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CHAPTER I 

 

INTRODUCTION 

 

 

1.1 Motivation 

 

The fabrication of quantum-confined nanostructures by self-assembling 

growth methods has been intensively investigated in the last decade for basic physic 

and device application [1-3] especially in opto-electronic such as laser, detector and 

solar cell. Their atom-like properties of electron confinement and energy level 

quantization response to the emission of certain-energy photon when the 

nanostructures are stimulated. Among them, semiconductor quantum rings have 

attracted a great deal of attention because fascinating properties have been predicted 

and demonstrated [4, 5]. Ring-shaped nanostructures, so called quantum rings, are a 

special class of quantum-confinement structures that have attracted a lot of attention 

due to the Aharonov-Bohm effect [6], which is a specific to the topology of a ring. 

Particularly interests are the magnetic properties of such quantum systems which are 

related to the possibility of inducing persistent currents. 

 In recent years, the fabrication and investigation of self-assembled InAs 

quantum-rings have been rapidly progressing and led to large number of theoretical 

and experimental studies. Recently, various fabrication technique for quantum-ring 

have been developed. Stranski-Krastanow (SK) growth mode has become extremely 

attractive in the case of a lattice-mismatched system, that is, the nanostructures are 

resulted from releasing strain caused by lattice-mismatch between the substrate and 

the overlayer [2, 3, 7, 8] such as InAs/GaAs and InGaAs/GaAs systems by capping 

self-assembled quantum-dot with a thin layer [9]. However, the size of the quantum 

dots fabricated by SK growth mode are widely distributed, resulting in luminescence 

peak boarding [10, 11]. Moreover, it has been point out that the non-uniform strain 

distribution in this lattice-mismatched system would effect on the band structure. It is 

undesirable for laser applications. From the viewpoint, well-defined strain-free ring 

structures are desirable for studies of the physics of semiconductor quantum rings. For 

the growth of high-quality self-assembled nanostructures in lattice-matched systems, 
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droplet epitaxy is a promising method [1, 12]. While droplet epitaxy has been used 

only for quantum dot (QD) fabrication, this method has potential for the growth of 

more complex nanostructures [13, 14]. 

 Droplet epitaxy is an alternative approach of self-organized nanostructure 

fabrication which can be applied to both lattice-matched and mismatched systems. 

Unlike the SK growth mode, the nanostructures fabricated by droplet epitaxy are 

originated from group III-element droplets formed on III-V compound substrate. 

Since the droplets of group III-element are uniform, the uniform-size nanostructures 

can be formed [1, 11, 15-17]. Furthermore, the lattice-matched system in droplet 

formation would reduce the strain-energy in the nanostructures and its effects on the 

energy-band structure. 

 However, the fabrication of InAs nanostructures by droplet epitaxy on GaAs 

substrates still has some problems such as relative low density and large size [18] due 

to too long two-dimensional migration length of In atoms and high segregation effect 

of the newly supplied adatoms, and worse optical quality. A solution to overcome the 

problems is growth at low temperature and using optimum crystallization conditions 

[19]. To restrict the migration (diffusion) length of In atom on GaAs substrate, Ga of 

which lattice is mostly matched to GaAs is also supplied during the deposition of In 

[20]. The droplets of InGa are formed instead. This would also results in the 

formation of InGaAs nanostructures after the crystallization instead of InAs 

nanostructures.  

 In this work, InGaAs ring-like nanostructures were fabricated by droplet 

molecular beam epitaxy. The droplet forming conditions have been varied by varying 

substrate temperature during depositing InGa and InGa amount deposited. The surface 

morphology are characterized by atomic force microscopy (AFM) for analyzing the 

size and density of the ring structures fabricated under each droplet forming 

condition. The dependence of InGaAs ring-shaped nanostructures on substrate 

temperature and amount of InGa deposited was investigated. For photoluminescence 

(PL) measurement, the InGaAs ring-structures were repeatedly grown under selected 

droplet forming condition with additional 100-nm GaAs capping layers. The capping 

layers included 50 ML of GaAs layers grown by migration-enhanced epitaxy [21, 22] 

at 350°C in order to grow the high quality capping layers at low growth temperatures, 

and 310 ML of conventional GaAs layers grown at 400°C respectively.  The 

analytical optical properties of the InGaAs ring-shaped nanostructures are confirmed 
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by the PL spectra of respective capped InGaAs ring-structures at 77K showing the PL 

peak and respective PL full width at half maximum (FWHM).  

 

1.2 Objective 

 

This thesis objective is to study the fabrication of InGaAs nanostructures on 

GaAs by droplet molecular-beam epitaxy under varied droplet forming conditions. To 

vary the conditions, we have varied the droplet forming parameter, including amount 

of InGa deposited (equivalent to droplet layer thickness) and substrate temperature 

while depositing droplets. Next, the surface morphology of grown InGaAs 

nanostructures has been examined in order to analyze the effect of each droplet 

forming parameter on the size and density of the nanostructures. For PL measurement, 

the nanostructures have been re-fabricated under selected droplet forming condition 

with additional GaAs capping layers. The analytical optical properties of the 

nanostructures have been investigated from PL spectra of GaAs-capped InGaAs-

nanostructure sample at 77K. 

