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CHAPTER I 

 

INTRODUCTION 

 

 
1.1 Background 

 

 Recent developments in crystal growth techniques have made semiconductors 

even more versatile.  In low-dimensional semiconductor systems, the carriers are 

confined in small regions formed by potential barriers.  The success of semiconductor 

quantum wells is from the study of two dimensional (2D) optical and electronic effects 

of carriers due to lateral confinement.  Several research works have also been carried 

out in quasi-one-dimensional quantum wires (1D) and zero-dimensional (0D) quantum 

dots (QDs). Especially, in semiconductor QDs, the quantum nature of QDs has 

quantized energy states with zero degree of freedom of carrier (Arakawa and Sakaki, 

1982; Grundmann, 2002); therefore, excitons are confined in all spatial directions on a 

length scale comparable to the exciton Bohr radius.  Many interesting phenomena are 

expected, such as discrete energy structure, δ- function like density of states , and high 

optical nonlinearly (Woggor, 1997).  These characteristic properties of semiconductor 

QDs have attracted an enormous amount of interest for opto-electronic device 

applications. 

Many experimental results have been reported in literature about the QD 

applications.  One of them is for quantum computing.  In digital computers 

information is represented in classical ‘bits’ by either 0 or 1.  Whereas, quantum 

information is represented in “quantum bits” (qubits) with wavefunctions Ψ = α|0> + 

β|1>.  These bits contain much more information.  Quantum information technology 

can form the basis for powerful encryption schemes and secure communications for 

ultra-powerful computation.  The physical implementations of qubits are the key 

requirement for these technologies, particularly of the coupled qubits for quantum 

gates.  Two qubits gates are the bases for manipulation of information in quantum 
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computing.  Solid state quantum dots with their sharp optical lines behave like 

artificial atoms and are of great interest as qubits.  Although quantum dot 

implementations for qubits have been widely studied, appropriately coupled quantum 

dots for two qubit gates have not been achieved well to date.  Nevertheless, there are 

several research groups (Pfannkuche et al., 1998; Craig et al., 2004; Hatano et al., 

2005) which have demonstrated coupled quantum dots for gates and also studied their 

electronic properties, such as the dependence of the energies on separation from 

overlap of the electrons and holes wavefunctions in the two dots, and coulomb 

interactions between the electron and hole.  One of the implementation for quantum 

computing is based on quantum dot cellular automata (QCA).  Lateral QDMs with 4 

dots per cell have the potential to be a building block of QCA.  Lent et al. (1993) 

proposed the principle of QCA, which is based on charge control in a square cell with 

4 dots at its vertices.  When the cell contains two excess electrons, they will arrange 

themselves into the most stable states; the electrons will be located in the diagonal 

QDs, due to Coulombic repulsion of like charges.    When inter-dot barriers are high, 

two excess electrons tend to align along either one diagonal, representing either a “1” 

or “0” state. The interaction between cells is purely Coulombic: no net current flows 

along the cells, leading to extremely low power consumption (Timler and Lent, 2002).  

As a consequence, 4-5 dots per molecule could be achieved using appropriate a nano-

template.   

 There are two main approaches that have been used to grow QDs.  First is 

“top-down” approach: QDs are fabricated by patterning using several techniques such 

as chemical etching, selective growth or lithography techniques (i.e., X-ray 

lithography, electron beam (EB) lithography and focused ion beam lithography, etc.).  

The attractive advantages of these techniques are controllable QD size and spatial 

arrangement.  However, these techniques are complicated and create material defects 

leading to degradation of their electronic and photonic properties.  In another 

approach, “bottom-up”, or self-assembly, which has been used to fabricate QDs in 

this research work, occurs by the formation of highly strained structure of 

heteroepitaxial growth.  The evolution of an initially two-dimensional (2D) growth of 

a few monolayers (MLs) thick wetting layer into a three dimensional (3D) island 

growth is referred to as Stranski-Krastanow (SK) growth mode (Herman and Sitter, 
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1989; Seifert et al., 1996; Cullis et al., 2002).  There are in-depth studies on the 

growth mechanism in order to understand 3D QD formation.  Leonard et al. (1993) 

found that quantum-sized island structures having dislocation-free and acting as three-

dimensional carrier confinement structure were obtained during the transition of the 

initial stage of growth of highly strained material on the substrate.  The elastic strain 

relaxation on facet edges and island interaction via the strained substrate are the 

driving forces for the uniformity of self-assembled ordered arrays that are coherently 

strained island on crystal surface (Shchukin et al., 1995).  Wang et al. (2001) 

investigated that controlling the growth conditions and the amount of deposited 

material can select island size and shape.  Moreover, a theoretical study using density 

functional theory of the formation of self-assembled coherent islands in SK growth 

mode is presented by calculating the surface energies for both the island facets and the 

wetting layer.  Both thermodynamic and kinetic ordering mechanisms together can 

create unique 3D patterns of islands within the matrix in various strained 

semiconductor systems in the SK growth mode, including InxGa1-xAs/GaAs (Zhan et 

al., 2003; Jacobi, 2003; Miao et al., 2005; Mi and Bhattacharya, 2005), Ge1-xSix/Si 

(Voigtlander, 2001; Fitting et al., 2005), and others (Medeiros-Ribeiro et al., 2001; 

Lee et al., 2005).  For this thesis, In1-xGaxAs/GaAs having 7% lattice mismatches has 

been used for the investigation.  This material combination appears to be the most 

promising candidate for immediate device application.  The growth of InAs QDs on 

GaAs substrate results in dots of varying dimensions randomly distributed across the 

substrate. The randomness of QD sizes gives rise to devices with varied electrical and 

optical characteristics (Joyce et al., 2000).  

 When the QDs are used for device applications, they must be embedded in the 

matrix, in this case, GaAs.  Many experimental results have been studied on the 

effects of GaAs overgrowth on the structural of InAs QDs.  Joyce et al. used in-situ 

scanning tunneling microscopy (STM) to investigate the evolution of surface 

morphology during the overgrowth of large InAs QDs.  Due to the different initial 

strain states of the QDs, the development of the surface morphology of larger QDs is 

very different than that of smaller QDs under the same conditions (Joyce et al., 2001).   

While Songmuang et al. (2003) proposed that the observation of the surface evolution 

could be explained by the effects of elastic energy and surface energy included in the 
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surface chemical potential.  Increasing the elastic energy of QDs and surface energy 

of the cap induces In atoms to migrate from InAs QDs to the GaAs surface.  As the 

shape of InAs QDs changes dramatically during the initial stage of GaAs overgrowth, 

the precise thickness is used to control the shape of the QDs during the overgrowth 

process (Pistol et al., 1995; Joyce et al., 2001).   

 Recently, several attempts, have succeeded to fabricate quantum dot 

molecules (QDMs) having both lateral and vertical arrangement. QDMs are groups of 

closely spaced QDs formed on the surface of a substrate.  Vertically stacked QDs are 

sometimes referred to as QDMs due to the closely spaced nature of the structure 

(Austing et al., 1998; Paskov et al., 2000; Jaskoski et al., 2003).  Successful lateral 

QDM results use a combination of pre-patterned substrate and self-assembling 

technique; for example, AsBr3 in situ etching and molecular beam epitaxy (MBE) can 

be combined to create lateral QDMs (Kiravittaya et al., 2003; Songmuang et al., 

2003).  The in situ etching leads to fabricating of nanoholes in nano-sized resolution.  

This is followed by MBE growth process to deposit InAs QDs on the nanoholes 

forming lateral QDMs.  The second technique, Lippen et al., (2004) reveals the 

technique using self-organized anisotropic strain engineering of an In(Ga)As/GaAs 

superlattice (SL) template on GaAs to create an ordered lattice of lateral InAs QDMs 

(Mano et al., 2002; Lippen et al., 2005).   Furthermore, Lee et al. (2006) adopted a 

hybrid growth approach utilizing both droplet epitaxy and self-assembling technique 

on a planar GaAs substrate.  Droplet homoepitaxy technique is used to grow 

nanoscale-sized GaAs mound as templates for growing InGaAs QDMs.  The number 

of QDs per molecule varies from two to six dots depending on the specific InAs 

monolayer coverage. 

 In this research work, the partial-capping-and-regrowth technique is 

intentionally used to fabricate lateral QDMs.  With solid-source MBE in which As4 is 

used, partial-capping process at the low temperatures gives rise to camel-like 

nanostructures having nanoholes on top of the nanostructures.  Additionally, changing 

of QD capping thickness can precisely tune the structural properties of the nanoholes.  

Subsequently, groups of lateral closely spaced QDs, referred as lateral QDMs, are 

formed by regrowth.  Self-assembled lateral QDMs have a specific pattern of dot sets 
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and dot alignment along the [ 011 ] crystallographic direction with 5-12 dots per 

molecule.   

 When As2 is used as in gas-source MBE, different nanostructures are formed.  

We found that, after the partial capping process, the QD shape changes to a quantum 

ring structure.  When additional InAs is deposited, double QDs (DQDs) are formed.  

Moreover, with an increase in the regrowth temperature, QD rings with 5-7 dots per 

ring are formed.   

 

1.2 Objective 

 

     The objective of this work is to study the formation of nanostructures, 

especially lateral quantum dot molecules (QDMs).  Surface morphologies and dot 

ensembles of QDMs grown by the partial-capping-and-regrowth technique using 

solid-source molecular beam epitaxy (MBE) and gas-source MBE are observed, and 

the effect of arsenic species on the formation of nanostructures and QDMs is 

discussed. 

 

1.3 Overview 

 

 This thesis is composed of two major parts. The first part is a study of the 

formation of nanostructures and lateral QDMs with solid-source MBE using partial-

capping-and-regrowth.  Different nanostructures are formed with modified growth 

parameters. Physical and optical properties are observed by atomic force microscopy 

(AFM) and photoluminescence (PL), respectively. 

 The second part is dealing with the investigation of the lateral QDMs using 

partial-capping-and-regrowth by gas-source MBE.  Surface morphologies and optical 

properties of these structures are also observed in this part. 

 The thesis is organized as follows.  Chapter 1 is the introduction and review of 

quantum dot research.  Chapter 2 provides the basic concept of low-dimensional 

semiconductor nanostructures with theories of self-assembled QDs.  Chapter 3 

provides experimental details including sample preparation and characterization 

process.  Chapter 4 gives experimental results of physical and optical properties when 
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changing the growth conditions with partial-capping-and-regrowth using solid-source 

MBE.  Chapter 5 reveals experimental data with the same growth process with 

Chapter 4 but using gas-source MBE.  In addition, the surface morphologies of 

nanostructures grown under different arsenic species are compared in this chapter.  

Finally, Chapter 6 is the conclusion of this work.        



 

CHAPTER II 

 

LOW-DIMENSIONAL NANOSTRUCTURES 
 

 
For several decades, spontaneous formation of periodic structure is a general 

phenomenon in solid state.  In recent years, the theoretical concepts and experimental 

results on the formation of ordered nanometer-scale structures on a crystal surface 

have been intense interested and dramatically investigated.  The reliable and accurate 

investigation of surface structures has been progressed in precise experimental 

techniques such as atomic force microscopy (AFM), scanning tunneling microscopy 

(STM) and transmission electron microscopy (TEM). Therefore, study on nanometer- 

scale semiconductor can be profoundly analyzed.  

The self-assembled QDs grown by Stranski-Krastanow (S-K) growth mode 

are widely investigated.  Several groups have tried to explain the formation of QDs 

and strain effects on island nucleation.  In this chapter, techniques for spontaneous 

laterally aligned QDs and vertical stacking are discussed.   

 

2.1 Basic concepts of low-dimensional nanostructures 

 
 When the size of the crystal is reduced from the centimeter to the nanometer 

scale of the order of the de Broglie wavelength of an electron, as shown in equation 

2.1, the reduction of the dimensionality gives rise to confinement of electron 

movement in the respective direction.  As illustrated in figure 2.1, the carriers in 

quantum wells (QWs) are localized in the direction perpendicular to the layer but 

move freely in the layer plane (x-y plane), while those in quantum wires (QWRs) are 

localized in two directions and can move along the wire axis (x-direction).  In 

quantum dots (QDs), the carriers are completely confined in all three directions.  This 

confinement leads to discrete quantized energy levels to the variation of carrier 

density of states.  A totally discrete energy spectrum in QDs is illustrated in figure 

2.1(d). 
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Figure 2.1  Schematic view and graphs of (a) bulk, (b) quantum wells, (c) quantum 

wires, and (d) QDs and their density of states (D.O.S.). (Sugawara, 

1999). 

 

                                              λde Broglie = 
p
h  = 

Tkm
h

Beff3
                                      (2.1) 

 

An elementary quantum-mechanical approach is used to calculate the energy, 

the wave function and the density of states, which depend on the dimensionality of 

quantum nanostructures.  The electronic state of a bulk semiconductor can be 

effectively described by the effective-mass approximation, as can quantum energy 
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shift as a function of the well-layer width for semiconductor QWs.  Assuming 

parabolic band dispersion, one can describe band-edge electron states of 

semiconductors by the Schrödinger equation (effective-mass equation) as 
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where *m  is the effective mass; h is the Planck’s constant divided by 2π; r = ),,( zyx  

is the electron position vector; )(r V is the confinement potential, )(rkF is the 

envelope wave function; and E is the carrier energy. (Sugawara, 1999)  

 From equation (2.2), if there is no potential barrier, the eigenenergy ( bulkE ), 

and density of states )(EDbulk  are given as follows. 

2.1.1 Bulk materials 
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where ),,( zyx kkk=k  is the wave vector as 2222
zyx kkkk ++= . 

2.1.2 Quantum wells 
 

 If one assumes that the confinement potential for a square quantum well is 

infinite in the z direction, the eigenenergy QWE  is 
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and the density of state is 

 

)(*)( 2 ∑ −Θ=
z
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QW EE
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mED
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 (2.6) 

 

where 222
yx kkk +=II  , Θ  is the Heaviside’s unit step function, zn  = 1,2,3,… QWL is the 

sum of the well and barrier thicknesses.  The minimum energy and the energy 

separation between each quantized state increase as the well width is decreased.  

