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The goal of the thesis was to study fundamental structural and optical properties of 

InAs islands and In(Ga)As quantum rings. The research was carried out at the 

Department of Micro and Nanosciences of Helsinki University of Technology. A good 

surface quality can be essential for the potential applications in optoelectronic devices. 

For such device applications it is usually necessary to control size, density and 

arrangement of the islands. 



 

 

In order to study the dependence of the structural properties of the islands and the 

quantum rings on growth conditions, atomic force microscope was used. Obtained 

results reveal that the size and the density of the In(Ga)As quantum rings strongly 

depend on the growth temperature, the annealing time and the thickness of the partial 

capping layer. From obtained results it is possible to conclude that to get round shape 

islands and high density one has to use growth temperature of 500  ̊C. In the case of 

formation of In(Ga)As quantum rings the effect of mobility anisotropy is observed that 

so the shape of the rings is not symmetric. To exclude this effect it is preferable to use 

a higher annealing temperature of 570 ̊C. 

 

 Optical properties were characterized by PL spectroscopy. PL emission was observed 

from buried InAs quantum dots and In(Ga)As quantum rings grown with different 

annealing time and temperature and covered with a various thickness of the partial 

capping layer. 
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1 I�TRODUCTIO� 

 

 

Low-dimensional systems have their electronic states quantized at least in one 

direction. In the case of charge carrier confinement in three directions one has the 

lowest dimensional structure called quantum dot. Fabrication of these zero-

dimensional systems is on the limit of the current lithography technology [1]. Thus, 

such quantum structures are often grown by molecular beam epitaxy or metalorganic 

vapor phase epitaxy. 

 

Consequently, self-assembled three-dimensional growth of InAs islands on (100)-

oriented substrates is under extensive investigation due to the superior optical and 

electronic properties of the structure [2, 3, 4, 5, 6, 7]. The deposition of InAs layer on 

GaAs starts by growing a two-dimensional (2D) wetting layer up to the critical 

thickness and after that strain-induced formation of three-dimensional (3D) islands 

occurs. 

 

With their specific features the buried InAs quantum dots and the In(Ga)As quantum 

rings have a great potential for fundamental research of the properties of zero-

dimensional systems and for advanced optoelectronic device applications. Latest 

publications report that it is possible to fabricate lasers based on InAs quantum dots 

that have an emitting wavelength of about 1.3 µm and a low threshold current density 

of about 111 A/cm2 [8]. In the recent issues it is reported that a laser with a wavelength 

of 1.5 µm can be fabricated using InAs quantum dots [9]. Such achievements make 

these low-dimensional structures to be of great interest due to their possible application 

in fiber optical communication systems. 

 

The objective of this thesis is to investigate the dependence of the buried InAs 

quantum dots and the In(Ga)As quantum rings on the parameters of the growth process 

and study the optical properties of these heterostructures. In accordance with the goal 

of the work, the structure of the thesis is the following: the most important properties 

of InAs and GaAs semiconductors are presented in chapter 2. Chapter 3 presents some 
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basic knowledge about the metalorganic apparatus and the surface reactions that take 

place during the growth process. Chapter 4 discusses self-organized systems with 

respect to the different modes of epitaxial growth and stability of the strained films. 

Two types of low dimensional structures, such as quantum dots and quantum rings, are 

reviewed. Chapter 5 is devoted to the methods and the techniques used in this work, i. 

e., atomic force microscopy (AFM) and photoluminescence (PL) spectroscopy. 

Chapter 6 summaries the observed structural and the optical properties of the InAs 

quantum dots and the In(GA)As quantum rings. 
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2 BASIC PROPERTIES OF GaAs A�D InAs SEMICO�DUCTORS 

 

Gallium arsenide and indium arsenide are III-V compound semiconductors with the In 

and Ga belonging to the third and As to the fifth column of the periodic table. In this 

chapter the linear properties of these bulk materials are described. 

 

 

 

2.1 Crystal structure 

 

GaAs and InAs are well known from X-ray diffraction studies to always have the zinc 

blende crystal structure (space group Td
2-F43m). The arrangement of atoms in the zinc 

blende structure is shown in Fig. 2.1. 

 

 

Figure 2.1. Conventional unit cell of the GaAs crystal lattice. 

 

GaAs has eight atoms of two different species in a unit cell. The structure consists of 

two face centered cubic lattices separated from each other along the [111] axis by a 

quarter of the diagonal length. The Ga atoms are at the positions (0, 0, 0), (0, ½, ½), 

(½, 0, ½), and (½, ½, 0), and the As atoms at (¼, ¼, ¼), (¼, ¾, ¾), (¾, ¼, ¾), and (¾, 

¾, ¼) [10, 11]. The lattice parameters are given in Table 2.1. 

 

 

Ga 

As 
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Table 2.1 The lattice properties of InAs and GaAs [12]. 

 

Compound Lattice constant a (Å) Linear thermal expansion coefficient ᾱ (K-1) 

InAs 6.0583 4.52×10-6 

GaAs 5.65325(2) 6.86(13)× 10-6 

 

 

 

2.2 Energy band structure 

 

As a result of the laws of quantum mechanics, electrons in isolated atoms can have 

only certain discrete energy values. As these isolated atoms are brought together to 

form a crystal, the electrons become restricted not to a single energy level, but rather to 

ranges of allowed energies, or bands called the valence band and the conduction band. 

These two bands are separated by an energy band gap, which is a very important 

characteristic of a semiconductor material [11]. 

 

 

 

2.2.1 Energy band structure of GaAs 

 

GaAs is a direct band gap semiconductor, which means that the minimum of the 

conduction band is directly above the maximum of the valence band (Fig. 2.2). 
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Figure 2.2 Energy band structure of GaAs obtained by a non-local pseudopotential 

calculation [12]. 

 

The lowest conduction band minimum situated at Г and also higher sets of minima at L 

and near X (about 10% away from zone boundary) are important for optical as well as 

transport properties. The valence band has common structure characteristics for all 

zinc blende III-V crystals [12]. 

 

Table 2.2 Measured values for the GaAs energy band gap [12]. 

 

Direct energy gap 

Eg,dir (Г8v – Г6c) (eV) 

Experimental 

method 
Reference 

1.428(2) Magnetooptics  [13] 

1.420(5) Photoreflection [14] 

1.424(1) 
Differentiated 

reflectivity 
[15] 
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2.2.2 Energy band structure of InAs 

 

InAs resembles InSb in its band structure, with InAs having only a slightly larger 

energy gap and smaller spin-orbit splitting of the top of the valence band. The 

conduction band minimum (Г6) is situated in the center of the Brillouin zone (Fig. 2.3). 

Near the minimum, E(k) is isotropic but non-parabolic. The valence band shows the 

usual structure common to all zinc blende type III-V compounds. 