 

1.3 Overview 

 

This thesis presents a detailed study of the fabrication of InGaAs ring-shaped 

nanostructures by droplet epitaxy using molecular beam epitaxy (MBE).  The purpose 

is to analyze the effect of droplet forming parameters on the size and density of the 

nanostructures. Moreover, the photoluminescence of  InGaAs ring-shaped 

nanostructures has been presented. 

The thesis is organized as follows: The basic concepts of low-dimensional 

nanostructures are reviewed in chapter 2. This also includes fabrication techniques for 

nanostructure formation. Chapter 3 gives the experimental details. In chapter 4, 

experimental results from the fabrication of InGaAs ring-shaped nanostructures are 

presented.  The effects of InGa amount deposited, and substrate temperature on size 

and density of InGaAs nanostructures are studied in this chapter.  The studies are 

based on atomic force microscopy (AFM) and photoluminescence (PL) results. 

Finally, chapter 5 concludes this work. 
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CHAPTER II 
 

LOW-DIMENSIONAL NANOSTRUCTURES 
 

 

The basic concepts of quantum dot (QD) structure, which is a low-dimensional 

semiconductor nanostructure, are reviewed in this chapter.  A comparison of 

important intrinsic properties of nanostructures is presented.  The properties of ring-

shaped nanostructures, a type of quantum-confinement structures, are also reviewed to 

be useful for the interpretation of nanostructure characteristics. 

In another part of this chapter, self-assembled growth of the nanostructures is 

presented based on epitaxial growth. SK growth mode is briefly introduced to provide 

basic of QD formation from strain-releasing in lattice mismatch system. The next 

section, a review of droplet epitaxy which is the lattice-matched method used to 

fabricate the ring-shaped nanostructures in this research work is presented. Finally, 

the information of the material system which is used to create the nanostructures is 

provided.  

 

2.1 Basic concepts of low-dimensional nanostructures 

 

The band theory of crystals has been rigidly developed from the quantum 

theory for atoms since the last century [23, 24].  From the quantum theory, we know 

that when we place atoms, which have discrete energy levels, together then they 

become solid.  The energy levels of solid crystal become energy bands. From the 

engineering point of view the most relevant bands are the conduction band and the 

valence band which are separated in energy by the band gap.  The conduction band is 

free of electrons at 0 K, while the valence band is full with electron at 0 K. At T > 0 

K, these two bands are partially filled with electrons and holes, which act as charge 

carriers in devices operations.  Controlling the carrier motion in these two bands is the 

subject of band gap engineering.  We, therefore, consider only these two bands. 

In this section, the important properties of nanostructures are reviewed. Since 

nanostructures with low-dimensional shapes provide the potential well resulted from 

difference of energy band gap (Eg) of 2 materials, the carriers (electrons and holes) 
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can be confined and results in a quantization of carrier energy. Therefore, the certain-

energy photon would be emitted when nanostructures are stimulated. 

 

2.1.1 Carrier confinement and energy level quantization 

 

In low-dimensional nanostructures large carriers are confined in one or more 

directions and the length scale of confining direction is in the order of the de Broglie 

wavelength (carrier wavelength).  The de Broglie wavelength, λde Broglie, depends on 

the carrier effective mass, m*, and temperature, T [25]: 

 

   λde Broglie = 
p
h  = 

Tkm
h

B
*3

                                               (2.1) 

 

where h is Planck’s constant, p is carrier momentum, and kB is Boltzmann’s constant.  

The de Broglie wavelength for electrons in III-V semiconductor materials is in the 

order of 20 nm at 300 K.  Several aspects of carrier confinement effects are useful for 

semiconductor device applications.  

Figure 2.1 shows a schematic comparison between a bulk semiconductor, a 

waveguide for visible light, a QD, and an atom. The electronic structure of the bulk 

material and the atom are different.  The electronic structure in the case of the atom is 

described by discrete energy levels, while in the case of the bulk-crystal structure we 

use band theory.  Because the structural size is varied continuously, there exists a 

description between the two cases (discrete levels and continuum band structure). The 

densities of states of bulk semiconductor and low-dimensional nanostructures are 

illustrated in Figure 2.2 [26].  In confining direction, the band offsets between the 

low-dimensional nanostructures and the surrounding material provide the energy 

potential or potential well in energy band to confine the carriers. Therefore, the carrier 

motion is limited in this direction and allowed to move freely only in bulk dimension, 

which exist no potential well.  Electrons and holes in a quantum well can freely move 

in the x-y plane; those in a quantum wire can only move in x direction. In a QD, zero-