2.1.3 Quantum wires 
 

If one assumes that the confinement potential barriers for a square quantum 

wire are infinite in the y,z direction, one obtains 
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where ,...3,2,1, =zy nn , L  is the length of the quantum wire and wiN  is the area 

density of the quantum wire (the number of quantum wires divided by the quantum-

wire region area in the zy −  plane). 

2.1.4 Quantum dots 
 

If one assumes that the confinement potential barrier has infinite potential 

height for all directions, 
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∑ −−−=
nml
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,,,QD )(δ  2)(  (2.10) 

 

where DN  is the volume density of QD and δ  is the delta function. 

 The energy distributions of electrons in bulk, QW, and QD structures under a 

low carrier-density limit condition, where electrons obey Boltzmann’s distribution, 

are illustrated in figure 2.2 (a).  In the bulk structure, from equation (2.4) as the 

density of states is proportional to the square root of electron energy, the energy 

distribution of electrons has a width of about 1.8 kT, where k is Boltzmann’s constant 

and T is temperature, as shown in figure 2.2 (b).  In QWs, where electrons are one-

dimensionally localized into a thin layer that forms a quantum mechanical potential 

well, the density of states which is proportional to the Heaviside step function in 

equation (2.6), becomes like a staircase.  Hence, the density of states becomes 

constant and independent of energy at the band edge.  The energy distribution of 

electrons becomes about 0.7 kT, which is less than half that in the bulk structure, as 

illustrated in figure 2.2(c).  A concentration of electrons into a narrower energy 

distribution is enabled from this reduction.  When the electrons are injected into such 

structures, consequently, a narrower emission linewidth can be expected.  In the 

QWRs, the density of states is inversely proportional to the square root of energy, as 

shown in figure 2.2 (a), according to equation (2.8).  In the case of QDs, the electronic 

states can be understood as confined states in atoms or molecules where electrons are 

bounded in discrete energy levels formed in a three-dimensional confinement 

potential.  It should be noted that due to Pauli’s principle, only two electrons with 

different spins can occupy the same energy level.  Therefore, in a QD, the density of 

state can be expressed like a delta-function, as illustrated in figure 2.2 (d), and the 

integration of the electron density gives two electrons in a certain quantum level.  

Moreover, as each QD exists in a spatially different position, each wavefunction is 

localized, which enables electrons to occupy the same energy level when the localized 

positions are different, like the impurity levels in a bulk semiconductor.    

As a result, the width of the electron energy distribution could be zero as a 

first approximation.  It means that injected electrons into those structures are 

distributed in certain discrete energy levels.  In addition, the energy distribution width 
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is fundamentally independent of temperature.  However, in real semiconductors, due 

to many interaction processes such as electron-electron and electron-phonon 

scattering, certain widths in the energy distribution appear; but those widths are 

expected to be much smaller compared to the fundamental distribution width of 

bulk (1.8 kT) and QW structure (0.7 kT).  The electronic states in QDs have been 

recognized as the main reason for the improvement of device performance in 

semiconductors.  When band-to-band transition is considered, its transition is mainly 

determined from the energy distributions of electrons.  Therefore, the spectrum width 

in QDs should be less temperature sensitive compared to bulk structures or QWs.  

 

 
 

Figure 2.2  Illustrated of (a) density of states, (b) – (d) energy spreading under the 

low-carrier-limit condition in bulk material (b), QW (c) and QD (d). 

(Masumoto and Takagahara, 2002) 

 

 Significant quantum-size effects advantageous to optical devices appear when 

the size is less than the exciton Bohr radius, which controls how large a crystal must 

be treated as continuous. Therefore, the exciton Bohr radius can rightly be said to 
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define whether a crystal can be called a semiconductor QD, or simply a bulk 

semiconductor. 

 QDs are nanometer-scale semiconductor crystals with size-dependent optical, 

physical and electronic properties.  One of techniques that can obtain dense packing 

with size uniformity on atomic scale is self-assembly, a novel way to fabricate QDs.  

The process exploits the three-dimensional island growth of highly lattice-mismatch 

heterostructure semiconductors.  This thesis focuses on the growth of InAs on a GaAs 

substrate, where the lattice mismatch between InAs (larger lattice constant, 6.0584 Ǻ) 

and GaAs (smaller lattice constant, 5.6533 Ǻ) is about 7%. Dislocation-free high-

density coherent islands of InAs having a dome or pyramid shape are self-assembled 

on the GaAs substrate, accompanied by a wetting layer (Seifert et al., 1996).   

InGaAs/GaAs islands grown via Stranski-Krastanow (SK) mode, as discussed below, 

were observed and evaluated by several groups in the mid-1980s (Schaffer, 1983; 

Lewis et al., 1984; Houzay et al., 1987).  However, this topic did not attract broad 

interest until in the 1990s.  Many groups, primarily researching on optical emission 

properties (Kamiya et al., 1998; Grundmann, 2000) have identified the islands as QDs 

with three-dimensional confinement.   

 

 
 

Figure 2.3  Schematic representation of the three crystal growth modes (a) Layer-

by-layer or Frank-van der Merve; (b) island or Volmer-Weber; (c) 

layer-plus-island or Stranski-Krastanow mode. (Herman and Sitter., 

1989) 

 

It is generally known that there are three possible modes for crystal growth on 

the surfaces, schematically shown in figure 2.3.  In lattice-matched heteroepitaxial 

systems, the energies of two surfaces and the interface energy are used to resolve the 

growth mode.  If the sum of the surface energy γ2 of the epitaxial layer and the energy 
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of the interface γ12 is lower than the substrate surface energy γ1, γ2 + γ12 < γ1, 2D 

epitaxial layer-by-layer or Frank-van der Merve (FM) growth results, as illustrated in 

figure 2.3(a).  Changing γ2 + γ12 value more than γ1 may result in a transition from the 

FW to the Volmer-Weber (VW) mode where 3D islands are formed, as shown in 

figure 2.3(b).  On the other hand, in a lattice mismatch heteroepitaxial system between 

the material being deposited and the substrate, a layer-by-layer growth mode is 

initially formed and followed by 3D islands.  Because thicker 2D layer has a higher 

elastic energy, and the elastic energy tends to be reduced via formation of isolated 

islands due to the relaxation of elastic strain and decrease of elastic energy.   This 

results in Stranski-Krastranow (SK) growth mode, as shown in figure 2.3(c).   

In lattice-mismatched epitaxy, the formation of islands can be understood by a 

simple model of energy balance (Tu et al., 1992).  The total energy between a 

coherently strained film on a substrate and strain-free islands made by the same 

number of atoms as in the film are compared.  The total energy is supposed to consist 

of the strain energy due to lattice mismatch and the surface energy.  For simplicity, 

the strain-free energy islands are assumed to be cubic shaped with a side length of X.  

Instead of releasing the strain energy, the cubic islands have greater surface energy 

due to the increased surface area.  The island energy is lower than the film energy, 

when the island is larger than a critical value determined by the surface energy, γ, and 

the in-plane strain, ε, as 

 
2/εγ∝> cXX                                           (2.11) 

 

When ε ≠ 0, there is a value of X of the island which is in a lower energy state 

when the side length of the islands is greater than Xc, the island configuration will be 

favored.  This is indicated that within sufficient growth temperature and time, islands 

are always formed in strained-layer epitaxy.  From (2.11) equation, the critical size is 

inversely proportional to the square of the strain and as the lattice mismatch increases, 

the island size will be smaller. 
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Moreover, the strained-layer epitaxial growth using MBE enables us to obtain 

coherently strained layers over 1% lattice mismatch without dislocations under 

metastable conditions, which play an important role of surface kinetics. 

 

2.2 Formation of quantum dots and strain effects on island nucleation 

 

2.2.1 Lattice mismatch stress and Stranski Krastanow growth mode 

 

 In this section, the growth of heteroepitaxial lattice mismatched layer is 

considered.  The dominant stress is associated with the lattice mismatch 

 

                                                          ε = (aL – aS)/aS                                           (2.12) 

 

where a is the lattice constant and L and S denote layer and substrate, respectively.  In 

that growth condition, for the first few monolayers, the deposited material will form 

in to 2D platelets which proceed in layer by layer mode until they merge with each 

other to complete 2-D epilayer.  The accumulated elastic strain energy, E(el), will 

increase linearly with the deposited volume, according to equation (2.12) (Seifert et 

al., 1996) 

 

   AtelE 2)( λε=                  (2.13) 

 

where λ  is the elastic modulus,ε  is the dominant stress, A is the surface area and t is 

the film thickness. If the system keeps 2D growth, the energy will increase to be 

grater than the activation energy of dislocation process. On the other hand, if the 

growth conditions drive the system to the SK growth, the strain energy outweighs the 

surface energy.  The system has to release the strain energy by change the growth 

mode from 2D to 3D growth mode, causing island formation (Srolovitz, 1989). 

 To discuss the nucleation and growth of self-assembled QDs, thermodynamics 

and kinetics are both involved. 
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2.2.2 Thermodynamically approach 

 

 An adequate description of self-assembled QDs formation should provide a 

detailed description of the equilibrium state supported by the dislocation-free strained 

system. 

 Considering the total energy of a single QD or island, the energy of a single 

islands, Eisland, can be written as the sum of the elastic energy (Eelastic), the surface 

energy of the island (Esurf), and the island edge energy (Eedge), as shown in Equation 

(2.14). 

 

                                             edgesurfelasticisland EEEE ++=                                    (2.14) 

 

Shchukin et al. (1995) proposed a thermodynamic model which explains the 

narrow size distribution of the islands with an absence of Oswald ripening process by 

considering the energetics of an array of islands.  The total energy change of the 

system due to the formation of a single island of a size L can be written as a sum of 

the following distributions (Shchukin et al., 2001) 

 

a
LLfLfLLfE ln)()(

2

32
23

1 λ
τηλ Δ

−+ΔΓ+−=Δ          (2.15) 

 

The first term is the energy of elastic relaxation, λ  is a characteristic elastic modulus 

of the material; the second term is the change of the surface energy of the system; the 

third term is the short range contribution to the energy of the islands edges, η  being 

the energy per unit length of the edge; and the fourth term is the energy of the elastic 

relaxation due to the surface stress discontinuity ( τΔ ) at the edges.  a is lattice 

parameter; f1, f2 and f3 are geometrical factors depending on the island shape.   The 

quantity ΔΓ  represents the energy change due to the appearance of the side facets, the 

disappearance of a certain area of the wetting layer, the appearance of the interface 

between the island and the substrate and the strain induced corrections to the surface 

energies; therefore, ΔΓ  can be positive or negative due to interplay between different 
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contributions.  By assuming a fixed islands shape, the energy E(L) is given in figure 

2.4. In the case of 0>ΔΓ  , the formation of a single island from  a flat film causes an 

increase of the total surface energy, and the system has to reduce the energy to the 

minimum of E(L) which is located at ∞→L , as shown in figure 2.4 indicating the 

ripening process.  If 0<ΔΓ , the formation of islands decreases the total surface 

energy and then causes the minim energy E(L) located at a finite size of the island.  

There is no driving force for the ripening in this case, implying that there exists a 

stable island array with finite shape.  This model is based on the scaling behavior of 

various contributions to the total energy, leading to a criterion for Oswald ripening or 

island formation.   

Moreover, Shchukin et al. (1999) also found that either stable islands or 

ripening takes place in the system, depending on the material constants and misfit.  

However, by neglecting the existence of the wetting layer, their study could not 

predict the actual growth mode.  Then, Daruka and Barabási (1997) proposed a model 

with free energy that considers Q monolayers (MLs) of atoms A with lattice 

constant aA deposited on top of a substrate B with lattice constant aB.  Because 

of the lattice mismatch in equilibrium one expects that a certain fraction of atoms A 

forms a wetting film of QA MLs, QB monolayers are assembled in 3D coherently 

strained islands of a given pyramidal shape and volume, and the rest of the material 

(Q – QA MLs) is distributed in 3D coherently strain islands of a given pyramid-like 

shape and volume.  And the rest of material B, (Q – QA – QB) MLs is assembled in 

ripen islands.  The stability of the islands depends very sensitively on the coverage.   

For example, the misfit strain and coverage have to exceed a critical value for stable 

islands to exist, and that for any misfit there is a second critical coverage beyond 

which ripening occurs, as implied in equation (2.16) below. 
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Figure 2.4  Energy of an array of 3D coherently strained islands per one atom 

versus island size L.  The control parameter α depends on the 

contribution from the surface energy and the edge energy (Bimberg et 

al., 1999). 

 

 By considering the possible coexistence of small islands of optimum size Lopt 

and of “ripened” islands considerably larger than Lopt, the total energy per unit cell of 

the substrate is 

 

                        ripBABislandBAWL EQQQQEQQEE )()()( −−++=                            (2.16) 

 

where EWL (QA) is the energy of the wetting layer.  Equation (2.16) defines the total 

energy of the wetting layer and 3D pyramidal islands, where the latter may exhibit 

bimodal behavior, i.e., both small islands of size Lopt and large islands considerably 

larger than Lopt may be presented in the system.  By minimizing the energy from 

equation (2.16) with respect to QA and QB, Daruku and Barabási (1997) also obtain 

the equilibrium phase diagram of a lattice-mismatched heteroepitaxial system as a 
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function of the lattice mismatch ε0 and of the total amount of the deposited material 

Q, as illustrated in figure 2.5. 

 

 
 

Figure 2.5  Equilibrium phase diagram as a function of the coverage H and misfit 

ε.  The small panels on the top and the bottom illustrate the 

morphology of the surface in the six growth modes.  The small empty 

islands indicate the presence of stable islands, while the large shaded 

one refers to ripened islands. (Daruka and Barabási, 1997) 
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2.2.3 Kinetic approach 

 
Several kinetic models of 3D island formation and of ordering have been 

proposed (Madhukar et al., 1994; Chen and Washburn, 1996, Barabási, 1997, Dobbs 

et al., 1997, Jesson et al., 1998).  Such models take into account microscopic 

processes on the crystal surface like deposition, diffusion, attachment to islands, and 

detachment from islands.   