 

Figure 2.2 Band structure obtained with non-local pseudopotential calculation [12]. 

 

Table 2.3 Measured values for the InAs energy band gap [1]. 

 

Direct energy gap 

Eg,dir (Г8v – Г6c) (eV) 

Experimental 

method 
Reference 

0.356(3) Magnetoabsorption [16] 

0.359(3) Magnetoabsorption [17] 
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2.3 Stress in thin films 

 

There are intrinsic and extrinsic stresses in thin films. The intrinsic stress originates 

from defects such as dislocations in the film. Extrinsic stress can be introduced into a 

thin film due to difference in thermal expansion between the film and its substrate, due 

to lattice misfit between the film and its substrate, or due to chemical reactions with its 

substrate when the intermetallic compound formed is coherent to the film but has a 

slight lattice misfit. 

 

 

 

2.3.1 Elastic behavior of the film 

 

A piece of solid is considered to be under stress when its atoms are displaced from 

their equilibrium positions by a force. The interatomic potential, the external force, and 

the sign of the force are shown schematically in Fig. 2.3 a to 2.3 c, respectively.  

The point Fmax corresponds to the dissociative distance rD. Fmax is the maximum tensile 

force needed to pull the solid apart, because the force needed to increase the 

interatomic distance beyond rD is less than Fmax. 

 

At the equilibrium position a0 the external force is zero, and the potential corresponds 

to the minimum potential energy ɛb between the atoms. With a small displacement in 

either direction from a0, the force is linearly proportional to the displacement. The 

elastic behavior is explained by Hooke’s law. Within the elastic region, the 

displacement disappears when the force is removed. Beyond the elastic limit, 

permanent deformation occurs [18]. 
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Figure 2.3 a) Interatomic potential function plotted against interatomic distance. The 

dotted curve shows the anharmonicity of atomic vibration. b) Applied force plotted 

against atomic displacement. c) The diretion and sign of the applied force by 

convection [18]. 
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2.3.2 Structure of lattice-mismatched system 

 

Heteroepitaxy refers to epitaxial growth of dissimilar materials on each other. The 

most common example in electronic thin film technology is the III-V system on GaAs. 

The requirement for lattice-matched epitaxy places severe restrictions on material 

combinations. A lattice-mismatched heterostructure can be represented by the 

schematic cross section shown in Fig. 2.4. 

 

 

 

Figure 2.4 Film and substrate are joined to form a lattice-mismatched heterostructure 

that is either strained or unstrained with misfit dislocations [18]. 

 

Both the substrate and the film are cubic, with the lattice constants as and af, 

respectively. The epitaxial layer is either strained or unstrained; the latter is usually 

called relaxed. Other phrases used to describe strained system are pseudomorphic (i. e., 

there is one-to-one correspondence between rows of atoms in the overlayer and those 

in the substrate) and commensurate (in the sense that atomic spacing of the overlayer is 

the same as that of the substrate). Due to the constraint on the in-plain lattice constant, 

the unit cell will distort as allowed by Poisson’s ratio, as illustrated in Fig. 2.5 for an 

A B 

B 
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epitaxial (epi) layer grown on the substrate. A cubic unit cell is distorted into a 

tetragonal cell. If the lattice constant of the layer material is smaller than that of the 

substrate, the cell must be stretched in the in-plane direction and its height will 

decrease.  

 

 

 

Figure 2.5 Atom positions for a strained layer on the thick substrate, illustrating the 

coherency of strain and the position effect for a commensurately grown layer [18]. 

 

The in-plane strain ɛII is defined as  

 

f

ff

II
a

aa
II
−

=ε ,                                                   (2.1) 

 

where 
IIfa  is the parallel-to-the interface or in-plane lattice constant of the deposited 

film material, and af is the lattice constant of the film material in the bulk or unstrained 

state. For pseudomorphic material 
IIfa = as  and the strain is equal to the lattice 

mismatch. The in-plane strain is often called the coherency strain. 

It is also possible to define the strain in the direction perpendicular to the interface  
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f

ff

a

aa −
=

⊥

⊥ε ,                                                  (2.2) 

 

where ⊥fa  is the lattice conctant perpendicular to the surface. In general ⊥fa ≠ 
IIfa . 

Since most semiconductor crystals are cubic in the bulk state, strained-layer epitaxy 

results in conversation to noncubic structure with a tetragonal cell. The tetrogonal 

distortion is defined as 

 

f

ff

T
a

aa
II

−
=

⊥
ε .                                               (2.3) 

 

The mismatch is taken up by defects, called misfit dislocations (Fig. 2.4). The misfit f 

between substrate and film is defined as 

 

s

fs

a

aa
f

−
= .                                               (2.4) 

 

The relaxed or unstrained layer system maintains its cubic symmetry. In many cases, a 

film/substrate is not totally strained or relaxed but may contain a partial complement of 

dislocations [18].  
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3 METALORGA�IC VAPOR PHASE EPITAXY 

 

The epitaxial structures used in this work were grown by metalorganic vapor phase 

epitaxy (MOVPE). In section 3.1 the main schematic presentation of the MOVPE 

apparatus is given and chapter 3.2 is outlines the principal features on the substrate 

surface during a MOVPE process. 

 

 

 

3.1 MOVPE apparatus  

 

MOVPE is a method of chemical vapor deposition for epitaxial growth of material 

utilizing the pyrolysis of metalorganic compounds. Heteroepitaxy refers to epitaxial 

growth of dissimilar materials on each other. The source materials, i.e., precursors, for 

the group-III and the group-V atoms are typically metalorganic and hydride 

compounds, respectively. 

 

Semiconductor structures that were investigated in this diploma thesis were grown by 

A. Aierken by using the MOVPE apparatus of Micro and Ninosciense Depertment at 

Helsinki University of Technology. The main parts of the system manufactured by 

Thomas Swan Ltd. are shown schematically in Fig. 3.1. The group-III sources 

materials are trimethylgallium (TMGa) and trimethylindium (TMIn). The typical 

group-V precursor, arsine, is substituted in this system by a less-toxic liquid 

metalorganic precursor, tertiarybutylarsine (TBAs).  
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Figure 3.1 Schematic representation of the MOVPE apparatus [19]. 

 

The source materials are held in steel bubblers located in temperature-controlled baths. 

The carrier gas flows through the bubbler and is saturated with the metalorganic 

compound. The concentration of the precursor in the gas is determined by the vapor 

pressure of the compound at the bath temperature and the flow rate is regulated by 

mass flow controllers (MFCs). The output flows from the bubbles are directed into the 

vent line, which bypasses the reactor. The growth is initiated when the precursor are 

switched to the reactor. The flows are combined and diluted further in separate 

injection manifold for the group-III and the group-V precursors until they are mixed 

immediately upstream from the susceptor, to reduce the probability of unwanted 

prereactions [19, 20]. 