dimensional-nanostructure, the charge carriers are completely localized.  This 3-D 

confinement results in a quantization of the carrier energy and in a variation of the 

carrier density of states. 
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The quantization phenomenon can be described by wave-like properties of 

electrons, since any substance would exhibit its wave properties of which de Broglie 

wave length can be calculated from eq. (2.1). In potential well, confined carriers are 

limited its motion, so they are looked-like stationary. The wave-like properties of the 

stationary electron can be only de Broglie wavelengths which create standing wave 

within the width of the potential well, that is, the width of the nanostructures. The 

discrete-values of electron de Broglie wavelengths would be exhibited, and cause 

discrete energy levels in such 3-D confinement structures. Schematic representation 

of the lowest three level of carrier’s energy quantization appeared in potential well is 

shown in Figure 2.3.  

 

 

 
 

Figure 2.1 Schematic comparison of bulk semiconductor, waveguide for visible 

light, QD, and atom [27]. 
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Figure 2.2 Schematic views and graphs of (a) bulk, (b) quantum wells,                     

(c) quantum wires, and (d) QD and their density of states (D.O.S.) 

[26].    L is in macroscopic scale (~cm), while Lx, Ly, Lz, are in 

nanoscale. 

 

 

 

 
 

Figure 2.3 Schematic representation of the lowest three level of carrier’s energy 

quantization in potential well with the width of Lz (comparable to de 

Broglie wavelength). The picture shows examples of the three lowest-

energy standing waves which can be happened in potential well (solid 

line) and the corresponding carrier’s energy level of the de Broglie 

wavelength from the standing wave (dotted line), i.e. E1, E2 and E3. 

The energy of each level is given by  , where n 

is a integer number of the level. 

2*22
, 2/)( zzn LmnE πη=
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In semiconductor quantum wells, an effective-mass approximation is widely 

used for the quantized energy levels calculation as a function of the well width [28].  

The main assumption of the effective-mass approximation is that the envelope wave 

function does not significantly vary in the unit cell with a length scale of 

subnanometers, therefore this assumption is valid in all low-dimensional 

nanostructures. Assuming parabolic band dispersion, band-edge electron states of 

semiconductors can be described by Schrödinger-like equation as 

 

   )( )()(
2

2
*

2

rrr FEFV
m

=⎥
⎦

⎤
⎢
⎣

⎡
+∇−

η                         (2.2) 

 

Here, m* is the effective mass; ħ is the reduced Planck’s constant; r = (x,y,z) is the 

carrier position vector; V(r) is the confinement potential due to band offset.  F(r) is 

the envelope wave function; and E is the carrier energy.  

From eq. (2.2), by assuming the barrier potentials with infinite height, the 

carrier energy E and density of states per unit volume (D.O.S.) (the number of states 

between the energy E and E + dE, of each quantum nanostructure) in case of bulk, 

quantum well (QW), quantum wire (QWR) and QD can be written as follow [26], 

 

Bulk materials 

 

      *

22

bulk 2
    )(   

m
kEE η

== k                                     (2.3) 

   2/1
2/3
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⎛
=
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                                    (2.4) 

 

where  k = (kx,ky,kz) is the wave vector of carriers and  2222
zyx kkkk ++=
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Quantum well (QW) 

 

Assuming that the confinement potential barrier for the square QW has infinite 

height, we obtain [26] 

 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=+==

2
2

//*

2

,*

2
//

2

QW 22
   )(  

z

z
zn L

n
k

m
E

m
k

EE
πηη

k                       (2.5) 

∑ −Θ=
z

z
n

n
QW

EE
L

mED )(
 

)( 2

*

QW ηπ
                        (2.6) 

 

where  , Θ is the Heaviside’s unit step function, =1,2,3,…., and  

is the sum of the well and barrier regime thickness. From eq. 3.5, the minimum 

energy and the energy separation between each quantized state increase as the well 

width decreases.  

222
// yx kkk += zn QWL

Quantum wires 

Assuming that the confinement potential barrier for the square QWires has 

infinite height, we get [26] 
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where ,  =1,2,3,…., and N22
xkk =⊥ zy nn , wi is the area density of the quantum wires 

(the number of quantum wires divided by the quantum-wire region area in the y-z 

plane). 
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Quantum dot 

Assuming that the infinite confinement potential barrier in all direction, we get 

[26] 
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where δ is the delta function, and ND is the volume density of QD. 

The change of density of states for the low-dimensional nanostructures (Figure 

2.1) considerably affects the fundamental properties of the devices, which use these 

nanostructures as an active layer [29].  The electronic properties for QD structure 

differ drastically from the bulk system due to the discrete energy levels and delta peak 

density of states, which are in contrast to the continuous spectrum of the bulk.   Hence 

QD structure sometimes was name as artificial atom.  In case of QD structures, there 

are several theoretical and experimental proves that semiconductor lasers consisting 

of QD structures have the lowest threshold current density due to the delta-function-

like density of states [30]. Figure 2.4 shows the historical evolution of the threshold 

current of semiconductor lasers [31]. 
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Figure 2.4 Evolution of the threshold current of semiconductor lasers [31]. 