Dobbs et al. (1997) formulated a mean-field theory for the density of adatoms 

in 2D and 3D islands.  Three dimensional islands, as soon as they nucleate, act as 

traps for adatoms and atoms detaching from flat 2D islands.  The increase in the 

density of 3D islands with increasing deposition of material is steep and saturates 

quickly.  After this, additional material leads to no further increase in island density, 

but to an increase in the size of 3D islands.  This model might be adequate for the 

initial stages of 3D island formation but does not predict any favored island size or 

narrow size distribution.  

Seifert et al. (1996) proposed another kinetic aspect which can describe the 

limited size of QDs, the self-limiting growth.  Figure 2.6 shows a schematic of the 

local strain energy density in and around a 3D island during the island formation.  The 

change in the energy density due to the formation of 3D islands affects the chemical 

potential of the material at the surface.  The minimum of the potential locates at the 

top of the island where the material partially relaxes, while the maximum is at the 

island edge, where the high compressive strain exists.  The compressive strain at the 

edge propagates down to the substrate, increasing an inherent misfit between the 

substrate and the wetting layer around the island.  Therefore, the high potential barrier 

around the island provides a zone, where the islands do not prefer to nucleate.  

Madhukar et al. (1995) and Chen & Washburn (1996) pointed out the 

influence of strain fields created by islands on the motion of adatoms. Inhomogeneous 

strain fields in the vicinity of 3D islands act as repulsive forces, leading to the drift of 

adatoms away from existing islands and thus increasing the nucleation rate of new 

islands.  In addition, smaller islands grow more rapidly than larger ones.  Thus the 

above effects tend to equalize the sizes of the islands.  
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Figure 2.6  Schematic represent the local strain energy density in and around the 

QD.  The energy barrier for the adatoms’ diffusion to the QD has a 

maximum at the edge of the QD (Seifert et al., 1996). 

 

Barabási (1997) has established a one-dimensional model using a Monte Carlo 

method including strain relaxation of the lattice at each step.  This model takes into 

account the above impact of island-induced strain fields on the motion of adatoms, 

and eventually leads to a narrow size distribution for sufficiently large mismatch 

(5%).  Increasing deposition leads mainly to a higher density of islands of the same 

size.  

Jesson et al. (1998) emphasized the importance of nucleation of every new 

atomic layer in the growth of faceted islands.  If an island has a shape with smooth 

facets which do not contain any steps or kinks, a new layer starts to nucleate at the 

edge between the island facet and the substrate, i.e., in a highly strained area.  Strain 

provides a barrier for such nucleation, and the height of the barrier is larger for larger 

islands.  This leads to self-limited growth and result in a narrow size distribution.   

All of the above-mentioned kinetic theories imply that, in a system of 3D 

coherently strained islands, there is always a thermodynamic tendency towards 

Ostwald ripening but that it does not occur on an experimentally available time scale 
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due to various kinds of strain induced barriers.  Such models seem to be relevant to 

particular experiments.  However, there are experimental data on InAs/GaAs and 

GaInAs/GaAs islands which cannot be explained via kinetic concepts.  At the same 

time, they can be described by the island formation with thermodynamic theory.  

 

2.3 Spontaneous lateral alignment of QDs 

 

 Kitamura et al. (1995) demonstrated self-alignment of InGaAs QDs on GaAs 

multi-atomic step structure by MOVPE, as shown in figure 2.7.  This technique gives 

rise to spontaneously aligned InGaAs QDs without any preprocessing techniques prior 

to growth.  However, it is difficult for the (100)-misoriented surface to fabricate 

uniform and straight multi-atomic steps.  On the other hand, a high-index surface is 

used for ordering of QDs due to decreasing the surface energy.  Formation of straight 

QDs on (211)B and (111) substrates has been reported by Lee et al. (1998).  Recently, 

Akiyama and Sakaki (2006) have reported the technique to grow dense and highly 

ordered arrays of self-assembled InGaAs quantum dots using molecular beam epitaxy 

along multiatomic steps on vicinal (111B) GaAs.  By depositing a nominally 3-nm- 

 

 
 

Figure 2.7  (a), (b) The AFM images of (a) multi-atomic steps on GaAs layer 

sample A grown on a vicinal (111B) GaAs, (b) InGaAs islands sample 

B prepared by depositing a nominally 3-nm-thick In0.3Ga0.7As layer 

onto multi-atomic steps of GaAs. (Akiyama and Sakaki, 2006) 
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thick In0.3Ga0.7As layer onto a periodically corrugated surface prepared on a GaAs 

substrate tilted 8.5° from (111B), QDs became aligned, as illustrated in figure 2.7(a) 

and 2.7(b), respectively. 

 

2.4 Quantum dot self-alignment using vertical stacking 

 

 In order to increase the filling factor of QDs in a given sample, vertical 

stacking of layers containing QDs is important for most device applications.  In 

additional, multi-stacking can be used to control initiation of islanding.  

Upper islands tend to stack just on lower islands due to the strain field induced 

by the bottom islands that provides the stress on a crystal surface leading to the 

driving force for 3D island formation in lattice-mismatched growth.  The first stack of 

islands produces a tensile stress in the capping layer above them, whereas a region 

having little or no stress may exit on the wetting layer.  Another effect due to the 

integrated strain induced by repeated InGaAs/GaAs growth (superlattices, SLs), 

multi-stacking SLs enhances islanding.  The strain is induced by lower-layer islands 

or In atom segregation from these islands affects subsequent islanding. 

 Figure 2.8 (Xie et al., 1995) shows a representative [011] cross-sectional TEM 

images of a five-stacked InAs QDs with GaAs spacers 36 ML thick.  Figure 2.9 

shows the experimentally observed pairing probabilities as a function of the spacer 

thickness.  There are three regimes depending on the spacer thickness: (1) a regime 

for small spacer thickness, in which the probability is greater than 0.95, 

indicating a nearly completely correlated behavior; (2) a regime of gradual decrease 

in probability and (3) a regime for large spacer thickness, in which the probability 

saturates at a value corresponding to random overlapping of islands. 

Based on the experimental data, Xie et al. (1995) have proposed a 

phenomenological model for vertical self-organization of InAs QDs separated by 

GaAs spacer layers.  The kinetic process of vertically self-organized growth 

behavior is depicted in Figure 2.10.  In the region I, QDs in the first stack produce 

tensile stress in the GaAs above the QDs.  Whereas, region II, having little or 

no stress, may depend on the average separation l between the first stack of 
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Figure 2.8  Typical g = (400) bright field TEM pictures taken along [011] azimuth 

for the samples with two sets of islands separated by (a) 46 and (b) 92 

ML spacer layers, respectively.  Arrows point to the island positions 

indicated by the strain contrast. (c) A typical g = (200) dark field TEM 

picture for a sample with five sets of islands separated by 36 ML 

spacer layers. (Xie et al., 1995) 

 

QDs and the GaAs spacer layer thickness-dependent range of the surface strain field, 

ls.  The In atoms impinging in region I would be driven by the strain field to 

accumulate on top of the lower islands, where the atoms can also achieve a lower 

energy thermodynamic state due to lower lattice mismatch InAs with the GaAs in 

tension.   

 On the other hand, In atoms impinging in region II may initiate formation of 

QDs in region II, undesirable for achieving the most efficient vertical ordering.  When 

the spacing layer is reduced,  vertical self-assembly of QDs occurs.  A characteristic 

spacer thickness for vertically self-assembled growth inferred from the model was 

found to be consistent with the experimental data. 
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Figure 2.9  Experimentally observed pairing probabilities (open squares) as a 

function of the spacer thickness zs, shown on a log-log plot for samples 

with two sets of islands (a) [011] cross section, and (b) [ 101 ] cross 

section. (Xie et al., 1995) 

 

 Nakata et al. (1997) have reported the stacking of InAs QDs with GaAs 

intermediate layers of less than 3 nm thickness on (100) GaAs substrates by MBE.  

When QDs are closely stacked, the islands are electronically coupled and behave as a 

QDM.  The wave function can be distributed along the vertical column. 
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Figure 2.10  A schematic representation shows the two major processes for the In 

adatom migration on the stressed surface: (1) directional diffusion 

under mechanochemical potentla1 gradient contributing towards 

vertical self-organization and (2) largely symmetric thermal migration 

in regions from the islands contributing to initiation of new islands not 

vertically aligned with islands below. (Xie et al., 1995) 

 

2.5 Quantum Dot Molecules 

 

 Although a single QD has been demonstrated a quantum logic gate 

using the exciton-biexciton correlation, it has definite limitations for a large number 

of qubits. Consequently, a coupled QD system is essential for numerous qubits (Li et 

al., 2003).  In coupled QD systems, there are two coupling mechanisms: quantum-

mechanical coupling and electromagnetic coupling.  In general, the quantum-

mechanical coupling shows an exponential decay as a function of the interdot spacing.  

Whereas, the electromagnetic coupling exhibits at most a power-law dependence on 

the interdot spacing.  Thus, electromagnetic coupling is more long ranged than 

quantum- mechanical coupling. 
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Figure 2.11 (a) Cross-sectional STEM image of the CQD sample with d=7 nm. (b) PL 

spectra of a single pair of CQD with different barrier thicknesses at a 

low excitation intensity, where the excitation energy is 1.41 eV 

absorption band of wetting layer. The barrier thickness, bonding state, 

and antibonding state are labeled d, X+, and X−, respectively. ΔE 

indicates the energy separation between the X+ and X− PL groups. The 

PL spectrum of a single layer QD sample is also shown at the top of 

figure for reference. (Yamauchi et al. 2005) 

 

Yamauchi et al. (2005) have observed the interdot correlation in single pair of 

electromagnetically coupled QDs (CQD).  Using the stacking growth technique, 

vertically coupled QDs with an arbitrary barrier thickness between two QDs have 

been observed as illustrated in figure 2.11(a).  The notable feature of the CQD is that 

the energy separation between the two PL groups increases with reduction in the 

barrier thickness, as indicated by ΔE in figure 2.11(b). This feature arises from the 

wave-function coupling of electrons between the upper and lower QDs, and these PL 

groups constitute the bonding X+ and antibonding X− states, respectively.  According 

to the arguments in the first paragraph at the beginning of this section, a QD pair with 
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a thicker barrier d=7 nm is interpreted as being an electromagnetic, but weak 

quantum-mechanical, coupling system, because the electromagnetic coupling would 

be more relevant than the quantum-mechanical coupling for this interdot spacing.  In 

addition, the reason why the d=7 nm CQD does not have a pair of PL peaks could be 

that one of the pair of peaks is forbidden as a result of the strain distribution of the 

d=7 nm CQD being different from those of other samples.  An anomalous increase in 

the luminescence intensity has been observed when the two QDs are excited 

simultaneously. This remarkable finding can be interpreted in terms of the 

electromagnetic coupling between QDs with thick barrier layers. 

 In the case of quantum-mechanical coupling regime, quantum coupling in 

individual lateral CQDs or QDMs and its manipulation using static electric fields (E 

field) has been demonstrated.  Vertical QDs along the growth direction were coupled 

in one dimension, whereas the lateral geometry enables coupling in two dimensions, 

and therefore, allows for an up-scaling to very large number of qubits.  Figure 2.12(b) 

reveals the X1 and X2 peak emission energies plotted as a function of E field (Beirne 

et al., 2006).  An anomalous redshift with respect to the interpolated peak energy 

expected from the shift on both the higher and the lower voltage side of each [dashed 

curves in figure 2.12(b)] have been observed.  A similar anomalous Stark shift has 

been reported for vertically coupled QDs and is considered to provide strong evidence 

for the presence of quantum coupling between QDs (Oulton et al., 2005). This redshift 

is interpreted as a resonance between the electron ground states of the QDs and 

reflects the influence of tunneling processes that result in a redistribution of the 

electron wave function across both dots. Consequently, QDM can be used to create a 

wavelength-tunable single-photon emitter as described below.  The prediction of the 

1D model used to qualitatively describe the coupling mechanism is illustrated in 

figure 2.13.  This model predicts that holes remain localized in the QDs, while 

electrons become almost entirely delocalized at the alignment bias, forming 

symmetric and antisymmetric states across the QDM.  When applying more positive 

or negative E fields the model also predicts the observed switching behavior, i.e., the 

electronic ground state wave function can be transferred to either the larger or the 

smaller dot, enhancing the X1 or the X2 transition, respectively. Hence, the optical 
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transition rate of X1 or X2 can effectively be switched on or off, allowing for the 

deterministic emission of single photons at either the X1 or the X2 emission energy. 

 

 
 

Figure 2.12  (a) QDM PL spectra at 4 K, and (b) the PL peak energy of X1 and X2 

as a function of applied voltage along the QDM axis under pulsed 

excitation at 818 nm (1.52 eV) and a PD of 200 W/cm2. A redshift is 

apparent at the alignment bias (dashed vertical line) indicating that the 

electron ground states of the two QDs are in resonance. The dashed 

curves are guides to the eye indicating the expected behavior without 

coupling. (Beirne et al., 2006) 
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Figure 2.13  Schematic diagrams illustrating the predictions of the 1D model used 

to qualitatively describe the coupling mechanism and its control using 

an E field. (Beirne et al., 2006) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

CHAPTER III 

 

EXPERIMENTAL DETAILS 
 

 

 This chapter gives the experimental details of sample fabrication, which have 

been systematically conducted in this research work by molecular beam epitaxy (MBE).  

In-situ reflection high-electron energy diffraction (RHEED) has been used to monitor the 

epitaxial crystal layers during the growth process and to calibrate the growth rate and 

substrate temperature.  The sample morphologies and their optical properties reflecting 

the crystal quality of their respective nanostructures were characterized by ex-situ atomic 

force microscopy (AFM) and photoluminescence (PL) spectroscopy. 

 

3.1 Molecular beam epitaxy 

 

 In this research work, both solid-source MBE and gas-source MBE have been 

used to fabricate samples having different quantum nanostructures.  Hence, two MBE 

systems with different material sources and operations will be discussed in this chapter. 

 

3.1.1 Solid-source molecular beam epitaxy 

 

 Parts of samples were grown in a RIBER 32P solid-source MBE machine. 