 

In this work the highly mismatched system InAs/GaAs was investigated. The 

InAs/GaAs heterostructure has a lattice mismatch of 7.2% [21]. The 2D-3D 

transformation is possible to achieve in the growth mode during MOVPE process.   

 

 

 

 

 

 

carrier gas 

mixing substrate 

reactor 

to exhaust 

lamp 

susceptor 
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3.2 Surface reactions 

 

MOVPE growth is typically accomplished by the coreaction of reactive metal alkyls 

with a hydride of the nonmetal component. For the III-V compounds, it is possible to 

present a general overall reaction by 

 

MR3 (a metal alkyl) + XH3 = MX + 3RH,                               (3.1) 

where RH = CH3, C2H5, … 

 

The most common example of this reaction is the growth of GaAs: 

 

Ga(CH3)3 + AsH3 → GaAs + 3CH4                                 (3.2) 

 

A simplified schematic of processes that occur near the substrate surface is shown in 

Fig. 3.2.  

 

 

 

Figure 3.2 Surface reactions in MOVPE, showing transport through the boundary 

layer, surface reaction, and removal of reaction product [18]. 

 

Several steps should occur in order to epitaxial growth to proceed. Mass transport of 

the reactants to the growth surface, their reaction at or near the surface, incorporation 

of the new material into the growth front, and the removal of the products must all take 

place. The slowest step in this sequence will determine the growth rate [18].  
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4 SELF-ORGA�IZED QUA�TUM DOTS A�D QUA�TUM RI�GS 

 

Self-organized quantum dots and quantum rings are under great interest nowadays due 

to their potential application in modern optoelectronic devices. Section 4.1 presents 

morphological transition from 2D to 3D growth. Sections 4.2 and 4.3 are devoted to 

the description of the basic properties of quantum dots and quantum rings, 

respectively. 

 

 

 

4.1 Self-organized systems on substrate surface 

  

4.1.1. Modes of heteroepitaxial growth 

 

Heteroepitaxial growth of strained III-V semiconductors has been extensively studied 

in recent years. The accommodation of the misfit strain and the generation and 

interaction of strain relieving defects during growth of the heterostructures are of great 

importance for device application. For the strained layer in the case of III-V 

semiconductors growing in 2D mode, the limit of coherent growth during epitaxy is 

defined by a critical thickness [21]. 

 

There are two ways to create a semiconductor nanostructure: by top-down or bottom-

up techniques. The top-down methods are used to create structures by removing (or 

carving) material and can, e. g., involve electron beam (e-beam) lithography and 

etching processes. Top-down techniques are especially suitable in fabricating 

microstructures such as cantilevers for microelectromechanical systems (MEMS) or 

finalizing device structures of laser diodes. Another class of methods, bottom-up, 

utilize self-assembled or self-organized growth in order to generate structural 

organization of atoms. Self-assembled nanostructures can be fabricated by 

heteroepitaxy [22]. 

 

There are three well known heteroepitaxial growth mode Frank-van der Merwe 

(FvdM), Volmer-Weber (VW) and Stranski-Krastanov (SK). They represented layer-
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by-layer growth (2D), island growth (3D), and layer-by-layer plus islands (2D+3D), 

respectively. The schematic representation of these three growth modes are given in 

Figure 4.1. 

 

 

Figure 4.1 Growth modes in epitaxial process: a) Frank-van der Merwe (2D), b) 

Stranski-Krastanov (2D+3D), c) Volmer-Weber (3D). 

 

 

 

4.1.2 Stability of the strained layers 

 

In lattice-matched systems, the growth mode is solely governed by the interface and 

surface energies. If the sum of the epilayer surface energy γ2 and of the interface 

energy γ12 is lower than the energy of the substrate surface, γ2 + γ12 ˂ γ1, i. e., if the 

deposited material wets the substrate, the FvdM mode occurs. A change in γ2 + γ12 

alone may drive a transition from the FvdM to the VW growth mode. For the strained 

epilayer with small interface, initial growth may occur layer-by-layer, but a thicker 

layer has a large strain energy and can lower its energy by forming isolated islands in 

which strain is relaxed. Thus SK mode occurs [23]. 

 

In the case of Stranski-Krastanov growth mode, the first atomic layers remain smooth 

and then clusters form on the top. That is a case where the film-substrate interfacial 

energy is strong and the film spreads out over the entire surface. 

 

The three major growth modes are shown in the Fig. 4.2. in a plot of relative energy 

potential W of the substrate to the film versus the lattice mismatch. Under the proper 

conditions, layer-by-layer growth can be achieved when the lattice mismatch is zero. If 

substrate substrate substrate 

(a) (b) (c) 
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the film has a high surface energy per unit area compared to the substrate, clusters 

form in the Volmer-Weber mode. The intermediate mode is Stranski-Krastanov mode, 

when there is a few monolayers thick wetting layer before the clusters start to form 

[18, 24]. 

 

 

Figure 4.2 Energy ratio (substrate to film) versus lattice mismatch, showing three 

main growth modes [18]. 
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4.2 Quantum dots based on self-assembled growth 

 

In recent years there has been a high interest in semiconductor heterestructures with 

decreased dimensionality. There are intensive efforts devoted to fabrication and 

investigation of these heterostructures. Low dimensional systems are of interest due to 

their potential device applications and possibility of studying quantum mechanical 

principles. The ultimate low dimensional structure is a quantum dot. It can be regarded 

as an artificial discrete atom. Fabrication of quantum dots is at the limit of the 

lithographic possibility and also it is desirable to avoid any defects to obtain good 

electronic properties that are required for device applications. Thus, many efforts are 

applied to fabrication of quantum dots based on self-organized principle. In this thesis 

self-assembled dots are under consideration. Such dots are characterized by restriction 

of carriers within dimensions of their de-Broglie wavelength, small localization energy 

of the carriers and small density of states. It leads to increasing excitation density and 

depopulation of the localized states already at moderate excitation [25, 26]. 

 

The simplest way to fabricate QDs is the SK self-assembled growth of strained QDs 

(SAQDs). SK growth is the heteroepitaxial formation of islands on a two dimensional 

wetting layer. The islands occur due to minimizing elastic energy connected with the 

lattice mismatches in the heterostructure. The islands relax by misfit dislocations in 

strained heteroepitaxy and usually have a pyramidal shape. It is possible to produce 

high-quality QDs by capping the islands with an epitaxial layer that has a wide band 

gap and a lattice constant close to that of the substrate. This type of QDs are called 

buried QDs (Fig. 4.3, a) [22, 25]. 
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Figure 4.3 Schematical representation of some QD types: (a) buried islands, (b) 

etched QW mesa, (c) SIQD by strained mesa, (d) SIQD by self-assembled stressor 

islands [22]. 