 

To utilize QDs as an active layer for semiconductor lasers, there are two 

particularly important considerations.  First, the density of QDs must be high enough 

to achieve the lasing condition (gain overcomes the loss).  Second, the QD size 

distribution should be narrow since the optical gain spectra depend on the size 

distribution.  In other words, QDs should have the same size in order to reduce the 

charge carriers needed for the population inversion condition.  The maximum optical 

gain, gsat, for a QD laser can be written as [32] 

 

                                                          gsat ∝ Ne/Δ                                                  (2.11) 

 

where Ne is the number of states per unit surface.  For the ground level, Ne is equal to 

the doubled surface density of the QD array, ND.  Δ is the total spectrum broadening 

from all excited QDs.  From eq. (2.11), it is possible to increase the maximum optical  

gain by increasing the QD density and/or reducing the size distribution of the QD 

ensemble. 

In summary, we introduced the concept of low-dimensional nanostructures, 

i.e. QWs, QWRs, and QDs compared with bulk semiconductors.  The general 

theoretical view of the size and the electronic properties, i.e., density of states was 

presented.  

 



 12

2.1.2 Ring-shaped nanostructures 

 

 In this work, the Ring-shaped nanostructures, which can be classified as a type 

of quantum-confinement structure, have been observed. Like QDs, ring-shaped 

nanostructures have their energy level quantized so the certain-energy photon would 

be emitted when stimulated. 

However, semiconductor quantum rings have attracted a great deal of attention 

because fascinating properties have been predicted and demonstrated [33, 34]. For 

example, the ring-structures are a special class of quantum-confinement due to the 

Aharonov-Bohm effect, which is a specific to the topology of a ring [35]. Another 

interesting is magnetic properties of quantum rings, which are related to the 

possibility of inducing persistent current. 

The persistent current of a quantum ring [36] can be written in general as 

 

                                                   
Φ∂
∂

−=Φ
FI )( ,                                              (2.12) 

 

where F is the free energy of system and Φ the magnetic flux piercing the ring. At 

zero temperature the free energy can be replaced with the ground state energy. The 

energy of the ring and consequently also the persistent current is a periodic function 

of the flux. The effect of the magnetic field is to lower the energy states of high 

angular momentum with respect of those at low angular momentum. When the flux is 

increased the ground state energy will jump from one angular momentum to the next 

causing the periodic behavior. 

 

2.2 Self-assembled growth 

 

The self-assembled growth, which can be realized a nanostructure such as QD, 

is presented in this section.  The growth mode and growth conditions for self-

assembled growth are briefly reviewed in order to provide some basic understanding 

of growth method. Droplet epitaxy is introduced since it is the fabrication technique 

which is used in this thesis work. 
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2.2.1 Growth modes 

 

To define the growth mode which occur during the film deposition, we 

consider γΔ  which is the change of total energy of a surface before and after 

deposition: 

 

SFSF γγγγ −+=Δ /                        (2.13) 

 

where Sγ  is substrate surface energy, Fγ  is film surface energy, and FS /γ  is interface 

energy between grown film and substrate which includes the additional energy arising 

from the strain between film and substrate.  

If 0γΔ > , the deposited material would prefer to cover the substrate surface, 

then we obtain Frank Van der Merwe growth mode or layer-by-layer growth (Figure 

2.5(a)). In this mode, the interaction between the substrate and deposited atoms is 

stronger than that between neighboring atoms.  In the opposite case, if 0<Δγ , the 3D 

growth mode as Volmer Weber mode is observed (Figure 2.5(c)), where the 

interaction between substrate neighboring atoms exceeds the overlayer substrate 

interactions.  

 

 
 

Figure 2.5 Schematic representation of the 3 important growth modes of a film for 

different coverage (θ ) (a) Frank van der Merwe (FM); (b) Stranski 

Krastanow (SK) and; (c) Volmer Weber (VM) [37]. 
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In an intermediate case, the deposited film can grow a few monolayers in 

layer-by-layer growth mode at the early stage of deposition ( 0<Δγ ). However, due 

to the strain between the grown film and substrate increasing with the deposited film 

thickness, the islands are formed on top of the intermediate layer, which is called the 

wetting layer (WL) since γΔ  becomes less than zero and growth mode changes from 

2D-growth mode to 3D-growth mode. The case of layer-plus-island growth was 

named Stranski-Krastanow growth mode (Figure 2.5(b)).  