This MBE system consists of four chambers: load-lock chamber, introduction 

chamber, transfer chamber and growth chamber.  These chambers are separated by 

isolated gate valves and the samples are transferred from chamber to chamber by 

magnetic arm.  In introduction chamber, there is heater used for heat treatment 

process (preheat) of the substrate in suitable conditions.  A propose of preheat process 

is to remove contaminated substances, mostly water (H2O), from the substrate surface.  

The introduction chamber, transfer chamber and growth chamber are vacuumed by a 

titanium sublimation pump and an ion pump.  The pressure is measured by ion gauge.  

After the preheat process, the sample is transferred to the manipulator in the growth  
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Figure 3.1  Schematic drawing of solid-source MBE growth chamber. 

 

chamber via magnetic arm.  A schematic drawing of the solid-source MBE growth 

chamber is shown in Figure 3.1. 

 The building blocks of this growth chamber composes of material source cells, 

substrate heater, monitoring equipment (for temperature, pressure, particle and surface 

analysis), and vacuum system. 

 The materials are contained in pyrolytic boron nitride (PBN) crucibles, 

installed in separated effusion cells, composing of In, Ga, Al as group III elemental 

sources and As4 as a group V source.  All cells were heated by heaters and the 

temperatures were measured by W-Re with 5% W or 26% Re thermocouples and 

controlled by computer via controller card (EUROTHERMTM).  The beam flux is 

turned on and turned off by controlling of the molybdenum shutter position in front of 

each cell.  The substrate is continuously rotated during the growth to provide uniform 

flux profile on the substrate surface.  There are two ionization gauges in this chamber.  

The first one that located at equivalent substrate position behind the substrate heater is 

for beam flux measurement. Another one, which is installed in front of the ion pump, 

is for background pressure measurement.  The quadrupole mass spectroscopy is used 

for the particles analysis in the growth chamber.  The equipment for RHEED 
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investigation comprises a 20-kV electron gun, a fluorescent screen, a CCD camera, 

and a computer.  The RHEED diffraction pattern generated by the sample surface is 

displayed on a phosphor screen and captured by CCD camera. A detail of the RHEED 

system will be presented in next section.  

 

3.1.2 Gas-source molecular beam epitaxy  

 

 
 

Figure 3.2  Schematic drawing of gas-source MBE growth chamber. 

 

 A schematic of the gas-source MBE system is shown in Figure 3.2. A Varian 

GEN-II MBE system was modified to handle group-V hydride gases. Two separate 

gas cabinets house AsH3 (100%) and PH3 (100%) as well as potassium permanganate 

(KMn04) scrubbers. Both gases are introduced into the growth chamber through two 

cracking furnace around 980°C, and they are cracked into dimers and hydrogen before 

reaching the substrate. Besides the two gas crackers, there are five other furnace ports 

for solid Al, Ga, In, Si, and Be sources in the growth chamber. The fluxes of group-III 

sources (Al, Ga, and In) and dopant sources (Si and Be) are adjusted by the 

temperature of the effusion cells, and the fluxes of the group-V sources (As, P) are 
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controlled by mass flow controllers (MFCs). Pneumatic shutters in front of the 

furnaces are computer-controlled. All the sources and the rest of the growth chamber 

are surrounded by two liquid N2 shrouds, for condensing background impurity 

molecules in the chamber in order to grow films with high purity. Two Ebara cryo-

pumps with a pumping speed of 2200 l/s and one Pfeiffer TMU1600 model turbo-

molecular drag pump with a pumping speed of 1500 l/s are used to pump the growth 

chamber. One cryo-pump and the turbo pump are used during growth, and the other 

cryo-pump is for idle status while the first one is being regenerated.  

 

3.2 Reflection high-energy electron diffraction in molecular beam epitaxy 

 

 Reflection High-Energy Electron Diffraction (RHEED) is a highly surface 

sensitive ultra-high vacuum technique used to monitor growth in MBE systems 

providing information on morphology and surface reconstruction. 

 Using the Ewald construction in the reciprocal lattice, the conditions for 

constructive interference of the elastically scattered electrons may be inferred.  In the 

case where the electron beam essentially interacts with a 2D atomic net, the reciprocal 

lattice is composed of rods in reciprocal space in a direction normal to the real 

surface. 

 Figure 3.3 shows the Ewald sphere and reciprocal lattice rods for a simple 

square net.  The reciprocal lattice rods have finite thickness due to lattice 

imperfections and thermal vibrations, and that the Ewald sphere also has finite 

thickness, in this case, due to electron energy spread and beam convergence.  The 

radius of the Ewald sphere is very much larger than the separation of the rods.  This 

can be verified from a simple calculation of electron wavelength. 
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Figure 3.3  The Ewald sphere and reciprocal lattice rods for a simple square net. 

(Masumoto and Takagahara, 2002) 

 

 If the surface lattice net has a lattice constant of 5.65 Å (unreconstructed) 

GaAs along the [100] direction, then the distance between adjacent rods in the 

reciprocal space (=2π/a) will be 1.1 Å.  Electrons have a wavelength λ related to the 

potential difference V through which they have been accelerated by the equation 

 

                                            
)101(

150~ 6VV −+
λ     [Å]                                           (3.1) 

 

From this equation, λ is 0.12 ~ 0.06 Å when V is 10 ~ 50 kV. 

 Using this calculation, it follows that the radius of the Ewald sphere is 36.3 Å.  

As a result, the interaction of the sphere and rods occurs some way along their length, 

resulting in a streaked rather than a spotty diffraction pattern, as shown in Figure 3.4. 
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Figure 3.4  Observed RHEED patterns of GaAs(100)-(2×4) surface reconstruction. 

 

 Real semiconductor surfaces are more complex and their detailed structure 

must be inferred from diffraction patterns taken at different azimuths.  The polar 

surfaces of GaAs such as the (100) and (111) planes have an excess of Ga or As 

atoms, depending on growth conditions or postgrowth treatment.  The different 

reconstructions of this surface are related to its variable stoichiometry, and several 

attempts have been made to determine the effective As coverage as a function of the 

particular reconstruction.  It is generally agreed that both the (2×4) and c(4×4) 

structures being As rich, with the latter having the higher As coverage, are stable on 

the GaAs (100) surface.  For the (2×4) structure, a comparison between theoretical 

and experimental results gives strong evidence for the presence of asymmetric As 

dimers in the surface layer, as shown in Figure 3.5.  An energy minimization 

approach for the c(4×4) surface based on the assumption that this surface is 

stoichiometrically As-terminated suggests an equal number of symmetric and 

asymmetric As dimmers.  It is immediately clear from the three low-index azimuth 

patterns that the surface has a c(4×4) structure and this symmetry is maintained over a 

wide range of as exposure.  From these results, RHEED pattern has been used to 

calibrate the substrate temperature.  Figure 3.6 shows the RHEED pattern that change 

from (2×4) to c(4×4) by ramping the substrate temperature down and up and then 

record the transition temperature T1, T2, T3, and T4.  The average temperature of T1, 

T2, T3, and T4 is defined as 500°C.   
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Figure 3.5  Schematic crystal arrangement of surface reconstruction on GaAs 

(100) surface. (Masumoto and Takagahara, 2002) 

 

Moreover, the RHEED pattern has been used to calibrate the growth rate.  

Figure 3.7 reveals a real-space representation of the formation of a single complete 

layer, which illustrates how the oscillation in the intensity of the specular beam occurs 

(Reinhardt et al., 1994).  There is a maximum in reflectivity for the initial and final 

smooth surfaces and a minimum for the intermediate stage when the growing layer is 

approximately half complete.  In early stages, one layer is likely to be almost 

complete before the next layer starts so the reflectivity increases as the surface again 

becomes smooth on the atomic scale, but with subsequent surface roughening as the 

next layer develops.  This repetitive process causes the oscillations in reflectivity 

gradually to be damped as the surface becomes statistically distributed over several 

incomplete atomic levels. 
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Figure 3.6  RHEED pattern to observe transition temperature from (2×4) to 

c(4×4). 

 

 
 

Figure 3.7 Intensity oscillations of the specular beam in the RHEED pattern from 

a GaAs(100)-(2×4) reconstructued surface, [011] azimuth. (Masumoto 

and Takagahara, 2002) 
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Figure 3.8  Observed RHEED patterns during InAs growth. 

 

 
 

Figure 3.9  Two typical oblique streaks starting from the same reciprocal lattice 

point. (Masumoto and Takagahara, 2002) 

 

 In principle, the RHEED in MBE system enables the response of a growing 

surface to be monitored easily and continuously to provide information on 

morphology and structure.  Upon transformation of an initially 2D ordered surface 

with monolayer-high islands into a corrugated structure, the RHEED pattern changes 

from streaky to spotty.  Figure 3.8 shows the RHEED patterns observed during InAs 

growth.  Since streak patterns can be seen in Figure 3.8 (a), the surface is flat before 

InAs growth.  When 1 ML of InAs was grown, the streak patterns remained.  

However, when 2 ML of InAs were grown, the RHEED patterns changed from 

streaky to spotty, indicating that InAs grows three-dimensionally, as shown in 

chevron shape in [ 011 ] .  The angle between two streaks starting from same 

reciprocal lattice point is about 55°, as illustrated in Figure 3.9.  On the other hand, no 
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specific facets can be observed with the incident electron beam along the [110] 

direction. 

 

3.3 Photoluminescence 

 

 
 

Figure 3.10  Schematic of the PL experimental set up. 

 

The main tool for optical characterization in this research work is the 

photoluminescence (PL) spectroscopy.  Photoluminescence is a sensitive way to 

characterize the optical properties of semiconductors. By observing the photon 

emission associated with transitions from the optically excited states, the bandgap 

energy of a material can be easily determined.  A schematic of the PL experimental 

set up is shown in Figure 3.10.  The samples were excited by the 514-nm line of an 

Ar+ laser.  The light signal is resolved by a 1-m monochromator.  Typically, the 

entrance and exit slit widths are 0.5 mm.  The resolved light signal is detected by a 

liquid-N2-cooled InGaAs detector (Hamamatsu’s G7754-01 with 0.1-mm2 active 

area).  A chopper and the lock-in amplifier are used to enhance the signal by the 
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standard lock-in technique.  For low temperature measurement and temperature 

dependent, the sample was mounted on the cold finger of a closed-cycle cryostat. 

 The PL results attribute from the fact that the ground-state PL peak energy 

gives information about the size of QDs.  Lower quantized energy levels of holes and 

electrons are obtained when increasing in QD size. 

 From the QD array, the shape of PL spectrum exists broadening which is 

measured in terms of a full width at half maximum (FWHM) related to the QD size 

uniformity, as illustrated in Figure 3.11.  From the theory about single QD (see Figure 

3.12) as discussed in chapter 2, the PL linewidth corresponds to the delta-function-

like density of states.  But in case of self-assembled QDs, there are large numbers of 

excited QDs having different sizes leading to broaden PL spectrum.  The PL linewidth 

is inferred to determine the homogeneity of the QD. 

 

 
 

Figure 3.11  Simple interpretation of the PL data obtained from a QD structure.  In 

case of small QD (a): the PL peak energy position is higher compared 

with large QD (b). (Kiravittaya, 2002). 
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Figure 3.12  Simple interpretation of the PL spectrum obtained from the QD 

structure.  In (a) the PL spectrum is very narrow due to the delta-

function like density of states; and in (b) the average dot size 

corresponds to the PL peak energy position and the PL linewidth 

corresponds to the size distribution of the array. (Kiravittaya, 2002). 

 

3.4 Atomic force microscopy 

 

 The surface morphologies of all samples were observed by Atomic force 

microscopy (AFM).  The AFM is performed by using two brands of AFM machines.  

First one is SEIKO SPA 400 which is operated in the non-contact mode.  Another one 

is DIGITAL INSTRUMENT (DI) Nanoscope IIIa using in the tapping mode.  Figure 

3.13 represents a schematic of AFM when operated in the tapping mode.  As the 

cantilever bounces vertically, the reflected laser beam, which reveals information 

about the vertical height of the sample surface, is deflected in a regular pattern over a 

photodiode array, generating a sinusoidal electronic signal.  The scan rate is around 

0.8 Hz and the scan size is usually 2×2 um2.  The number of data per scan line is 512.  

The vertical resolution of this measurement is usually in the subnanometer range.  
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Therefore, in this work we only use the height distribution of the QD arrays obtained 

from analysis of the AFM images to determine the size homogeneity of the QDs.   

 

 
 

Figure 3.13  A schematic of AFM system when operated in tapping-mode. 

 

3.5 Sample preparation 

 

 The details of investigated samples are as follow.  All samples were grown on 

epi-ready semi-insulating (001) GaAs wafers.  In the first step, the samples are 

preheated in the introduction chamber at the temperature ranging from 30°C to 450°C 

and are remained in this temperature for an hour in order to determinate the wafer 

from water (H2O) and other contamination.  Then, the temperature of the samples is 

ramped down to 30°C before transferring the samples into the growth chamber. In the 

second step, the surface oxide layer is removed at 610°C for 15 min, under arsenic 

pressure, before the growth of buffer.  Next, a 300-nm thick GaAs are grown at the 

temperature of 580°C for a buffer layer to flatten the surface.  The growth rate of 

GaAs is 0.6 ML/s and 0.01 ML/s for InAs.  After that, the desired structures are 
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grown.  Then, a 20-nm thick GaAs are deposited at 500°C.  And another 130-nm thick 

GaAs are grown and simultaneously the substrate temperature is ramped from 500°C 

to 580°C in order to minimize the effect of surface state for photoluminescence 

investigation.  Finally, a similar structure is grown again on the surface and then the 

substrate temperature is cooled down immediately to room temperature to keep the 

surface structure for ex-situ AFM characterization.  The schematic of sample structure 

grown for this work is shown in Figure 3.14. 

 

 
 

Figure 3.14  Schematic of sample structure. 

 

 

 

 

 

 

 

 

 



 

CHAPTER IV 

 

PARTIAL-CAPPING-AND-REGROWTH TECHNIQUE WITH 

SOLID-SOURCE MOLECULAR BEAM EPITAXY 

 

 
 Numerous challenges in QD fabrication have been reported during the last few 

decades.  The most straightforward technique is to pattern the QD structures through a 

combination of high-resolution electron beam lithography and dry or wet etching.  

