontally from 1 to 10. In the 

centres of the mesa’s in the rows C through I nano holes have been etched. These holes are etched 

in a square lattice. The separation between the holes depends on the column of the specific mesa 

they are etched in. An overview of these separations is given in the figure 34. 

 

 
Figure 34: The design of a mesa structure is shown in the right figure. The left table shows the different pitches 

between holes for different columns. 

 

Within the sample two parameters have been varied; the hole diameter of the design and the dose 

of the electron beam.  Parameters are varied for different rows. An overview of the chosen 

parameters is given in the table below as function of the row numbers. The sample has been 

characterised with an AFM. The pictures taken with the AFM have been analysed and the acquired 

data has been summarized in the tables below. The width of a hole has been determined as the 

FWHM of the hole. For every hole size four measurements of four different holes were averaged.  

Row Hole  diameter in 

the design [nm] 

Dose in Design 

[Coulomb/cm
2
] 

vertical width 

of hole in 

[nm] 

horizontal width 

of hole in [nm] 

Hole 

depth in 

[nm] 

Percentage of holes 

opened 

C 15.00 650 152±2 138±2 23,00 100 

D 15.00 6,00 151±3 141±5 23,00 100 

E 10.00 650 136±5 127±3 21,00 100 

F 10.00 700 138±4 137±7 23,00 100 

G 20.00 600 168±3 155±3 20,00 100 

H 25.00 600 175±3 165±2 27,00 100 

I 10.00 820 143±4 131±7 25,00 100 

 

Hole-hole distance: 
Column 1:   250nm 
Column 2:   500nm 
Column 3:    1um 
Column 4:    2um 
Column 5:    4um 
Column 6:    6um 
Column 7:    8um 
Column 8:    10um 
Column 9:    15um 
Column 10:  20um 
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Appendix 2 QD layer 

 

  

H13, 5umx5um 250nm pitch H13, 5umx5um 500nm pitch 

  
H13, 5umx5um 1um pitch H13, 5umx5um 2um pitch 

Figure 35: AFM measurements of sample H13, a 1.2ML QD layer was supplied. 
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H13, 5umx5um 250nm pitch H13, 5umx5um 500nm pitch 

  
H13, 5umx5um 1um pitch H13, 5umx5um 2um pitch 

Figure 36: AFM measurements of sample H14, a 1.6ML QD layer was supplied. 
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H13, 5umx5um 250nm pitch H13, 5umx5um 500nm pitch 

  
H13, 5umx5um 1um pitch H13, 5umx5um 2um pitch 

Figure 37 : AFM measurements of sample H14, a 2.0ML QD layer was supplied. 
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