 

2.2.2 Self-assembled growth in Stranski-Krastanow mode 

 

Stranski-Krastanow (SK) growth mode is widely used to fabricate defect-free 

self-assembled QD structures in the case of lattice-mismatched system (lattice 

mismatch : ε0 > 7%). In this section, although we have not used this method to 

fabricate the nanostructures in this work, the detail of SK growth mode is briefly 

introduced to provide the basic of QD formation from strain-releasing in lattice-

mismatched system. 

The illustration of the film growth in this growth mode is shown in Figure 2.6.  

First, a few monolayers of strained material grow in layer-by-layer growth mode.  

During the growth, elastic strain energy, E(el) builds up due to the lattice mismatch, 

given by [38] 

 

                                                        E(el) = λ ε2 A t                                               (2.14) 

 

where λ is the elastic modulus, ε is the misfit, and A is surface area.  The total energy 

for the layer-by-layer growth increases as a function of the film thickness t.  Beyond 

the critical thickness, the layer-by-layer growth is unfavorable, and so elastic strain 

relaxation occurs. The local strain energy density of the SK-growth mode QD is 

schematically represented in Figure 2.7. The nanoscale islands formed in this mode 

can be used to confine carrier in three dimensions.   
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Figure 2.6 Illustration of island formation during epitaxial growth of a 

semiconductor material on top of another semiconductor with a smaller 

lattice constant  in Stranski-Krastanow mode.  The island formation is 

energetically favorable if we deposit material beyond critical thickness, 

because the lattice can elastically relax compressive strain and thus 

reducing strain energy. 

 

 

 

 
 

Figure 2.7 Schematic representation of the local strain energy density in and 

around the SK-growth mode QD.  The energy barrier has a maximum 

at the edge of the QD [38]. 
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Figure 2.8 Simple interpretation of the energy level exhibited in the QD with 

different size. The representations in case of (a) small QD show the 

higher energy level than that of large QD (b) due to the carrier 

confinement properties. Electrons and holes in a small size QD would 

exhibit shorter de Broglie wavelength of which corresponding energy 

level is higher.    

 

Although the QDs grown by this technique form into high-density arrays.  

There are still some disadvantages of this technique. First, the Stranski-Krastonow 

growth mode QDs exhibit wide size distribution which response to varying of energy 

level in the energy band. The representations of the energy level exhibited in the QD 

with different size are shown in Figure 2.8. Also, the non-uniform strain distribution 

from lattice-mismatched formation would effect on the band structure of QD [39]. 

Both are undesirable for laser applications.  

 

2.2.3 Droplet epitaxy 

 

From the viewpoint, well-defined strain-free nanostructures are desirable for 

studies of the physics of semiconductor ring structures. For the growth of high-quality 

self-assembled nanostructures in lattice-matched systems, droplet epitaxy is a 

promising method [1, 12, 15-17].  

Droplet epitaxy is an alternative approach of self-organized nanostructure 

fabrication which can be applied to both lattice-matched and mismatched system. 

Unlike SK growth mode, the nanostructures fabricated by droplet epitaxy are 
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originated directly from strain-free group III-element droplets formed on III-V 

compound substrate instead of strain-releasing in lattice-mismatched system. The 

lattice-matched system in droplet formation would reduce the strain-energy in the 

nanostructure and its effects on the energy-band structure.  

Droplet epitaxy process consists of 2 steps. The illustration of the 

nanostructure fabrication by droplet epitaxy is shown in Figure 2.9. First, group III-

element droplets are formed on a III-V compound substrate by depositing group III-

element on the substrate. The corresponding layer thickness of the droplet amount 

should be less than the critical thickness to prevent the formation of 3-D islands, 

which are QDs caused by strain-releasing from mismatch between the substrate and 

the overlayer in SK growth mode. Second, the group III-element droplets would be 

crystallized into III-V compound nanostructures by exposing them to group V-

element molecular beam.  

Since the droplets of group III-element are uniform, uniform-size III-V 

compound nanostructures can be formed by this method [1, 12, 15-17]. Furthermore, 

it is obvious that the shapes of the III-V compound nanostructures can be simply 

controlled by droplet forming parameters, such as, substrate temperatures and amount 

of group III-element deposited. Since the droplet properties are still metallic, their 

morphology can be varied by changing such parameters.  
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Figure 2.9 The illustration of the nanostructure fabricated by droplet epitaxy. 

First, (a) group III-element is deposited on a III-V compound substrate 

in order to form group III-element droplets. Then, (b) the group III-

element droplets would be exposed to group V-element molecular 

beam in order to crystallize them into III-V compound nanostructures. 