Other techniques exploit regrowth of epitaxial layers, such as fractional layer growth 

on a vicinal substrate, and cleaved-edge overgrowth.  However, artificial structures 

fabricated in these ways did not take full advantage of engineered energy states and 

some had drawbacks to cause damage to the crystals, such as impurity contamination, 

defect formation, and poor interface quality.  Therefore, self-assembly, a novel way to 

fabricate QDs is now the most promising approach in overcoming the various 

problems.  Our growth technique, partial-capping-and-regrowth, is based on self-

assembly technique used to grow In(Ga)As nanostructures.  After being partially 

overgrown with GaAs (partial capping), as-grown QDs change to a camel-like 

nanostructure.  Then, when additional InAs is deposited (regrowth), camel-like 

nanostructures turn into QDMs with 4-12 dots per QDM depending on the growth 

condition.  

 

4.1 Self-assembled InAs quantum dots 

 

 The technique exploits the three-dimensional island growth of highly lattice-

mismatched semiconductors.  The growth of InAs on a GaAs substrate has lattice 

mismatch between InAs and GaAs of about 7%.  Dislocation-free, high-density 

coherent islands of InAs are self-assembled on the GaAs substrate, accompanied by a 

wetting layer with the Stranski-Krastranow (S-K) growth mode.  Typical InAs self-

assembled islands have a dome or pyramid shape with a base length of about 40 nm 
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and height of 10 nm for an InAs growth rate of 0.01 ML/s at the regrowth temperature 

of 500°C. 

 In Kirvittaya’s thesis (Kiravittaya, 2002) and Songmuang’s thesis 

(Songmuang, 2003), they report the effects of growth conditions of InAs QDs.  First, 

the amount of deposited InAs is varied.  For InAs thickness less than 1.0 ML, the 

formation of small 2D islands (called platelets) with a few ML height are obtained.  A 

transformation of the 2D islands into 3D islands is observed when InAs thickness is 

further deposited to 1.7-1.8 ML and then QDs are formed.  If the deposited InAs is 

more than 1.8 ML, some QDs are larger.  The size homogeneity decreases and the 

Oswald ripening takes place.  Next, the effects of varying the growth rate are 

observed.  Increasing the growth rate, the dot density increases with reduced dot size.  

The effect of the growth rate on QD size can be explained by the different linear scale 

for island formation (Seifert et al, 1996).  For a higher growth rate, a narrow time 

interval during the island formation results in less material diffusion as well as smaller 

diffusion length.   

 Furthermore, the effects of growth interruption after QD formation have been 

studied (Kiravittaya, 2002).  From the PL spectra of 1.8 ML InAs QDs using low 

growth rate with 0, 30, 60, and 120 s growth interrupt, we find that the linewidth of 30 

s growth interruption is the narrowest.  By the local surface strain energy density 

contribution to the surface chemical potential (Seifert et al., 1999), the linewidth 

narrowing corresponds to and improvement in size homogeneity.  Further depositing 

indium atoms after the InAs wetting layer formation causes nucleation of 2D islands.  

As shown in figure 4.1, 3D island formation that behaves like a material sink for 

indium adatoms is induced by increment in size to larger than the critical size of 2D 

islands.  During the growth interruption, thermal activation causes indium atom 

detachment from the remaining InAs clusters.  Then, In adatoms diffuse on the 

surface.  Therefore, the InAs clusters disappear after early growth interruption.  

Moreover, due to the lower potential barrier of smaller QDs, the homogeneity of QDs 

is improved, as shown in figure 4.1(b).  For further increase of the growth interruption 

time after the disappearance of InAs clusters leads to a decrease of dot homogeneity 

due to thermal activation energy.  Some atoms may be desorbed giving rise to the 

broadening of the PL linewidth of the QDs with more than 30 s growth interruption, 
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as illustrated in figure 4.1(c).  This desorption process causes the strain energy to 

decrease, and consequently In atoms from the QD can diffuse out of the QD.  This 

desorption results in the decrease of the QD size leading to worsening of 

homogeneity. 

 

 
 

Figure 4.1  Schematic representation of atomic processes occurring during GI.  

The curves correspond to the local surface strain energy density.  (a) 

the InAs cluster is less stable, hence leading to the detachment of 

indium atoms from the clusters to the smaller InAs QD.  (b) The 

diffusion process improves the size homogeneity of QD ensembles.  

(c) Indium atoms from the QDs start to desorb when the GI time is 

increased. (Kiravittaya, 2002) 

 

4.2 Partial-capping-and-regrowth process 

 

4.2.1 Capping Process 

 

In this thesis, as-grown QDs are partially capped at a relatively low 

temperature (470°C) with 6 ML of GaAs (1.67 nm) for the partial capping process.  A 

camel-like nanostructure is observed with a nanohole on top of the dot as shown in 

figure 4.2.  The nanohole has a depth of 0.7 nm with respect to the dot height level.  

The diameter of the nanostructure is around 190 nm in the < 011 > crystallographic 

direction, and approximately 50 nm in the <110> direction. 
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Figure 4.2  Planview (left) and oblique angle (right) AFM images of camel-like 

nanostructures with a nanohole on top of the dot. 

 

 Figure 4.3 represents a schematic of the evolution of the morphological 

features.  1.8 ML as-grown QDs are formed on the surface with 30 s growth 

interruption.  After partially capped with GaAs at low temperature, intermixing of Ga 

and In forms a non-uniform InGaAs layer on both the wetting layer and the perimeter 

of QDs.  Further depositing GaAs, the Ga adatoms prefer not to grow on top of the 

QDs due to highly relaxed InAs at these areas.  Moreover, the surface curvature drives 

the Ga adatoms out of the convex surface.  The relaxation of InAs on the QDs 

compresses the lattice spacing of the wetting layer around the QDs leading to 

preferential growth of GaAs around InAs QDs.  Besides, the effect of anisotropic 

diffusion length of Ga adatoms gives rise to the formation of camel-like nanostructure 

with nanoholes on top, as shown in figure 4.2.  For further deposition of GaAs, the 

strain field from the InAs QDs decreases, and the surface is flattened due to adatom 

diffusion. 
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Figure 4.3  Schematic illustration of QD capped at low temperature.  (a) A free-

standing InAs QD.  (b) The QD collapses during capping with thin 

GaAs.  The indium atoms detach from the QD and diffuse to intermix 

with GaAs on the flat GaAs surface.  Due to less intermixing with the 

low temperature capping, the indium compositional profile induces 

non-preferential growth on the top of the QD (c).  The effects of the 

compositional profile are less pronounced for thick capping layer 

thicknesses (d) and (e). (Kiravittaya, 2002) 

 

Moreover, Wang et al. (2001) have studied the redistribution of partially 

covered InAs islands into a second fractional wetting layer.  Their study is based on a 

thermodynamic equilibrium consideration.  The total energy (Etot) is calculated by 

decomposing it into contributions from elastic strain of the pseudomorphic island and 

the surrounding substrate and capping layer, Eelast; from the surface energy of the 

facets of the island and the interior walls of the holes, Esurf, and from the second 

wetting layer, Ewl; 

 

                                                wlsurfelasttot EEEE ++=                                           (4.1) 

 

 The energetic of the transformation process from three-dimensional clusters to 

a wetting film of InAs is determined by both the elastic energy relief and the changes 

of the surface energy.  The material gradually diffuses away from the island via 

surface diffusion and forms a homogeneous wetting layer with increasing thickness 

on the GaAs capping layer.  Contributions to the energetic that drives the 

transformation process come from the elastic energy relief, as well as from changes in 

the surface and interface energy. 
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Figure 4.4  (a)-(e) Schematic of the transformation from a large InAs island 

partially overgrown by a GaAs capping layer to a hole in five steps. (f) 

The energetics in the case of a density of partially covered three-

dimensional islands with a density of 4.4×109 cm−2.  The calculated 

total energy (solid line) and its contributions (dashed lines) for the 

various stages of island dissolution are shown. (g) The energetics for a 

density of 4.4×109 cm−2 (solid lines) compared with those for a density 

of 1010 cm−2 (dashed lines). (Wang et al., 2001) 

 

 Assuming the top of the island levels off (figure 4.4(b)), a truncated top 

surface with {001} orientation are forms before the deposition of the capping layer.  

In the next step as shown in figure 4.4(c), a crater is formed inside the island.  In 
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figure 4.4(d), the hole formation process may end with a partially filled hole, or with 

the complete removal of the island material, apart from a thin wetting layer covering 

the interior walls of the hole as illustrated in figure 4.4(e).  The overhanging walls in 

figure 4.4(d) and 4.4(e) are motivated by the experimental observation that the orifice 

of the holes is typically narrower when the capping layer growth is interrupted at a 

small layer thickness.  The choice of the chemical potential which corresponds to the 

reported growth condition of the wetting layer of the InAs from the partially covered 

islands takes place.  This is mainly driven by the lowering of the surface energy. 

 The influence of the GaAs cap layer on the In atom detachment from InAs 

QDs can be described by a position-dependent surface chemical potential.  The 

modified chemical potential, μ, of In atoms can be written as (Ledentsov et al., 1996) 

 

                              
a

InIn )()()(E)( s0
rrrr ϑζκγμμ Ω

−Ω+Ω+=                               (4. 2) 

 

where In
0μ is the chemical potential of In adatoms on an unstressed surface. The 

second term describes the contribution of the surface elastic energy, )(s rE , to the 

chemical potential, with Ω  being the atomic volume.  The third term is the surface 

energy contribution, where γ  is the surface energy per unit area and )(rκ is the 

surface curvature.  The last term modifies the chemical potential due to a wetting 

process, where ζ is the energy benefit due to the formation of a second wetting layer 

on the GaAs cap layer, a is the lattice parameter, and 1)( =rϑ  on the GaAs surface 

and 0)( =rϑ on the InAs surface. By the calculation of the total free energy of 

partially capped InAs dots with GaAs, this concept reveals the cause of the reduction 

of the total free energy from the redistribution of InAs to form the second wetting 

layer (Wang et al., 2001). 
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Figure 4.5  Schematic illustrations of the term 
a

E )()(s
rr ϑζΩ

−Ω  for (a) free-

standing (b) partially capped InAs QDs with thin GaAs. (c) The 

chemical potential of Ga atoms during the overgrowth process. 

(Songmuang, 2003) 

 

 Due to the wetting process on the chemical potential the effects of the cap 

layer on the elastic energy and the energy benefit are considered.  
a

)()(Es
rr ϑζΩ

−Ω  

is a free-standing InAs QD on an InAs wetting layer.  The 0)( =rϑ  at every position 

and only the term )(Es rΩ  needs to be considered.  Strain energy at the QD edge is 

higher due to the elastic relaxation of the QD, as shown in figure 4.5(a).  Figure 4.5(b) 

shows the overgrown InAs QDs with a thin GaAs layer.  By the surrounding GaAs, 

the lower part of the dot becomes more compressed.  Consequently, it increases the 

surface elastic energy that can cause In atom detachment. (Barabási, 1997)  Then, the 

surrounding GaAs layer induces the detached In atoms to cover the thin GaAs cap 

layer surface.  Therefore, the change of the elastic energy and the surface energy 

during the overgrowth process cause the dissolution and the collapse of InAs QDs.  

Moreover, due to strain and surface curvature, the gradient of the chemical potential 

can describe the preference of the deposited Ga atoms to migrate away from the top of 
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the dots.  As the top of the QDs is partially relaxed, the lattice mismatch between 

GaAs and InAs at top of QDs is higher than that of between GaAs and InAs at the 

wetting layer where InAs is compressed by the GaAs substrate.  Figure 4.5(c) shows 

the modified strain profile of the chemical potential of Ga adatoms on the surface 

which induces the migration from the top of the QDs to the wetting layer region.  

Therefore, it reduces the growth rate of GaAs at top of QD (Xie et al., 1994).  Hence, 

the collapse of the dot is resulted from In atoms migrating away from QDs plus the 

unfavorable growth of GaAs on top of the InAs QDs. 

 

4.2.2 Regrowth Process 

 

 After the camel-like nanostructures are formed, then 0.6 ML InAs QDs are 

grown at the same temperature (470°C).  The newly grown QDs nucleate and reside 

in the more energetically favorable nanoholes.  Each regrown QD takes place between 

two blades, which make it look like a propeller of an aircraft, so called nanopropeller-

like QDs, as shown in figure 4.6.  The propeller’s blades are oriented along the 

< 011 > crystallographic direction.  Moreover, due to the templating effect of the 

nanoholes, the regrown 0.6 ML QDs are more uniform than the freely grown QDs. 

 Despite the fact that the original QDs are formed randomly, the subsequent 

capping stage is well controlled with atomic layer precision.  At the regrown thickness 

of InAs is 0.6 ML, the RHEED pattern changes from streaky pattern to spotty pattern 

which is inferred the formation of QDs.  After a QD is partially capped with GaAs, In 

adatoms diffuse out of the islands to form the second wetting layer (Wang et al., 

2001), resulting in a smaller amount of InAs deposition during the regrowth process 

(0.6 ML) when compared with the amount of InAs grown on a flat surface (1.8 ML). 
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Figure 4.6  Planview (left) and oblique angle (right) AFM images of 

nanopropeller-like QDs. 

 

4.2.3 The regrowth thickness: the formation of quantum dot molecules 

 

The AFM images of regrown QDs (0.6 ML) look like nanopropellers, where 

the remains of the initial structure serve as the propellers’ blades on both sides as 

shown in figure 4.7(a). The dot density of nanopropeller QDs is 2.8×109 cm-2, which 

is nearly the same as that of initial as-grown QDs and camel-like nanostructures, i.e., 

2.0×109 cm-2. When the regrown QDs are 0.9 ML, they become bigger, exceeding the 

nanohole size. We begin to observe the creation of some satellite dots on both 

propellers’ edges. When the regrowth of QDs continues to 1.2 ML, new sets of QDs 

appear at the propellers’ edges, called quantum dot molecules (QDMs). The number 

of QDs increases to 10-12 dots surrounding the centered dots. The dot density of 

centered QDs at the regrown thicknesses of 0.9 ML and 1.2 ML are 2.5×109 cm-2 and 

2.4×109 cm-2, respectively. Therefore, we can conclude that the dot density of the 

centered dots does not change during our partial-capping and regrowth process. Due 

to time difference in dot formations, the center dots are bigger while the surrounding 

satellite dots are smaller. This is clearly seen in the AFM images for the 0.9-ML 

regrowth in figure 4.7(b). However, for the 1.2-ML regrowth in figure 4.7(c), the 

average sizes of the centered dots and the satellite dots are similar. This is probably 
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due to the saturation of the growth of center dots after which a proportionally greater 

numbers of atoms is incorporated into the satellite dots. 