 

Also it is possible to form QDs from near-surface QWs (Fig. 4.3, b-c). It is necessary 

to confine laterally the heterostructure by strain gradient. The quantum well structure 

is cover by the high strain film (Fig. 4.3, c-d). If the film is not patterned, the strain is 

concentrated in the film and QDs are not induced. In the case of patterned film the 

strain relaxes in the substrate and QW (Fig. 4.3, c). The lateral resolution is limited by 

the possibility of electron-beam lithography. The small mesas of stressor can be 

formed on the top. It induces QD in QW by relaxing the strain. Recently, self-

organized stress islands have also been used as stressors (Fig. 4.3, d) It is possible to 

vary size, shape and areal density of the nanostructures in this case [22, 23]. 

 

 

 

 

 

 

 

islands 

buried islands 

(a) 

QW mesa 

(b) 

strained layer 

near-surface QWs 

mesa stressor 

(c) 

barrier 
QW 
barrier 
substrate 

stressor island 
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4.2.1 Buried quantum dots 

 

Self-assembled QDs are sensitive to the changes in the surface environment when they 

are near the surface. The optical behavior of surface QDs is very poor due to the 

surface states so buried QDs are more appropriate for optical applications. QDs can be 

grown by MBE or MOVPE technique and usually they are about 300 Å in diameter 

and about 30 Å in height. The islands are more commonly fabricated on the buffer 

layer and covered by a capping layer. The two layers, substrate and capping layer, have 

a wider band gap than the island material so that electrons may be confined within the 

dot in all three spatial dimensions, which is, in fact, the defining condition for a 

quantum dot [2,27]. The schematic representation of the structure and the energy band 

diagram of buried quantum dots is given in Fig. 4.5. 

 

 

 

Figure 4.5 (a) Schematic presentation of buried QD structure. (b) Band gap of buried 

QDs. 

Ec 

Ev 

capping layer 

substrate 

buffer layer 
wetting layer 

island 

(a) 

(b) 
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4.3 Quantum rings 

 

Due to their ring-like shape, QRs are under intensive investigation last years. This 

chapter briefly reviews some properties of these nano-scale quantum rings. In section 

4.3.1 the general features and different types that have been fabricated in recent years 

are given. Section 4.3.2 gives more detailed understanding about the evolution of 

quantum dots into quantum rings using as an example In(Ga)As QRs on a GaAs 

substrate. 

 

 

 

4.3.1 Basic properties and types of quantum rings 

 

A good feature of the self-organized growth is that in addition to size and density it is 

possible to control the geometric shape of the islands. The recent experiments in this 

field were related to fabrication of III-V semiconductor torus (volcano) shaped 

nanorings by using both MOVPE and MBE technology. Quantum rings as a quantum 

dots also have atom-like properties that makes them to of a great interest for 

investigation due to potential applications in optics and optoelectronics. These 

nanorings can border only a few electrons. This property allows one to study many 

three-dimensional topological effects: quantum interference phenomena connected to 

the Aharonov-Bohm effect, trapping of a single magnetic flux, oscillation in 

magnetization, magnetic susceptibility behavior, etc [3, 20, 21, 28]. 

 

There are few types of quantum rings fabricated in recent years. The first type was 

presented by Garcia et al. in 1997. The QR was fabricated by covering InAs islands by 

a capping layer of GaAs. The islands were grown by MBE method in the Stranski-

Krastanov mode. The second type is the complex of GaAs/AlAs thin layer capping 

onto InAs/GaAs quantum dots. Stronger bonding strength between Al and As allows to 

fabricate rings with a round shape due to absence of preferential diffusion and not oval 

like in the case of first type. So it is possible to use higher temperature to obtain round 

shape rings. The third type was based on capping a thin InP layer onto InAs quantum 
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dots on InP substrate. It is also possible to use lithography for the producing InGaAs 

QR of type four. And the last type is the open-rings formed from GaAs/GaSb dots [29, 

30, 31]. 

 

 

 

4.3.2 QD-to-QR evolution of In(Ga)As heterostructure on GaAs substrate 

 

The most general structure to fabricate nanorings is the InAs islands covered by GaAs 

capping layer on the GaAs substrate. The example of nanorings based on this structure 

is given in Fig. 4.6. 

 

 

 

Figure 4.6 AFM image of an In(Ga)As quantum ring on a GaAs substrate: (a) 2D 

view; (b) 3D view. 

 

First, InAs islands are grown by S-K mode on a GaAs substrate. Then these islands are 

partially covered by a GaAs capping layer. The island-to-ring formation takes place 

when the sample is annealing at a certain temperature. The schematic presentation is 

given in Fig. 4.7.  

 

500 nm 

(a) (b) 
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Figure 4.7 Schematic presentation of islands-to-ring evolution of an In(Ga)As 

structure [22].  

 

There are two models of formation process that have been suggested. The first model 

considers the kinetic approach and it is based on differences in surface diffusion rate of 

indium and gallium atoms. In accordance with this approach atoms of group III, In 

atoms in that case, are more mobile so they move outward leaving a void in the 

primary island. In diffuse in GaAs forming an alloy InxGa1-xAs islands. Also it should 

be taken into account that the diffusing rate of In atoms is anisotropic, so it depends on 

the direction therefore the ring does not have a perfect round shape. 

 

Another model is based on a thermodynamic approach. It considers the difference of 

the surface free energy balance between the dot, the surrounding material and the 

environment. This model views the instability of the wetting droplets on the substrate. 

When this system is not in the equilibrium state the rings formation takes place [4, 5]. 
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5 METHODS A�D TOOLS 

 

In this thesis structural and optical properties of InAs islands and In(Ga)As quantum 

rings were studied. For studying surface properties of the samples atomic force 

microscope (AFM) was used, optical properties of In(Ga)As quantum rings were 

investigated with help of photoluminescence (PL) spectroscopy. Section 4.1 outlines 

working principles of anAFM atomic force microscope. In section 4.2 the basic idea of 

PL measurements is presented. 

 

 

 

5.1 Atomic force microscopy 

 

The principle of AFM is based on measuring of van der Waals forces, electrostatic 

forces, magnetic forces, adhesion forces and friction forces so that it is possible to 

investigate topological, electrical, mechanical and chemical properties of the sample. A 

basic schematic illustration of an AFM is given in Fig. 5.1. 

 

The probe tip is integrated into a cantilever that is sensitive to the forces between the 

sample surface and the tip. In order to reduce the forces caused by the shaft of the tip, 

the tip radius should be as small as possible. The cantilever deflection is detected by a 

laser beam, which is reflected from the cantilever to the detector. Computer-controlled 

feedback signal from the detector keeps the surface force and the distance constant by 

controlling sample movements provided by piezoelectric actuators. 
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Figure 5.1 Basic schematic of an AFM apparatus. 