 

2.2.4 Material Considerations 

 

Self-assembled growth can be carried out in several semiconductor material 

systems, e.g., In(Ga)As/GaAs, InP/InGaP, or SiGe/Si. The preliminary condition for 

the growth is that the nanostructure material has a smaller band gap compared with 

the substrate material to provide a potential well in energy band.  The additional 

condition for SK growth mode is that the lattice constant of QD material must be 

larger than the one of substrate material (lattice mismatch : ε0 > 7%) to provide the 

lattice mismatch. On the other hand, the material for nanostructure fabricated by 

droplet epitaxy is not necessary to have the larger lattice constant since the method 

can be applied to lattice-matched system. Figure 2.10 shows the relationship between 

band gap energy and the lattice constant of III-As material systems.   
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For laser applications in optical communication systems, technologically, 

GaAs is the most important substrate material.  The self-assembled growth of InGaAs 

on GaAs substrate can provide the nanostructures which emit light at 1.3 μm or longer 

wavelength depended on the ratio of In and Ga in the InGaAs structures .  In this 

work, we will concentrate only on the InGaAs/GaAs material system. 

 

 

 
 

Figure 2.10 The relationship between lattice constant versus energy gap at room 

temperature for the III-As material system.  The solid line is for direct 

band gap material and the dotted line is for indirect band gap material.  

From the figure we can see that there is a possibility to realize 

nanostructures which emit light at the wavelength of 1.3 μm or 1.55 

μm (dashed lines). 
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CHAPTER III 

 

EXPERIMENTAL DETAILS 
 

 

 The details of the sample fabrication by droplet epitaxy using molecular beam 

epitaxy (MBE) growth used in this work are explained in this chapter. The calibration 

of growth rate was done by in situ reflection high-electron energy diffraction 

(RHEED) observation. On the other hand, the samples were characterized by ex situ 

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

 

3.1 Molecular Beam Epitaxy (MBE) 

 

Molecular beam epitaxy (MBE) was invented as a equipment for molecular 

design of material, exceptionally, as a popular technique for growing III-V compound 

semiconductors. With clean and ultra high vacuum (UHV) environment, the atomic or 

molecular beams of the constituent elements are incident upon a heated crystalline 

substrate. MBE provides several benefits. It can produce high-quality layers with very 

abrupt interfaces. In addition, it also has good control of thickness, doping, and 

composition, because of the precise control of beam fluxes and growth conditions. In 

the atomic structure, quantum effect is strongly found because the electron could 

show their virgin properties. This gives rise to quantum devices with high efficiency, 

high speed and high performance. It can be said that MBE structures closely 

approximate the idealized models used in solid state theory. 

In this research, a conventional RIBER 32P MBE machine consisting of three 

UHV chambers, i.e., introduction chamber, transfer chamber, and growth chamber, is 

used to grow our samples. Three chambers are separated by isolation gate valves. 

Pumping system including sorption pump, ion pump, and titanium sublimation pump 

is installed to keep UHV condition. A figure of RIBER 32P MBE is shown in Figure 

3.1. The pressure of each chamber is measured by ionization gauge. In case of growth 

chamber, there are two ionization gauges. One which is located at equivalent substrate 

position behind the substrate heater is used for measuring molecular beam flux and 

the other which is installed in front of the ion pump is used for measuring background 
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pressure. The substrate is rotated continuously while the epitaxial growth to provide 

uniform flux profile on substrate surface. The group III-elements, i.e., In, Ga and Al 

and group V-elements, i.e., As4 are contained in pyrolytic boron nitride (PBN) 

crucibles which are installed in separated effusion cells. Each cell is heated by its own 

heater of which temperature is controlled by feedback from standard thermocouple 

via computer. The molecular beam flux of each constituent elements is controlled by 

tantalum shutter in front of each cell. A schematic drawing of the modified III-V 

MBE growth chamber is shown in Figure 3.2. 

In sample preparation, the substrates need to be preheated by heaters in 

introduction chamber. A propose of preheat process is to eliminate contaminated 

substance, mainly water (H2O), on substrate surface. After finish preheat process, the 

sample is transferred to the manipulator in growth chamber, preparing to start the 

fabrication.  

The unique advantage of MBE from other techniques is that it enables to study 

and control the growth process in situ. In particular, reflection high energy electron 

diffraction (RHEED) allows directly measurement of surface structure of the sample 

and the already grown epilayer. The equipment of RHEED consists of a 20-kV 

electron gun, a fluorescent screen, a CCD camera, and a computer. In addition, the 

quadruple mass spectroscopy is also installed for particle analysis in growth chamber. 

The explanation on RHEED is presented in the next section. 
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Figure 3.1  The conventional RIBER 32P MBE consists of three chambers, i.e., 

introduction chamber, transfer chamber, and growth chamber.  

 
 

Figure 3.2  Schematic drawing of the modified III-V MBE growth chamber. The 

chamber is cooled by a closed circuit liquid N2. The base pressure is 

less than 1×10−10 torr. 
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3.2 Reflection High Energy Electron Diffraction (RHEED) 

 

Reflection high energy electron diffraction is an in situ equipment for 

characterizing thin films. It allows direct measurements of the surface structure of the 

sample and already grown epilayer. It also allows observation on the dynamics of  

MBE growth. The schematic representation of RHEED system is shown in Figure 3.3. 