  It is found that QDMs give a higher dot density due to increased number of 

satellite-dots.  The dot density in figure 4.7(c) is 3×1010 cm-2, which is an order of 

magnitude increase from 2×109 cm-2 in figure 4.7(a).   

 

 
 

Figure 4.7  AFM images of the samples with regrowth thickness of (a) 0.6 ML, (b) 

0.9 ML, (c) 1.2 ML, and (d) 1.5 ML. 

 

 The center dots in QDMs are bigger, due to their earlier dot formation.  The 

satellite dots surrounding the center dot appear at a later stage and lose their 

uniformity as a result.  The size distribution is determined by fitting the height 

histogram with a Gaussian function and measuring in terms of the FWHM.  The 

percentage value is calculated by normalizing the FWHM to the average QD height. 

  A comparison between dot uniformity of 0.6 ML and 1.2 ML regrown InAs 

QDs is shown in the dot height histograms in figure 4.8.  In the case of 1.2 ML InAs 

regrowth, the histograms of the center dots (figure 4.8 (b)) and of the satellited dots 

(figure 4.8 (c)) are separately shown for better analysis.  It is clear from the figures 

that the center dots are more uniform than the satellite dots.   

 



 

 

56 

 
 

Figure 4.8  Histograms of (a) nanopropeller type quantum dots, (b) QDMs (center 

dots), and (c) QDMs (satellited dots). 

 

The PL spectra of nanopropeller-like QDs (at 0.6 ML regrowth thickness), the 

beginning of formation of QDMs (at 0.9 ML regrowth thickness) and QDMs (at 1.2 

ML regrowth thickness) are measured at room temperature using a high power Ar+ 

laser (200 mW) as the excitation source.  In figure 4.9, the PL spectra of these four 

samples show the broadening of FWHMs from 24 meV to 31 meV to 46 meV and to 

50 meV when the nano-propeller QDs are transformed to QDMs at the regrowth 

thicknesses of 0.6, 0.9, 1.2 and 1.5 ML, respectively.  The shifting of PL peaks from 

1.07 eV to 1.06 eV to 1.05 and to 1.04 eV observed in figure 4.9 implies the 

formation of larger dots at increasing regrown thicknesses. 

The strain distribution in QD structure plays an important role for the 

formation of this structure.  The strain profile of a free-standing QD is originated from 

a mechanism called self-regulation process leading to the narrow size distribution of 

self-assembled QDs.  For the capping process, buried QDs cause the deformation of 

the matrix surround the QDs and produce the non-uniform strain distribution on the 

epitaxial surface.  With a partially capped layer, the strain modulation in the cap layer 

is responsible for the preferential nucleation of the QD in the regrowth layer at the 

place where the local minima of the strain energy locates.  There is evidence that the 
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strain profile after the capping process affects the position of QDs during the regrowth 

process. 

 
 

Figure 4.9  Room temperature PL spectra of QDs regrown on the nanoholes 

template where the regrown thicknesses are 0.6, 0.9, 1.2 and 1.5 ML.  

 

The formation mechanism of the satellite dots can be described by two strain 

related effects with difference in the stressed system. (Barabási et al., 1997) 

(1) Strain lowers the energy barrier for diffusion; making diffusive hops more 

probable.  As shown in figure 4.5 (b), it means that if atoms are deposited near 

the dot, strain bases their other random motion, generating a net surface 

current )(xj μ−∇= , where )(xμ  is the local chemical potential.  The only 

contribution to the current comes from the position dependence of the strain 

energy.  Therefore, the strain field around dot generates a net current of 

adatoms away from the island. 
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(2) For large dot size, the strain energy at the edge becomes comparable to the 

bonding energy of the edge atom, enhancing its detachment.  This leads to a 

gradual dissolution of the island. 

 

The simultaneous action of (1) and (2) gives rise to a kinetic mechanism 

stabilizing the dot size.  As QDs grow, a strain field develops that helps to dissolute 

the edge atoms (effect (1)).  In addition, the further deposited atoms also diffuse away 

from the larger dots (effect (2)).  These combined effects the slow growth rate of large 

dots and increase the adatom density away from them, therefore, enhancing the 

nucleation of news dots.  The newly nucleated dots are small with strain around them.  

Hence, they are formed at a much faster rate than the larger one.  This eventually 

leads to a narrow island size distribution (size uniformity) in the system. 

Therefore, it is ascribed that increasing in regrown coverage contributes to an 

increase in the dot density, and much less to the further increase in the size of the 

existing islands, as inferred in histogram in figure 4.8. 

 

4.2.4 Capped temperature: controlled the number of QDs in QDMs 

 

During the partial GaAs capping of InAs QDs, if the capping temperature (Tc) 

is varied, the length of the nanopropellers can be controlled. The lowering of the 

capping temperature, the shorter the propellers’ span.  Consequently, the smaller the 

number of QDs per QDM after regrowth. Figures 4.10(a), (b) and (c) are the AFM 

images of nanopropeller QDs and QDMs grown on nanoholes templates obtained 

from partial capping the as-grown InAs QDs with GaAs layer at 470°C, 450°C and 

430°C, respectively at a regrowth thickness of 0.6 ML. 

At 470°C capping temperature, the typical number of QDs per QDM is 10-12 

due to the relatively long span of the propeller blades of 275 nm, as shown in figure 

10(g). When the capping temperature is reduced to 450°C, the number of QDs per 

QDM reduces to 6-7 (figure 10(e)) with the shorter span of 215 nm in figure 10(h).  

Our target of 4-5 dots per QDM is achieved at the capping temperature of 430°C (in 

figure 10(f)) where the blades’ span is approximately 150 nm, as illustrated in figure 
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10(i).  The shorter span at lower capping temperature is expected due to lower atomic 

mobility.  

 The correlation between the number of QDs per QDM and the length of the 

propellers’ span is evident: as the span is shortened from 300 nm (Tc = 470°C) to 150 

nm (Tc = 430°C), the average number of QDs per QDM decreases from 10-12 to 4-5.  

The locations of the four satellite dots surrounding the center dots as seen in figure 

4.10(c) are not rectangular, but rhombic. We believe that the anisotropic strain fields 

along the blades’ boundary play a major role in determining the nucleation sites.  It is 

also attributed that due to lowering the substrate temperature, In and Ga adatom 

diffusion lengths are reduced.  Therefore, the blades of nanopropellers are shortened 

leading to smaller QDs per QDMs.    

 

 
 

Figure 4.10  AFM images of nanopropeller QDs (a)-(c) at the regrowth thickness of 

0.6 ML with their span lengths of the propeller blades (g)-(i) and 

QDMs (d)-(f) with the regrowth thickness of 1.2 ML at the capping 

temperature of 470°C, 450°C and 430°C, respectively.    
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 4.2.5 Regrowth temperature 

 

In order to understand the formation mechanism of QDMs, we conduct 

another well-defined experiment at the lowest capping temperature of 430°C. After 

the deposition of 6 ML of GaAs capping layer at 430°C, the regrowth process is 

started by ramping up the temperature to 500°C within 2 minutes while the In shutter 

is open under an As4 pressure of 8x10-6 torr. The process results in the formation of 

nanopropeller QDs at the beginning phases whereby satellited QDs are nucleating and 

growing along the propeller blades.  The formation of satellite dots is investigated by 

studying the evolution of QDMs via a set of AFM images taken at different locations 

on the same sample. The different locations have been carefully selected to show the 

different stages of QD formation.  When the regrowth temperature increases from 430 

°C to 500 °C, the blades of the nanopropellers are longer because the increased 

thermal energy results in more adatoms movement. After the nanopropeller is formed, 

the rest of InAs will attach to the sides of the blade, particularly at the blade’s 

boundaries. This gives rise to the first nucleation sites, when the thickness of InAs 

reached the critical thickness, and the QDM’s rhombus configuration results from the 

asymmetrical strain fields along the < 011 > directions, as shown in figure 4.11.  

Figure 4.12 shows a histogram of the number of QDs per QDMs in this sample with 

an average number of 2-3 dots per molecule. 

 

 
 

Figure 4.11  AFM image of showing the evolution of self-assembled lateral QDM. 
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4.2.6 Multi-cycles of partial-capping-and-regrowth technique 

 

Multi-cycles of the partial-capping-and-regrowth process of QDs is another 

way to fabricate self-assembled, aligned QDs.  In addition, improved dot alignment 

up to a certain number of growth cycles has been investigated. 

After the InAs QDs have been formed, the substrate temperature is ramped 

down to 470°C in order to cap the InAs QDs with 6 ML of GaAs.  Then, InAs QDs 

are regrown at the same temperature with a thickness of 0.6 ML.  This is a cycle for 

partial-capping-and-regrowth technique.  The next cycle is started by partially 

capping with 6 ML of GaAs and subsequently, regrown with InAs QDs.  In order to 

observe the evolution of QD alignment, we repeat our partial-capping-and-regrowth 

process for 1, 3, 5, 7 and 10 cycles using different samples, and the surface 

morphologies are compared.  

 

 
 

Figure 4.12  Histogram of the number of QDs per molecule when increasing the 

growth temperature from 430 °C to 500 °C during the regrowth 

process. 
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Figures 4.13 (a), (b), (c), (d) and (e) are the AFM images of regrown QDs at 1, 

3, 5, 7 and 10 cycles of the partial-capping-and-regrowth process, respectively. A 

typical span of a nanopropeller QD, as shown in figure 4.13 (a), is 275 nm.  When 

repeating the process for 3 cycles, nanopropeller QDs are linked along the < 011 > 

crystallographic direction, as shown in figure 4.13(b).  However, as the partial-

capping-and-regrowth process is repeated for 5 cycles, adjacent nanopropellers along 

the < 011 > direction start to merge, resulting in nanopropeller QDs with broad 

shoulders both along and across the < 011 > crystallographic directions, as shown in 

figure 4.13(c).  At 7 cycles of partial-capping-and-regrowth, the underlying template 

is reshaped into a highly strained, elongated nanostructure because of the increasing 

volume of strained semiconducting materials.  We find that at 7 cycles of partial-

capping-and-regrowth of QDs, the best alignment of QDs is achieved. We attribute 

the result to the long range and the high percentage of strain at the center of the 

elongated nanostructures, as shown in figure 4.13(d).  When we repeat the partial-

capping-and-regrowth process beyond 7 cycles, QDs begin to lose their alignment.  At 

10 cycles, the QDs become random again due to the expansion of the nanopropellers 

in the < 011 > and <110> crystallographic directions, as shown in figure 4.13(e). 

Despite the randomness of the 10-cycled sample, it is important to note that the dot 

density is 8×109 cm-2, which is much higher than those obtained from the as-grown 

QD layer.  This high dot density provides a stronger PL signal than that of the initial 

QDs, as shown in figure 4.14.  However, there is a small blue shift, indicating smaller 

dots, and the broadened FWHM of 61.6 meV reflects worsened dot uniformity.  

 As described in chapter 2, the regrowth process can be explained as growth of 

stacking QDs.  Nanostructures in the first set produce a tensile stress in the GaAs 

above the nanostrucutres (region I in figure 2.10 in chapter 2), whereas, the region 

without nanostructures has little or no stress (region II).  Then, the In atoms impinging 

in region I would be driven by the strain field to accumulate on top of the lower 

nanostructures, where they can also achieve a lower thermodynamic state energically 

due to lower lattice mismatch of InAs with GaAs in tension. 
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Figure 4.13  The AFM images of regrown QDs by multi-cycle of thin-capping-and-

regrowth MBE process at (a) 1 (b) 3 (c) 5 (d) 7 and (e) 10 cycles, 

respectively. 
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Figure 4.14  Room temperature PL spectra of QDs grown by 1, 3, 7 and 10 cycles. 

 

It is important to note that the mechanism of QD alignment in this approach is 

not associated with the formation of misfit dislocations, different from QD alignment 

achieved on a strain-relaxed GaAs/InGaAs/GaAs layer. 

Using the partial-capping-and-regrowth process, a single QD can be 

transformed into a QD set called QDM, as shown in figure 4.15 (a) and (b), 

respectively.  Consequently, aligned QDs can be transformed into aligned QDMs via 

the same growth technique.  We have demonstrated aligned QDMs (figure 4.15(c)) 

which result from the overlapping of dot sets (figure 4.15(d)). 
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Figure 4.15  QDM (b) originated from as-grown QD (a) by the partial-capping-and-

regrowth MBE process.  Aligned QDMs (d) are grown from aligned 

QDs (c) using the partial-capping-and-regrowth process. 

 

4.2.7 Self-assembled elongated nanostructure 

 

 After partial capping with 6 ML of GaAs at the temperature of 470°C with the 

As4 flux of 8×10-6 Torr, the growth temperature was then ramped up to 550°C while 

the arsenic pressure was reduced to 4×10-6 Torr.  Then, the sample was annealed for 

30 seconds at 550°C.  We found that the self-aligned and reshaped QDs were 

transformed to elongated nanostructures, as illustrated in figure 4.16.  However, in 

order to create a better and more uniform elongated nanostructure, after the partial 

capping layer of 6 ML GaAs which leads to the formation of template nanoholes, a 

regrowth of another InAs QDs was conducted for 1 minute until the RHEED pattern 
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started to become spotty.  These regrown QDs were found to be situated on 

nanoholes.  The critical thickness of templated QD formation is only 0.6 ML 

compared to 1.8 ML of freely grown QDs, due to the increasing strain field at the 

nanoholes.  The templated QDs were capped by another 6 ML of GaAs layer.  The 

final step was annealing at a temperature of 500°C for 20 seconds.  It is revealed that 

some nanopropeller structures linked with one another into longer chains aligned 

along the < 011 > crystallographic direction. Therefore, after the partial capping of 

nanopropeller-type QDs and then annealing, the longer and uniform elongated 

nanostructures are realized, as shown in figure 4.17.  The RHEED pattern at this final 

stage shows blurred steaky displays.  Figure 4.18 (a), (b), (c), and (d) are RHEED and 

AFM images at each growth step starting from self-assembled QDs, partial capping of 

GaAs leading to camel-like structure with nanoholes, regrown QDs of 

“nanopropeller”, and elongated nanostructure after annealing. 