 

In this thesis a contact mode NanoScope E AFM was used. The maximum area that 

can be scanned is 13×13 µm2 by using a non-conducting silicon nitride tip having a tip 

radius of curvature of about 10 nm. The vertical resolution of the tip is 0.1 nm so there 

should be no negative effects in the AFM images, because the dimensions of the 

features in the studied samples are greater than the AFM tip used [22, 32, 33]. 

 

 

 

5.2 Optical spectroscopy 

 

In this thesis, the optical properties of the low-dimensional semiconductor 

heterostructures were studied by photoluminescence (PL) spectroscopy. PL 

spectroscopy is a nondestructive method enabling the study of the electronic structure 

of semiconductor materials. When the sample under investigation is exposed to light of 

laser 

cantilever 

tip 
sample 

detector 
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sufficient photon energy, electron-hole pairs are created by absorption in the 

semiconductor [19, 20]. In the recombination process energy is released as photons, so 

that it is possible to detect this photon and, thus, get information of electronic and 

optical properties of the material. PL spectroscopy has a high sensitivity, which allows 

detection of low-energy and non-linear effects. The optical properties of the samples 

studied were investigated using low-temperature (10 K) continuous-wave 

photoluminescence (cw-PL). The illustration of the set-up is given in Fig. 5.2. 

 

 

 

Figure 5.2 Schematic illustration of the cw-PL system used in this thesis [22]. 

 

For cooling of the samples a closed-cycle helium cryostat was used, and for excitation 

a Nd:YVO4 laser with 532 nm wavelength was utilized. The PL spectra was recorded 

using a 0.5 m monochromator with a germanium detector [22]. 
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6 SURFACE MORPHOLOGICAL A�D OPTICAL PROPERTIES OF In(Ga)As 

ISLA�DS A�D QUA�TUM RI�GS  

 

This chapter is devoted to the investigation of the InAs island-to-ring transformation 

process. Section 6.1 presents studies of the influence of the growth parameters on the 

formation of the low-dimensional structures. Section 6.2 shows results of the 

measurements of the optical properties of the buried InAs quantum dots and of the 

In(Ga)As quantum rings. 

  

 

 

6.1 Morphological properties of In(Ga)As islands and quantum rings 

 

The samples were grown by MOVPE technique on semi-insulating GaAs (100)-

oriented substrates. First a 100-nm-thick GaAs buffer layer was grown at the 

temperature of 650˚C with a V/III ratio of 23 on the (100)-orientated GaAs substrate. 

The InAs islands were deposited with a V/III ratio of 10 and at the growth temperature 

of 500-600˚C. After stabilization, the InAs islands were partially covered by a GaAs 

capping layer. When the samples were annealed the island-to-ring transformation took 

place. The annealing temperature was equal to the temperature of InAs growth. In 

order to study the morphological properties of the samples, they were grown with 

different thicknesses of the capping layers, with different annealing temperatures and 

with different annealing times [4]. NanoScope E AFM was used to investigate the 

density and the shape of the InAs islands and the In(Ga)As quantum rings. Fig. 6.1 

shows a schematic representation of a sample with partially capped InAs islands. 
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Figure 6.1 Schematic representation of a sample with InAs islands, which are partially 

capped with a thin GaAs layer. 

 

 

 

6.1.1 Effect of growth temperature on the InAs island formation 

 

Before the study of the properties of quantum rings, some samples with InAs islands 

grown at different temperatures were investigated. The substrates of the samples are 

(100)–oriented GaAs. On the 100-nm-thick GaAs buffer layer a nominal thickness of 

1.7 monolayers (MLs) of InAs was deposited. If the thickness of the InAs layer was 

less than the critical value, two dimensional growth remained, but beyond critical 

thickness three-dimensional formation was observed,and thus the growth mode is 

Stranski-Krastanov. The relative lattice mismatch of the InAs/GaAs system is about 

7%. Crystalline quality degrades monotonically with increasing lattice mismatch, and 

then recovers and improves beyond a certain degree of mismatch [30]. The strain 

stimulated by the lattice mismatch causes the 3D island growth observed. 

 

The density, the shape and the geometric parameters of the InAs islands are very 

sensitive to the growth conditions such as the growth temperature, the V/III ratio, the 

growth rate and the nominal thickness of the InAs layer [6]. First, the island properties 

were studied as a function of the growth temperature. Fig. 6.2 shows 2D and 3D AFM 

images of InAs islands grown at different temperatures.  

(100) - orientated GaAs 
substrate 

100 nm thick GaAs buffer layer 

2D InAs 
layer 

3D InAs 
islands 

GaAs cap 
layer 
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65.14 nm

0.00 Е  (a)  

  

58.94 nm

0.00 Е  
(b)  

  

95.31 nm

0.00 Е  (c)  

 
 

75.04 nm

0.00 Е  (d) 

 
 

76.99 nm

0.00 Е  (e) 

 

Figure 6.2 2D and 3D AFM images of islands formed by deposition of 1.7 monolayers 

of InAs on (100)-GaAs substrate at different temperatures: (a) 500˚C, (b) 530˚C, (c) 

550˚C, (d) 570 ˚C and (e) 600˚C. The scan area is 5 µm × 5 µm. 
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Island formation strongly depends on the growth conditions. Shape and density of the 

islands were investigated on the samples grown in range of 500 - 600˚C.  
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Figure 6.3 The areal density of InAs islands as a function of growth temperature. 
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Figure 6.4 The average height of InAs islands as a function of growth temperature. 
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Figure 6.5 The average base diameter of InAs islands as a function of growth 

temperature. 

 

As it is seen from Fig. 6.3, the areal density of the islands decreases when the growth 

temperature is increased. It falls from 17.4×108 to 2.1×108 cm-2 when temperature is 

increased from 500˚C to 600˚C .  The average height and the average base diameter 

increase with the increasing temperature. The obtained characteristics correspond to 

the results in earlier publications [4, 6, 34]. All the graphs in Figs. 6.3-6.5 had the same 

feature – a quite steep slope in the temperature region of 500 – 550˚C and a much 

gentler slope at temperatures above 550˚C. From the data it is possible to conclude that 

in order to obtain smaller islands and higher island densities, one has to use low 

growth temperatures for the island formation process. 

 

Fig. 6.6 shows a cross-sectional profile of two InAs islands of different sizes. The 

general characteristics of the size distribution are quite well-known for the Stranski-

Krastanov growth. Certain growth conditions determine the optimum size of the 

islands and the number of nucleation sites. After the islands reach their optimum size 

the deposited atoms start to form new nucleation regions. Consequently, the highest 

island in Fig. 6.6 should have the optimal dimensions, and the smaller one is likely 

formed by later nucleation. 
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Figure 6.6 Cross-sectional profile of two InAs islands. 

 

When the InAs growth temperature increases, the InAs island density decreases, and 

the average island size becomes larger. Thus, it is possible to control the size and the 

density of the islands during growth process by varying the growth temperature, which 

is an important tuning ability for the development of optoelectronic devices for 

different wavelengths. 