An high-energy electron beam (~15 keV) intersects with the sample surface at a small 

angle (θ ~1-3o). It is diffracted by the surface atoms, which function as grating. The 

scattering electrons interfere constructively and form a pattern on the fluorescent 

screen. The RHEED pattern would be captured with a high-performance CCD camera 

and analyzed with the sophisticated RHEED data processing software installed to the 

computer. 

 
Figure 3.3  Schematic representation of RHEED system consisting of electron 

gun, fluorescent screen, high-performance CCD camera and computer 

with the sophisticated RHEED data processing software. 

 

 

 

 

 

 



 24

3.2.1 RHEED pattern observation 

 

The pattern position can be graphically determined by the Laue method – 

intersection of Edwald sphere in reciprocal lattice space. The schematic representation 

of RHEED observation is illustrated in Figure 3.4. Since the short de Broglie 

wavelength of electron allows a shallow penetration depth into the substrate, the 

electron beam is restricted to the topmost atomic layers. Diffracted electron at the flat 

surface are imaged onto the screen. Therefore, the surface layer is represented by a 

reciprocal lattice space rod perpendicular to the real surface [37]. If the surface has 

roughness in the order of an atomic scale, the surface layer in the reciprocal space will 

be presented by three-dimensional point array. Therefore, we can interpret the 

RHEED pattern as the reciprocal lattice representation of the sample surface, which 

reflects the surface morphology on the atomic scale. 

In this work, we use RHEED observation to monitor surface structure during 

the growth of GaAs buffer layer and during the growth of nanostructures. 

 

 
 

Figure 3.4  Schematic diagram of RHEED geometry showing the incident electron 

beam at an angle θ  to the surface plane [37]. The right part shows 

diffraction pattern from the GaAs (001) (2×4) surface, in the [1-10] 

and [110] azimuths. 
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3.2.2 RHEED intensity oscillation 

 

RHEED intensity oscillation can be used to determine the growth rates. This 

has been also used to calibrate beam fluxes corresponding to the growth rate. To 

control alloy composition and the thickness of quantum structures grown, the fluxes 

are adjusted to the value corresponding to needed growth rate [37].  

The RHEED intensity on the pattern depends on the roughness of the surface. 

Under the normal growth condition, the RHEED intensity, i.e., surface roughness, 

changes according to the fraction of surface coverage where the period of the pattern 

oscillation corresponds to the growth of 1 monolayer (ML). The schematic 

representation of the RHEED intensity oscillation is shown in Figure 3.5. In each 

period, the maximum reflectivity occurs at the initial and final state when smooth 

surface was completely grown and minimum reflectivity occurs at the intermediate 

state when the growing layer is approximately half completed. With use of  the period 

of oscillation signal, the growth rate of GaAs can be calibrated. The experimental data 

is shown in Figure 3.6.  
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Figure 3.5   Schematic representation of  RHEED intensity oscillations related to         

formation of the first two complete monolayer of GaAs (001) [37]. 
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Figure 3.6   RHEED intensity oscillation obtained during the growth of GaAs. 

 

 
 

Figure 3.7   The intensity of RHEED oscillation in case of InAs. 
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3.3 Atomic Force Microscopy (AFM) 

 

The atomic force microscope (AFM) is a very powerful microscope invented 

by Binnig, Quate and Gerber in 1986. The schematic representation of AFM system is 

shown in Figure 3.8. The AFM consists of a cantilever with a sharp tip at its end, 

typically composed of silicon or silicon nitride with the size in the order of 

nanometers. The tip is brought into close proximity of a sample surface. The 

schematic representation of AFM measuring modes are shown in Figure 3.9. 

Typically, the deflection is measured using a laser spot reflected from the top of the 

cantilever into an array of photodiodes.  

In this work, the AFM images are performed by using SEIKO SPA 400-AFM. 

The AFM is operated in the tapping mode in order to reduce the friction during the 

measurement. The scan rate is about 1-2 Hz and the scan size is usually 2×2 μm2 with 

512 data points per scan line. So the lateral resolution is about 4 nm (2000 nm/512 

data points). 

 

 
 

Figure 3.8 Schematic drawing of Atomic Force Microscopy (Drawn October 12,  

2002 by Allen Timothy Chang) 
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Figure 3.9 The schematic representation of AFM measuring modes including 

contact mode, non-contact mode and tapping mode. In this work, the 

AFM is operated in the tapping mode to reduce the friction when 

measuring. 