 

 
 

Figure 4.16  AFM images of inhomogeneously self-assembled InAs nanostructure. 

 

  The RHEED pattern indicates that the formation of QDs in the second layer 

occurs earlier than in the first layer.  The material in the second layer is directed to 

local minima of lattice mismatch, which results in a smaller wetting layer (0.6 ML) 

for the formation of the second layer of QDs. (Schmidt et al., 1999) 

  The strain fields created by the small islands are overwhelmed by the strain 

from the neighboring large islands, leading to an annihilation of small islands in the 
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subsequent layer.  This sequence is then repeated for each successive layer, and island 

spacing and size become progressively more uniform.  The explanation for the 

observed anisotropic lateral alignment is the anisotropic surface kinetics that occurs 

during GaAs capping of InAs QDs. (Wang et al., 2004) 

 

 
 

Figure 4.17  AFM images of uniformly self-assembled InAs nanostructure with an 

average length of 0.5 μm. 

 

 
 

Figure 4.18  RHEED and AFM images at different growth steps. 
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The anisotropy of In and Ga surface diffusion during capping of QDs is 

further enhanced by the asymmetry of the QD shape.  In particular, the surrounding of 

the buried (In,Ga)As QDs being an In-rich band along < 011 > was observed as a 

result of the redistribution of In due to the high anisotropy of its diffusion 

characteristics.  Especially, when the substrate temperature is increased, the In adatom 

diffusion is longer leading to the formation of elongated nanostructure.  The elongated 

In-rich band in turn produces an anisotropic strain field in the spacer layer, which 

enhances nucleation as a template for aligned QDs in the following layer along that 

specific direction.   

 Schematic diagrams of transformation mechanism from self-assembled QDs to 

self-assembled elongated nanostructure are displayed in figure 4.19 for better 

illustration.  The elongated nanostructures or pseudo-quantum wires will have various 

applications, in particular their polarized nature.  However, their basic optical and 

electronic properties are needed to be well understood for engineering design. 

 

 
 

Figure 4.19  The transformation from self-assembled quantum dots to self-

assembled elongated nanostructure through thin capping, regrowth of 

quantum dots on templated nanoholes and annealing process. 

 

4.2.8 Modified growth technique for high dot density 

 

High dot density is a crucial property that is required for fabricating QD solar 

cells.  Hence, in this topic, the growth condition to get high dot density has been 

investigated.  During the growth process of QDMs, when we increase the InAs 
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thickness from 1.2 ML to 1.5 ML, the number of QDs increases as they begin to cover 

the whole surface of the sample.  We also repeat the partial capping and regrowth 

process for 5 cycles with regrowth thicknesses of 0.6 ML in the first 4 cycles and 1.5 

ML in the last cycle. High dot density covering the whole surface is obtained as 

shown in figure 4.20.  The dot density is now higher than 6×1010 cm-2.  PL data of this 

sample is also shown in figure 4.21.  The PL peak is shifted to 1.04 eV with a broad 

FWHM of 50 meV. 

 

 
 

Figure 4.20  AFM image of high dot density QDMs grown by 5 cycles of thin-

capping-and-regrowth process with regrowth thickness of 0.6 ML in 

the first 4 cycles and 1.5 ML in the last cycle. 
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Figure 4.21  PL spectrum of high dot density QDMs from modified growth 

technique.



 

CHAPTER V 

 

PARTIAL-CAPPING-AND-REGROWTH TECHNIQUE WITH 

GAS-SOURCE MOLECULAR BEAM EPITAXY 

 
 

There is significant interest in quantum information processing using QDs. 

The key building block of a quantum processor is a quantum gate, which is used to 

entangle the states of two quantum bits (qubits). Quantum gates have been realized 

using, e.g., ions in traps and nuclear spins in molecules.  Recently, a pair of aligned 

semiconductor QDs has been used as an optically driven quantum gate.  In vertically 

coupled QDs, the upper self-assembled QDs are formed on top of the lower self-

assembled QDs due to the strain field around the lower QDs.  The vertical separation 

between the upper and the lower QDs controls the degree of coupling.  In principle, 

however, laterally coupled QDs are preferred because they allow a large number of 

quantum gates in a two-dimensional array on the surface.  An electric field applied 

between the two QDs can localize individual carriers on the left dot (index zero) or 

the right dot (index one). The two different dot indices play the same role as the two 

states of a “spin” (a qubit) and are referred to as “isospin”. When the electric field is 

turned off, the quantum mechanical tunneling rotates the “isospin” leading to the 

superposition of two QD states. The quantum gate is built when two different 

particles, an electron and a hole, are created optically. In the presence of the electric 

field, the particles are localized on opposite dots.  

In this chapter, the formation of InAs double quantum dots (DQDs) is 

achieved on a GaAs substrate by gas-source MBE under As2 overpressure using the 

partial-capping-and-regrowth technique.  Morphological studies by AFM and 

temperature dependence of DQD optical properties are investigated.  
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5.1 Double QDs 

 

The growth process with the gas-source MBE system uses the same procedure 

as with the solid-source MBE system except the type of arsenic source used, arsine, 

which produces As2 and hydrogen gas.  Under As2 overpressure and deposition of 1.8 

ML amount of InAs, QDs are formed randomly on the surface at a temperature of 

500°C.  Then, the substrate temperature is ramped down to 470°C and InAs QDs are 

capped partially with a 6 ML-thick GaAs layer. When 0.6-ML-thick InAs is 

deposited, DQDs are formed on the partially covered InAs QDs.  Then a 150-nm thick 

GaAs buffer layer is grown and the partial-capping-and-regrowth process is repeated 

once more.  The dot formation is monitored in-situ by reflection high-energy-electron 

diffraction (RHEED).   

Figures 5.1(a) and (b) show AFM images of as-grown QDs at a coverage of 

1.8 ML and DQDs, respectively.  DQDs are oriented along the < 011 > 

crystallographic direction.  The dot density of as-grown QDs is 6 × 109 cm-2, whereas 

the total QD density in the DQD sample is 1.1 × 1010 cm-2, consisting of 9.4 × 109 

QDs cm-2 from 4.7 × 109 DQDs cm-2, and 1.9 × 109 QDs cm-2.    Each as-grown QD is 

transformed into a quantum ring (QR) after the partial-capping process, as shown in 

figure 5.1(c).  Then, QRs become DQDs after redepositing InAs.  The DQD density 

is, however, lower due to merging of some DQDs into single dots.  Figures 5.1(d) and 

(e) show an AFM image and a dot height histogram obtained from the AFM image of 

the DQD sample, respectively.  Note that the QDs in the DQD sample are largely 

comprised of smaller dots than as-grown QDs.  The histogram in figure 5.2 shows the 

center-to-center separation of DQDs, and it is fitted with a Gaussian distribution with 

an average separation of 22 nm.  This relatively large separation shows that the PL 

observed from DQDs, shown below, is from individual QDs in the DQDs.  
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Figure 5.1  (a) AFM image and (b) dot height histogram with Gaussian fit of as-

grown QDs; (c) AFM image of QRs, (d) and AFM image and (e) dot 

height histogram with a Gaussian fit of DQDs. 
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Figure 5.2  Center-to-center width histogram of DQDs with Gaussian fit. 

 

5.1.1 Optical properties of DQDs 

 

Figure 5.3 shows PL spectra of as-grown QDs and DQDs at 9 K with 

excitation power density ranging from 0.13 to 8 kW/cm2.  The highest peaks of as-

grown QDs and DQDs spectra are at 1.08 and 1.195 eV with FWHM of 28 and 60 

meV, respectively.  The spectrum of the DQDs can be described by two Gaussian 

curves composed of a higher peak at 1.19 eV and a smaller peak at 1.128 eV.  These 

results confirm the bimodal distribution of dot heights.  The PL spectra are 

normalized to the highest peak.  As the incident excitation power increases, the higher 

energy PL peak of the as-grown QD sample increases relative to the lower-energy PL 

peak. The low energy peak is saturated when the laser excitation increases.  This 

indicates that the lower-energy peak PL is from ground-state transitions and the 

higher energy peak is from the first excited states.   On the other hand, the relative 

intensity of the two peaks in DQDs PL remains the same with increasing incident 

excitation power, indicating that these two peaks are from ground-state transition 

from QDs with different dot sizes, as shown in figure 5.1(e). 
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Figure 5.3  PL spectra of as-grown QDs and DQDs at 9 K.  The dotted curves for 

DQDS are the Gaussian components. 

 

Despite a higher dot density, the PL intensity of DQDs is lower than that of 

QDs.  It is attributed to defects such as nanovoids, as shown by “A” in figure 5.1(d), 

which could affect the optical efficiency due to nonradiative recombination. 

Temperature-dependent PL data from 9 to 290 K are also obtained while the 

incident excitation intensity is held constant at 10 kW/cm2.  Figure 5.4 shows the 

temperature dependence of the peak emission energy, which can be fitted by the 

Varshni model. (Varshni, 1967) 

                              
β

α
+
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TETE
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0)(                     (5.1) 

                                

where )(TE  and 0E  are the peak energies at T and 0 K, respectively, and α and β are 

constants.  The variation of the peak emission energy with temperature can be 

attributed to the effect of dilation of lattice and electron-lattice interaction.  The solid 

line in Figure 5.4 is the Varshni equation with E0 = 1.083 eV for as-grown QDs and 

1.198 eV for DQDs, α = 3.16 ×10-4 eV/K and β = 93 K for both as-grown QDs and 
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DQDs. The α and β values agree with those of InAs. (Varshni, 1967)  The maximum 

red shift of 23 meV in the DQD curve from the Varshni equation is probably due to 

transfer from smaller dot family (higher energy) to larger dot family (lower energy) 

within the QDs of the DQD family, but not to the much larger dots in figure 5.3, 

where the energy difference is much larger, ~80 meV. (Polimeni  et al., 1999; Mi and 

Bhattacharya, 2005) 

 
 

Figure 5.4  The temperature dependent peak emission energy of as-grown QDs 

and DQDs.  The solid lines are calculations from the Varshni equation. 

 

Figure 5.5 shows the PL intensity of as-grown QDs and DQDs versus inverse 

temperature.  As the measurement temperature increases from 9 K, the PL intensity of 

DQDs remains constant up to 100 K and then rapidly quenches.  The solid lines are 

fitted with an assumption of two thermally activated processes with equation (5.2). 

(Lambkin et al., 1994; Nishikawa et al., 2004)   
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where )(TI  and )0(I  are the PL intensity at T and 0 K, respectively; A and B are 

constants; Ea and Eb are thermal activation energies.  Activation energy Ea, derived 

from the slope of the straight-line portion (150-300K) of the curves, is 45 and 128 

meV for as-grown QDs and DQDs, respectively. The smaller energy Eb is ascribed to 

 
 

Figure 5.5  The temperature dependence of PL intensity of as-grown QDs and 

DQDs. 

 

trapped excitons or carriers thermalizing from localized regions resulting from 

potentials fluctuations due to size distribution of QDs.  The larger energy of Ea 

corresponds to the difference in energy between the ground state and the wetting layer 

if there are no localized states.  Ea for DQDs then is expected to be smaller than Ea for 

as-grown QDs because of smaller dot size.  Our results are contrary to this 

expectation, indicating the existence of non-radiative recombination centers in DQDs 

between the QD energy level and the wetting layer energy level. 

Since DQDs are grown at relatively lower temperature, rapid thermal 

annealing (RTA) is used to improve the material quality.  The effect of postgrowth 

RTA, in nitrogen ambient at temperature of 650-850°C for 30s, on the optical 
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properties of DQDs is investigated. Temperature dependent PL data are measured 

from 9 to 290 K using 50 mW incident excitation of a solid-state 532 nm laser.  The 

peak emission energy of as-grown DQDs is fitted by the Varshni equation, and the 

parameters match those of InAs. For samples annealed at 750 and 850°C, the values 

are in the range between those of InAs and GaAs due to inter-diffusion between Ga 

and In during the annealing process, as shown in table 4.1. 

 

samples 

 

parameters 

 

InAs 

 

GaAs 

DQDs 

as-

grown 

DQDs 

annealed 

650°C 

DQDs 

annealed 

750°C 

DQDs 

annealed 

850°C 

α (×104 eV/K) 3.16 8.87 3.16 3.60 4.35 6.82 

β (K) 93 572 93 150 280 420 

 

Table 5.1  The parameters from Vashni equation of as-grown DQDs and annealed 

DQDs at 650°C, 750°C and 850°C comparing with InAs and GaAs. 

 

 When the measurement temperature is lower than 140 K, the PL FWHM are 

measured to be 42 and 30 meV for RTA samples annealed at 750 and 850°C, 

respectively. These values are smaller than that of as-grown DQDs (60 meV) 

indicating better size homogeneity by the annealing effect. 

The intensity of PL line shape is fitted with exponentials with activation 

energy Ea and Eb, corresponding to potential fluctuations and deep nonradiative 

centers, respectively. For the annealed samples at 750°C, Ea and Eb are 25 and 81 

meV. These values are also smaller than those of as-grown DQD sample (25 and 128 

meV respectively) indicating that RTA can improve the DQD material quality. 

In addition, DQDs tend to align along [ 011 ] crystallographic direction.  