 

 

 

6.1.2 Effect of growth temperature on In(Ga)As quantum ring formation 

 

In order to transform InAs islands into rings it is necessary to partially cover the InAs 

islands with a capping layer and to apply an annealing procedure. After these processes 

the island shapes significantly change to volcanolike structures. In this chapter, the 

influence of the annealing temperature on the ring evolution is studied. Figure 6.7 

shows AFM images of quantum rings formed by depositing a capping layer of 2 nm 

and annealing at different temperatures. The island growth temperature is equal to the 

annealing temperature.  
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Figure 6.7 2D and 3D images of In(Ga)As QR on GaAs (100) substrate grown at 

different temperatures. 
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Fig. 6.8 shows that the areal density of the rings is smaller than the density of the 

islands. 
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Figure 6.8 Areal densities of In(Ga)As quantum rings and InAs islands as a function 

of growth temperature. 

 

In order to make quantum rings the InAs islands are capped partially so that the indium 

atoms from the peaks of the islands can diffuse outward during the annealing process, 

which leaves voids in the middle of the islands. The mobility of the In atoms is higher 

than that of the Ga atoms. Therefore, ring-shaped formations caused by the depletion 

of In atoms at the center of the islands arise. Atom migration depends on the 

temperature, the duration of the annealing process and the thickness of the capping 

layer. The temperature dependence of the diffusion coefficient can be expressed as 

 

D
n
=

kT

q
µ

n ,                                               (6.1) 
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where k – Boltzmann’s constant, T – temperature, q – electric charge, µ - electron 

molbility. 

  

The migration of the indium atoms at low annealing temperatures is not the same in 

different directions due to the anisotropy of the mobility properties of the indium 

atoms. Consequently, quantum rings formed at the temperature of 500 – 550˚C 

temperature do not have symmetric shape (Fig. 6.9). 

 

 

 
 

Figure 6.9 2D and 3D AFM images of an In(Ga)As quantum ring grown at 500 ̊C. 

Scan area 226 µm × 212 µm. 

 

 

As it was mentioned before, the mobility of indium atoms is higher in the [1-10] 

direction than in the [110] direction. The cross sectional profiles of a quantum ring 

processed at 550˚C in the [110] and the [1-10] directions are shown in Fig. 6.10 – 6.11. 

It is seen from the profiles that the quantum ring walls in these two directions have 

different heights, spacings and thicknesses. Thus the quantum ring is actually a 

quantum ellipse.  

 

[110] 

[110] 
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Figure 6.10 Cross-sectional profile in [1-10] direction of a single In(Ga)As quantum 

ring formed at 550˚C. 
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Figure 6.11 Cross-sectional profile in [110] direction of In(Ga)As quantum ring 

grown at 550˚C.  
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Using high annealing temperature the anisotropy of the mobility of In atoms 

disappears. So quantum rings have more perfect shape (Fig. 6.12-6.14). The typical 

In(Ga)As quantum ring with a volcanolike shape annealed at 570˚C has a height of 

about 2.5 nm, an inner radius of about 50 nm and an outer radius of about 170 nm. 

 

  

 

Figure 6.12 2D and 3D images of an In(Ga)As quantum ring grown at 570˚C. 
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Figure 6.13 Cross-sectional profile in [110] direction of In(Ga)As quantum ring 

grown at 570˚C. 
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Figure 6.14 Cross-sectional profile in [1-10] direction of an In(Ga)As quantum ring 

grown at 570˚C. 

 

Annealing temperature also has an influence on the ring depth. Increase in the 

annealing temperature causes deeper rings and reduces the height of the walls. The 

height of a wall in the [110] direction of a ring formed at 500˚C is 5.1 nm and it falls to 

2.5 nm if the annealing temperature is raised to 570˚C due to anisotropy of the 

diffusion rate. 

 

 

 

 

6.1.3 Effect of the partial capping layer thickness on In(Ga)As ring formation 

 

The shape of the structures depends not only on the annealing temperature and the 

migration properties of indium atoms but also on the thickness of the capping layer. 

The average heights of the islands grown at the same temperature are almost equal. 

Thickness of the partial capping layer defines the exposed area of an island that can 

move outward forming a camel-hump-like or ringlike structure. The formation process 
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is connected to the energy imbalance between the interfaces of the island and the 

capping layer. 

 

The dependence of the shape of the structures on the capping layer thickness can be 

explained by the dewetting model that considers three surface energies acting at the 

border of the quantum dot that is regarded as a droplet. In the case of the InAs islands 

covered by GaAs the model operates with the following interfacial tensions: γGaAs – the 

surface energy between GaAs and As vapor, γInAs – the surface energy between InAs 

and As, γGaAs/InAs – the surface energy between GaAs and InAs (Fig. 6.15). The surface 

tension that forms ringlike structure can be expressed as: 

 

θγγγ cos)( / GaAsInAsInAsGaAsF −−=                                (6.1) 

 

It should be noted that γGaAs> γInAs >> γGaAs/InAs. Any disturbances to the equilibrium of 

this system result in modification of the shape of the structure. There are several 

factors that should be considered: 

- free energies of the atoms in the island depend on the facet orientation 

- GaAs capping layer is deposited on an InAs wetting layer and not on a 

substrate 

- strain effects take place in the system 

- edge effects exist and 

- kinetic processes that cause alloying and diffusion exist. 
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Figure 6.15 Scenario of the formation of camel-hump-like or ringlike InAs islands 

capped with (a) thick and (b) thin GaAs layer [7].  

 

It is seen form Eq. (6.1) that the pulling force depends on the interface angle θ: the 

thicker the capping layer the less is the value of the interface angle, and the greater is 

the force that is exerted on the island. Thus, InAs will spread out to the adjacent area. 

The surface energies are quite small, so the morphological modification is probably 

caused by the large changes in the contact angle. That is enough to destroy the balance 

in the GaAs/InAs/As system. Thus one should consider two main driving forces – the 

diffusion of atoms and the changes in the interface angle [7, 35]. 

 

The differences in the thickness of the capping layer cause changes in the shape of the 

rings during quantum ring formation. In order to get a better picture of the effect six 

quantum structures were studied. All samples were annealed at 550˚C for 60 seconds. 

The deposited GaAs capping layers had thicknesses of 0.5 nm, 1 nm, 2 nm, 5 nm and 

10 nm. Figure 6.15 shows an uncapped quantum island that has a height of 36 nm and 

a base diameter of 120 nm. 
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Figure 6.15 AFM image of InAs islands and a cross-sectional profile of a single 

island.  