Therefore, polarized PL measurement is investigated at 9 K along [ 011 ] and [110] 

crystallographic directions to determine the linear polarization degree (PD), which is 

attributed mainly to dot shape anisotropy.  The polarization degree can be calculated 

by 
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=                                              (5.3) 

 

The PDs of PL emission of as-grown QDs and DQDs are 19% and 8%, 

respectively.  The polarization is attribution mainly to dot shape anisotropy, indicating 

QDs in DQDs have less size dispersion than QDs.  When considering on annealed 

DQDs samples, the PD of these samples are 2% smaller, indicating not much change 

in dot shape anisotropy. 

 

5.2 The formation of QD rings 

 

By increasing the substrate temperature to 520oC during redeposition of InAs 

in solids-source MBE, the morphology becomes more like as-grown QDs because of 

longer surface migration length of In adatoms at higher temperature. On the other 

hand, in gas-source MBE self-assembled QRs are transformed to QD-rings, as shown 

in figure 5.6.  The distribution of the number of dots per ring is shown in figure 5.7.  

There are largely comprised of big single QDs.  In case of QD ring, there are around 

4-6 dots per ring.  For the formation of QD rings, this is probably because of the 

shorter In migration length under As2 than under As4 overpressure and higher In 

concentration. Therefore, larger strain is created on the rim of the QRs than the 

surrounding area.  With redeposition of InAs at high growth temperature, QDs are 

formed along the rim of QRs. Although the QD-rings are not yet uniformly 

controlled, these nanostructures are very interesting from the fundamental physics 

point of view.  
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Figure 5.6  Planview (a) and oblique view (b) AFM image of a QD ring.   

 

 
 

Figure 5.7  The histogram of number of dots per ring. 

 

 

 



 

CHAPTER VI 

 

COMPARISON OF NANOSTRUCTURES GROWN BY SOLID-

SOURCE MBE AND GAS-SOURCE MBE 

 
 

Surface morphologies of self-assembled (Ga)InAs nanostructures grown by a 

partial-capping-and-regrowth technique using gas-source MBE and solid-source MBE 

are compared. With solid-source MBE under an As4 ambient, as-grown QDs change 

to a camel-like nanostructure after being partially overgrown with GaAs. When 

additional InAs are deposited, QDMs are created. In comparison, with gas-source 

MBE under As2 overpressure, as-grown QDs are transformed into quantum rings after 

partial capping with GaAs and then, after regrowth, become double QDs. At higher 

regrowth temperature, QD rings are formed.   

Morphological surfaces and their structural properties of InAs QDs after the 

initial partial GaAs capping process grown on GaAs (001) have been reported by 

several groups.  The surface morphology after the capping process is affected by 

several parameters, such as the size of as-grown QDs affecting different initial strain 

conditions (Joyce et al., 2001) and different capping temperature affecting In-Ga 

intermixing. (Songmuang et al., 2003)  Granados et al. found that under As2 

overpressure, quantum rings (QRs) are formed (Granados et al., 2003), but under As4 

overpressure, camel-like nanostructures are obtained. 

In our work, we take one step further with redepositing InAs (regrowth) after 

partial GaAs capping. We found self-assembled lateral QDMs and we investigate the 

effect of arsenic species, i.e. As2 from gas-source MBE and As4 from solid-source 

MBE.  Dramatically different lateral QDMs are obtained. Morphological studies by 

AFM are presented and discussed.   

Figures 6.1 (a) – (d) show AFM images of as-grown QDs, camel-like 

nanostructures, nanopropeller-like nanostructures and QDMs grown under As4 

overpressure in solid-source MBE.  When InAs QDs are partially capped with GaAs, 

anisotropic strain fields modify the initial dots into camel-like nanostructures having 
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nanoholes on top.  After deposition of 0.6 ML amount of InAs, nanopropeller-like 

nanostructures are formed with two blades aligned along the < 011 > crystallographic 

direction.  When 1.2 ML amount of InAs is deposited, sets of QDs or QDMs are 

formed and are aligned along the < 011 > crystallographic direction. 

 According to Granados and Garcia, camel-like nanostructures or QRs form 

only on large QDs (dot height > 7 nm), which presumably are relaxed. (Granados et 

al., 2003) With partial covering of relaxed InAs QDs by GaAs, the stress produces 

enough strain energy that QDs undergo phase transition to become liquid and 

dewetting takes place.  InAs flows out of the center, resulting in a hole (depth ~ 0.7 

nm) at the center of the QD.  At the same time alloying with GaAs takes place.  

Because In adsorption on As-terminated steps (B steps), perpendicular to the < 011 > 

direction, is more than on cation-ion-terminated steps (A steps), perpendicular to the 

<110> direction, a camel-like nanostructure forms along the < 011 > direction.  This 

structural modification of as-grown QDs after GaAs thin capping (6 ML) at low 

temperature (470 oC) is confirmed by our experimental result as shown in figure 

6.1(b). 

In the regrowth process with SSMBE, InAs overfills the nanoholes on the 

camel-like nanostructures, leading to nanopropeller-like formation with two blades as 

displayed in figure 6.1(c).  This could be explained by the shallow hole depth (0.7 

nm) and less In-Ga intermixing at low growth temperature (470 oC).  Because of the 

longer migration length of In adatoms along the < 011 > direction and more step kinks 

on the blades, with further deposition of InAs up to 1.2 ML, QDs preferentially grow 

at these kinks, due to lower surface energy than on a flat surface.  Therefore, QDMs 

are formed with 10-12 dots per group as typically shown in figure 6.1(d).  The span of 

nanopropellers is a key parameter to control the number of dots per blade. Shorter 

span is realized by thin capping of as-grown QDs at lower temperature of 430°C.  We 

can reduce the number of dots per blade to 5-7.  
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Figure 6.1  AFM images of (a) as-grown QDs, (b) camel-like nanostructures, (c) 

nanopropeller-like QDs with the regrowth thickness of 0.6 ML and (d) 

QDMs with the regrowth thickness of 1.2 ML grown under As4 

overpressure in solid-source MBE. 

 

 Figures 6.2 (a) – (c) show AFM images of as-grown QDs, quantum rings and 

double quantum dots (DQDs) aligned along < 011 > under As2 overpressure in 

GSMBE.  Each as-grown QD is transformed into a quantum ring (QR) after partial-

capping with 6 ML GaAs. Typical QR having outer ring diameter of 120 nm and 

inner ring diameter of 40 nm is shown in figure 6.3(b).  When additional 0.6-ML 

amount of InAs is deposited, QRs are transformed into DQDs.  The total QD density 

in figure 6.2(c) is 1.1 × 1010 cm-2 consisting of 80% DQDs and 20% single dots, 

whereas the dot density of as-grown QDs is 6 × 109 cm-2 as originally shown in figure 

6.2(a).  The total QD density in the DQD sample is not completely twice of that in the 

as-grown QD sample due to merging of some DQDs into single dots. The merging 

DQDs are observed in some particular areas of figure 6.2(c) like at point A where 

initial merging starts, at point B where a DQD is merging into a single dot, and at 

point C where a completely merged QD is found.  Note that the DQDs are comprised 

of smaller dots (dot height ~ 4 nm), as compared to as-grown QDs (dot height ~ 12 

nm).  Typical DQD having good dot symmetry is selected and shown in the figure 

6.3(c). 

Offermans et al. show that under As2 overpressure, the QR structure with a 

hole depth of 1.2 nm has In-rich InxGa1-xAs regions around the rim in the < 011 > 

direction (Offermans et al., 2005), resulting in higher strain.  When 0.6 ML amount of 
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InAs is deposited uniformly on QRs, strain becomes higher at these particular parts of 

QRs along < 011 > crystallographic direction.  When the amount of deposited InAs is 

increased, the strain in these two regions relaxes, leading to the formation QDs, which  

become a QD pair or a DQD. This explanation of DQD formation is in agreement 

with our experimental result conducted in GSMBE where As2 is used as a group-V 

source. Because of the initial strain created  by thin capping layer, the amount of InAs 

material required for DQD formation on QRs is less (0.6 ML) than that required on a 

flat surface (1.8 ML).  This can explain why a DQD is composed of smaller dots 

than as-grown QD. The difference in QD size is clearly shown in the comparison of 

figure 6.3(a) and figure 6.3(c). 

We conclude here that different outcomes of modified QD structures, i.e. 

nanopropeller-QDs and DQDs, are obtained at the same regrowth InAs thickness of 

0.6 ML after GaAs thin capping at the same growth conditions in solid-source MBE 

and gas-source MBE, respectively.  The origin of the difference in these 

nanostructures is believed to be the effect of arsenic species, i.e. As4 in solid-source 

MBE and As2 in gas-source MBE. 

To confirm the crystal quality of these two different nanostructures, 

photoluminescence (PL) spectra at 9 K of QDRs , DQDs and nanopropeller QDs are 

presented in figure 6.4.  Narrow FWHM of the PL spectrum (25.4 meV) from the 

nanopropeller QD sample is measured.  This is due to the confinement of QDs in 

nanohole templates of camel-like nanostructures leading to higher dot uniformity than 

those in the DQD sample.  The PL shift to shorter wavelength of the DQD sample 

confirms that the QD size in DQDs is smaller than that of nanopropeller QDs. 
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Figure 6.2  AFM images of (a) as-grown QDs, (b) QRs and (c) DQDs with the 

regrowth thickness of 0.6 ML, grown under As2 overpressure in gas-

source MBE.  In case of DQDs sample (c), at point A where initial 

merging starts, at point B where a DQD is merging into a single dot, 

and at point C where a completely merged QD is obtained. 

 

 

 

 
 

Figure 6.3  Close-up AFM images of (a) an as-grown QD, (b) QR, (c) DQD, (d) 

initial merging of a DQD and (e) merging into single dot. 
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Figure 6.4  Photoluminescence spectra of nanopropeller QDs by solid-source 

MBE and QRs, DQDs by gas-source MBE at 9 K. 

 

 In conclusion, the Arsenic species are the crucial parameter to form different 

shapes of lateral QDMs in the partial-capping-and-regrowth process.  Under As4, the 

migration length of In adatoms is longer and anisotropic, leading to the formation of 

elongated camel-like nanostructures and nanopropellers with 10-12 QDs along 

< 011 > after partial capping and regrowth, respectively.  On the other hand, under 

As2, the migration length of In adatom is shorter than under As4. The nanostructures 

grown under As2 are less anisotropic than under As4, resulting in QRs after partial 

capping.  The surface migration of In adatoms, however, is anisotropic, leading to 

higher In concentrations on the two regions of the QR in the < 011 > direction.  With 
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redeposition of InAs, QDs are formed on these two regions, resulting in a DQD.  

Therefore, with the partial capping and regrowth technique, As2 and As4 result in very 

different (Ga)InAs nanostructures. 



 

CHAPTER VII 

 

CONCLUSIONS 

 

 
 This research work presents a fabrication process to realize the nanostructures 

such as quantum dots (QDs) and quantum dot molecules (QDMs).  Especially, this 

work emphasizes to use the partial-capping-and-regrowth technique to grow different 

nanostructures by molecular beam epitaxy (MBE). 

 This experiment starts with the investigation of the growth parameters and the 

structural and optical properties of InAs QDMs grown by solid-source MBE.  In the 

first process, self-assembled InAs QDs are grown on a flat GaAs surface using 

standard MBE procedure.  Randomly distributed QDs are obtained.  Then, we make 

use of partial capping over the QDs to produce an anisotropic strain field.  The strain 

field modifies the shape of QDs into nanohole templates for the regrowth of QDs.  

This nanohole template looks like a camel structure and tends to be aligned along the 

< 011 > crystallographic direction.  At a regrowth thickness of 0.6 ML, QDs are 

grown on the nanohole templates, resulting is propeller-like shape QDs.  This step has 

improved dot uniformity leading to narrow PL spectra.  With further deposition of 

InAs QDs, QDMs are formed.  The shoulder span of the nanoholes is a key parameter 

in controlling the number of dots per molecule.  At a capping temperature of 470°C, 

there are 10-12 dots per molecule.  QDMs with 4-5 dots per molecule are achieved 

when the short propeller blades are prepared at a capping temperature of 430°C.   

 By repeating this partial-capping-and-regrowth process several cycles, aligned 

QDs and QDMs can be formed.  In our specific growth condition, 7 cycles of thin-

capping-and-regrowth provides the best condition for QD alignment. We attribute this 

optimum condition to the pronounced strain field at the center of the underlying 

nanostructure template.  When the number of process cycles exceeds a critical value, 

random distribution of QDs again results, albeit with a higher dot density comparing 

to the initial QD layer. We also demonstrate that aligned QDMs can be obtained when 

aligned QDs are used as templates. 
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 Meanwhile, using partial-capping-and-regrowth technique grown by gas-

source MBE, self-assembled InAs lateral DQDs have been achieved under As2 

overpressure.  A Gaussian distribution fits dot height histograms from AFM images.  

The temperature dependence of PL is investigated.  The variation of the photon 

energy with temperature is tentatively attributed to size variation of QDs within the 

DQDs.  Temperature-dependent PL intensities indicate the existence of potential 

fluctuation due to QD size fluctuation and localized states in the wetting layer. 

 The different nanostructures between using solid-source MBE and gas-source 

MBE are discussed.  The arsenic species is a crucial parameter to form different 

shapes of lateral QDMs in the partial-capping-and-regrowth process.  Under As4, the 

migration length of In adatoms is longer and anisotropic, leading to the formation of 

elongated camel-like nanostructures and nanopropellers with 10-12 QDs along 

< 011 > after partial capping and regrowth, respectively.  On the other hand, under 

As2, the migration length of In adatom is shorter than under As4, and the 

nanostructures grown under As2 are less anisotropic than under As4, resulting in QRs 

after partial capping.  The surface migration of In adatoms, however, is anisotropic, 

leading to higher In concentrations on the two regions of the QR in the < 011 > 

direction.  With redeposition of InAs, QDs are formed on these two regions, resulting 

in a DQD.  Therefore, with the partial capping and regrowth technique, As2 and As4 

result in very different (Ga)InAs nanostructures and QDMs. 

 The different nanostructures grown by this self-assembly technique using 

partial-capping-and-regrowth would be useful in various nanoelectronic and 

nanophotonic applications, such as quantum computing, single electron devices, 

quantum dot lasers and detectors, and quantum dot solar cells. 
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