 

As it was already mentioned, after capping and annealing processes the quantum 

islands transform into quantum rings having a volcanolike structure. Formation of the 

quantum rings is possible in the case of only partially capped islands. Indium atoms 

migrate outwards from the center of the uncovered tip of the island, leaving behind a 

void. The number of the migrating atoms depends on the uncapped area of the islands, 

which is determined by the thickness of the GaAs capping layer.  
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3D image 
cross-sectional profile in [1-10] 

direction 
cross-sectional profile in [110] 

direction 
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(a) 1 nm thick GaAs capping layer 
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(b) 2 nm thick GaAs capping layer 
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(c) 5 nm thick GaAs capping layer 
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(d) 10 nm thick GaAs capping layer 

 

Figure 6.16 3D images and profiles in [110] and [1-10] directions of In(Ga)As rings 

having different thicknesses of the partial capping layers. 
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More perfect ringlike shapes are observed when 1-nm-thick GaAs capping layer is 

used (Fig. 6.16, a). Quite deep craters appear in the center of the rings. The ring walls 

in the [110] and the [1-10] directions have the same height of 2.9 nm, but the 

anisotropy effect takes place, so that the diameters are 129 nm and 83 nm in the [110] 

and the [1-10] directions, respectively. 

 

In the case of a 2 nm capping layer the thicker GaAs cover and the effect of the 

mobility anisotropy cause the walls to exist only in the [110] direction. The crater has 

the shape of a circle with a diameter of about 168 nm (Fig. 6.16, b). It is seen from the 

picture that the shape of the structure is quite far from a ring. 

 

Using a 5 nm capping layer allows formation of volcanolike structures with quite small 

walls of about 2-5 nm high. However, some unchanged islands exist. Covering by 10 

nm of GaAs does not allow formation of the volcano structure (Fig. 6.16, c). Camel-

hump shape appears only in the [110] direction and in the [1-10] direction the shape of 

the island remained unchanged. Compared to the average island base diameter the base 

diameter of the formed structure is much greater, about 419 nm. 

 

Judging from the AFM picture, it is possible to conclude that in the case of the thick 

capping layer it is difficult to achieve the successful formations of quantum rings. The 

crater would have been deeper and wider if a thinner capping layer was used. The 

optimal conditions for quantum ring formation was found at the annealing temperature 

of 550˚C, annealing time of 60 s and capping layer thickness of 1 nm. 

 

 

 

6.1.4 Effect of annealing time on In(Ga)As ring formation 

 

In order to study the dependence of the ring formation process on the annealing time, 

the annealing time was varied from 0 to 120 seconds. All samples were grown at 

550˚C and thickness of the partial capping layers was 2 nm. Without annealing process 
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the transformation does not take place (Fig. 6.17). Only a small reduction in the island 

height is observed. 

 

  

 

Figure 6.17 2D and 3D AFM images of In(Ga)As islands covered with 2 nm of GaAs 

and without applying the annealing process. 

 

Fig. 6.18 shows a diagram of the completed ring transformation as a function of the 

annealing time. If the annealing time is more than 60 seconds, almost all islands 

transform into quantum rings. Only for few large islands the evolution process is not 

finished. 
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Figure 6.18 Diagram of the island-to-ring transformation completion percentage as a 

function of the annealing time. 
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(a) (b) 
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1.7 µm × 1.7 µm 

(c) (d) 

 

Figure 6.19 AFM images of In(Ga)As ring formed by different annealing times: (a) 10 

s, (b) 30 s, (c) 60 s, (d) 120 s. 

 

The results indicate the importance of the annealing process for the transformation 

step. In the case of 10 seconds of annealing time, only small islands take camel hump 

shape and bigger islands remain relatively unchanged (Fig. 6.19, a). Increasing the 
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annealing time to 30 seconds, the quantum dots transform into ringlike structures, but 

there are still few large islands left left intact (Fig. 6.19,b). When the annealing time is 

increased beyond 60 seconds, the large islands start getting camel-hump like shapes 

and the newly formed quantum rings slightly elongate in the [110] direction due to the 

anisotropic diffusion rates.  

 

 

6.2 Optical properties of In(Ga)As islands and quantum rings 

 

This chapter is devoted to studying of the optical properties of the In(Ga)As quantum 

rings. Investigation and possible improvement of the optical characteristics is relevant 

for the potential applications of the quantum rings. Sections 6.2.1, 6.2.2 and 6.2.3 

describe PL emission dependence on the partial capping layer thickness, the annealing 

time and the annealing temperature, respectively.    

 

 

 

6.2.1 Photoluminescence of quantum rings with different capping layer thicknesses 

 

The optical properties of the InAs quantum dots and the In(Ga)As quantum rings were 

studied by using low temperature PL spectroscopy. The samples were excited with a 

wavelength of 532 nm from a laser. The luminescence was detected by a germanium 

p-i-n photodiode cooled by liquid nitrogen. 

 

First, the PL emission was studied by varying the excitation power. All spectra were 

taken at 10 K. Fig. 6.20 shows of PL emission spectra of the In(Ga)As quantum rings 

using different excitation powers. Increasing the excitation power from 12.5 W/cm2 to 

125 W/cm2 caused the intensity of the emission also to increase, and the peaks to shift 

20 meV higher in energy. At the excitation power of 125 W/cm2 an additional peak 

appears in the spectra. This shoulder peak is likely to occur due to the excited states in 

the QDs. 
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Figure 6.20 PL spectra from a sample with In(Ga)As quantum rings grown at 550ºC 

by deposition of 1.7 MLs of InAs and having a 1 nm thick GaAs partial capping laye 

with various excitation powers. 

  

In order to investigate PL spectra of samples with different thicknesses of capping 

layers, a few such structures were studied – quantum dots grown by depositing 1,7 

MLs of InAs at 550˚C; from which quantum rings were processed using 1 nm, 2 nm 

and 3 nm thick GaAs partial capping. 
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Figure 6.21 Low temperature (10 K) PL spectra of buried InAs islands and In(Ga)As 

quantum rings partially capped with 1 nm, 2 nm and 3 nm thick GaAs layers. 

 

Figure 6.21 shows PL emission of buried InAs islands and In(Ga)As quantum rings 

that have different thicknesses of the GaAs partial capping layer. The peak from QRs 

is shifted on 0.25 eV relatively to peak from QD. It can be associated with larger 

quantization effect in the case of quantum ring. In the case of a thicker GaAs capping 

layer, the peaks of the In(Ga)As quantum rings shift to lower energies. It can probably 

be related to an increase in the In segregation. The most intensive emission was 

achieved from the sample with the thinnest capping layer of 1 nm. This peak has an 

energy of 1.26 eV and has a relatively small full width at half maximum (FWHM) 

value of about 60 meV. 

 

The PL peak at 1.03 eV that has a FWHM of 0.1 eV is associated with luminescence 

from quantum dots. The spectrum shows quite a strong intensity for the peak caused 
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by the quantum dots, which can be explained by the effect of the higher carrier 

trapping by the QDs than by the surface states. The quantum dot PL peak is observed 

at lower energies than the quantum ring PL peaks. This could be due to lesser diffusion 

of InAs atoms into GaAs. In accordance with the following equation 

 

E g0= 1 . 5192− 1 .5837 x+0 . 475 x
2

                               (6.2) 

 

neglecting of an energy of a ground state it was possible to determine that the  In atom 

content in the In(Ga)As capping layer is about 34 % [36]. 

 

 

 

6.2.2 Photoluminescence of quantum rings grown at different annealing times 

 

In order to study the effect of the dependence of the PL emission on the annealing 

times, several samples were investigated – quantum dots grown by deposition of 1.7 

MLs of InAs at 550ºC and buried with a 50 nm thick GaAs layer; In(Ga)As quantum 

rings grown under the same conditions as the quantum dots only partially capped with 

1 nm thick GaAs layer and annealed 10 s, 30 s and 60 s.  

 

It can be observed from Fig. 6.22 that with the increase in annealing time from 10 to 

60 seconds, the peak of the emission intensity shifts 20 meV higher in energy. This can 

be associated with the high diffusion rate of the atoms of the partial capping layer and 

the atoms of the islands. Longer annealing time causes more diffusion, which inflicts 

more significant compositional changes in the nanoring material. The obtained results 

correspond to the data reported in previous publication [22]. 
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Figure 6.22 PL intensity spectra of the In(Ga)As quantum nanorings fabricated at 

550ºC by depositing 1.7 MLs of InAs, and subsequently partially capped with a 1 nm 

thick GaAs layer and annealed for 10, 30 and 60 s. The excitation power was 50 

W/cm
2
. 

 

 

 

6.2.3 Photoluminescence of quantum rings grown at different temperatures 

 

For studying the annealing temperature dependence of the PL spectra, several samples 

were investigated. All structures were grown on (100)-oriented GaAs substrate by 

depositing of 1.7 MLs of InAs. Quantum dots were grown at 500ºC and buried under a 

50 nm thick GaAs layer. Quantum rings were formed at the temperature of 500, 550 

and 570ºC and then partially capped with 1 nm thick of GaAs layers.  
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Figure 6.23 PL spectra of buried quantum dots and buried quantum rings annealed at 

different temperatures. Excitation power is 50 W/cm
2
. 

 

Fig. 6.23 shows a low temperature PL emission spectra of the InAs buried quantum 

dots and the In(Ga)As quantum rings annealed at 500, 550 and 570ºC. With an 

increasing annealing temperature at the growth process the PL spectra displays 

emission peaks at increased energies. The PL peak shifts 20 meV when the annealing 

temperature is raised from 500 to 570ºC. This can be explained by the depletion of the 

In atoms in the In(Ga)As rims. 

 

Also, it can be seen from the Fig. 6.23 that the intensity of the PL emission is greater at 

the higher annealing temperatures. During heteroepitaxial growth of the InAs islands 

on (100)-oriented substrate strain develops in the growing film due to the distortion 

caused by the lattice mismatch between InAs and GaAs. The strain relaxes through 

generation of misfit dislocations. Previous reports [37] showed that usually the 60º-

misfit dislocations dominate in InAs/GaAs heteroepitaxial structures. They can be 
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formed by the elongation of pre-existing dislocations into the interfacial plane or by 

the heterogeneous nucleation at the planar surfaces. These defects can be generated if 

the lattice mismatch is larger than 2%-4% (7.2% in InAs/GaAs structure). A mismatch 

this high induces morphological transition from 2D to 3D growth (SK mode). The 

strain relaxes first through island formation, and then by the formation of 60º-misfit 

dislocations under the islands edges, which are the regions of the highest stress 

concentrations [21]. These dislocations are nonradiative centers for carrier 

recombination that result in reduction of the PL intensity. During the annealing 

procedure there is a large intermixing of Ga and In atoms leading to relaxation in the 

region of the rim. Thus the quality of the grown film becomes more perfect after the 

annealing procedure, which allows to achieve higher PL emission. 
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SUMMARY  

 

 

Self-assembled island formation via coherent strain-relaxation in the Stranski-

Krastanov growth mode is of considerable interest in the semiconductor heteroepitaxy 

technology. One of the simple methods for forming a quantum dot is to cover a nano-

scale island with a semiconductor having a wider band gap than the island below.  

These structures have attracted much attention due to the possibility of varying the 

structure shapes. Nano islands are sensitive to the strain distribution, so by partially 

capping them with a semiconductor layer and applying an annealing process it is 

possible to form quantum rings. Being artificially grown structures, the nano-scale 

islands and quantum rings make it possible for one to do fundamental research on the 

properties of the zero dimensional systems.    Due to their unique properties of state 

density, the quantum dots have essential applications in fabrication of lasers and photo 

detectors. Quantum nanorings make it possible to study three dimensional quantum 

effects that differ from the effects observed in quantum dots. Recent investigations 

have been devoted to magnetic and magneto-optical properties of quantum rings such 

as Ahranov-Bohm oscillation, magnetization and susceptibility of nano-scale rings .    

 

Large lattice mismatch between InAs and GaAs materials of about 7% leads to three-

dimensional formation of islands on a two-dimensional wetting layer. Lasers based on 

InAs quantum dots offer the possibility of advanced temperature characteristics, low 

current densities and emitting wavelengths at 1.3 nm. The possibility to shift emitting 

wavelength up to 1.5 µm by growing InAs islands on fully relaxed InGaAs layers 

provides growing interest for making lasers based on these heterostructures.  

 

This thesis focuses on the investigation of the structural and the optical properties of 

the InAs islands and the In(Ga)As quantum rings. The problems that one meets during 

self-assembled growth include the controllability of the spatial and the size 

distributions of the structures. Possibility of controlling the density and the shape of 

the InAs islands improves the characteristics of the optoelectronic devices. In this 

work, the geometric parameters of the nano structures were studied as a function of the 

growth parameters such as the growth temperature, the thicknesses of the partial 
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capping layers and the annealing times. In order to fabricate a quantum dot laser with 

low current density it is necessary to grow quantum dots with high density and 

uniformity. It was observed that in order to grow a structure with high density of 

islands, one should use low growth temperatures of about 500 – 530 ̊C. The surface 

density is the parameter that defines the output power of the quantum dot laser, and the 

distribution of the island shape plays a role in wavelength dispersion. One of the main 

factors that determines the In(Ga)As quantum ring shape is the effect of the mobility 

anisotropy and the thickness of the partial capping layer. 

 

The optical properties of the In(Ga)As quantum rings were studied with the help of the 

photoluminescence spectroscopy. It was found that by increasing the annealing 

temperature or the annealing time during the quantum ring formation, the 

photoluminescence emission peak shifts to higher energies due to the higher diffusion 

of the In atoms into the adjacent areas of the ring. 
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