 

3.4 Photoluminescence (PL) spectroscopy 

  

Photoluminescence (PL) spectroscopy is a tool for sample luminescence 

characterization in this work. The samples were excited by the 488-nm line of an Ar+ 

laser. A schematic of the PL experimental setup is shown in Figure 3.10. The laser 

beam was chopped focused to the sample by focal lens. The light signal is analyzed 

by monochromator with photomultiplier tube. A high-pass filter is used to filter the 

visible-light noise and the reflected laser beam signal. Then, the resolved light is 

detected by a InGaAs detector. A chopper and the lock-in amplifier are used to 

enhance the signal by the standard lock-in technique. 
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Figure 3.10 Schematic of the PL experimental setup 

 

The interpretation of PL data can simply be described as shown in Figure 3.11 

and Figure 3.12.  For the case of nanostructures with different size in Figure 3.11, the 

ground state PL peak energy contains information about the size of the nanosturcture. 

The increase in nanostructure size results in a lower number of quantized energy 

levels of both holes and electrons, which causes a lower PL peak energy position. 

Therefore, this PL peak position can be used to relatively compare the size of 

nanostructure. 

For the shape of PL spectrum from nanostructure array (Figure 3.12), there 

exists broadening of the spectrum.  This broadening, which is measured in terms of a 

full width at half maximum (FWHM) or PL linewidth, is related to the nanostructure 

size distribution.   
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Figure 3.11 Simple interpretation of the PL data obtained from a nanostructure.  In 

case of small-size nanostructure (a) the PL peak energy position is 

higher compared with large-size nanostructure (b).  

 

 
 

Figure 3.12 Simple interpretation of the PL spectrum obtained from the 

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

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

to the PL peak energy position and the PL linewidth corresponds to the 

size distribution of the array. 
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3.6 Sample preparation 

 

In this work, the samples of InGaAs nanostructures were fabricated by droplet 

epitaxy using RIBER 32P molecular-beam epitaxy-system on GaAs (001) substrates. 

The growth conditions of the nanostructure have been varied in step of droplet 

formation. The detailed sequences for sample preparation are as follows. 

 

(1) Pre-heated : A piece of epi-ready semi-insulating (001) GaAs substrate is 

glued on a Mo (molybdenum) block by using indium glue. The block with 

the substrate is transferred to the introduction chamber and heated to 

450oC for 60 minutes in order to eliminate water (H2O) and oxide from the 

substrate. 

 

(2) Deoxidation (removing oxide from substrate surface) : After preheated, the 

sample (the substrate on Mo block) is transferred into the growth chamber. 

Then, the substrate temperature is increased to 600oC under As4 pressure 

of ~ 7×10-6 torr until the streak RHEED pattern appeared in order to 

remove the native oxide from the surface. Streak RHEED pattern is shown 

in Figure 3.13. 

 

 
 

Figure 3.13  Streak RHEED pattern observed during the de-oxidation process. 
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(3) Growth of GaAs buffer layer : After the oxide removal at 600oC, the 

substrate temperature was decreased and a 300-nm thick GaAs buffer layer 

was grown at 580oC to flatten the surface. The GaAs growth rate is ~ 1 

monolayer/s (ML/s). The sharp and clear streaky (2×4) RHEED pattern is 

always observed after finishing the growth of buffer layer. Streaky (2×4) 

RHEED pattern of GaAs surface is shown in Figure 3.14. 

 

(4) Formation of InGa droplets : The growth conditions have been varied in 

this step. First, the substrate temperature was decreased to 530 oC without 

As4 beam flux and hold for 10 minutes in order to eliminate exceeded As 

atoms from the surface. Then, the substrate temperature was reduced again 

to varied temperatures of 120, 150, 180 and 210oC without As4 flux (the 

background pressure was kept below 2×10-9 torr). Subsequently, a 

different amount of In0.5Ga0.5 corresponding to layer thickness 2, 3, 4 and 5 

ML was deposited on GaAs buffer layer with deposite rate of 1 ML/s in 

order to form InGa droplets.  The RHEED pattern of rings observed after 

annealing in As4 is shown in Figure 3.15. (Note that In0.5Ga0.5 amount 

corresponding to thickness 4 and 5 ML was deposited only on 150oC 

substrate.)  

 

(5) Crystallization : Finally, the InGa droplets were crystallized into InGaAs 

by supply of As4 flux (6-7×10-6 torr beam equivalent pressure (BEP)) at 

180oC substrate and annealed under As4 flux supply for 5 minutes. For 

AFM measurement, the substrate temperature was decreased to 100oC and 

loaded out of the growth chamber, and MBE system. The Mo block with 

the sample would be heated and the sample was separated from the block 

for AFM measurement. The schematic diagram of sample structure after 

crystallization was illustrated in Figure 3.16 (a). 
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Figure 3.14  Streaky (2×4) RHEED pattern of GaAs surface observed after the 

formation of GaAs buffer layer. 

 

 
 

Figure 3.15 The RHEED pattern of ring structures observed after crystallized under 

As4 flux. 
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                   (a)                          (b) 

 

Figure 3.16  Schematic diagram of the sample structures grown in this work (a) 

after crystallization in As4, and (b) after capped with 100-nm GaAs 

capping layers. The details of growth sequences and growth conditions 

for the InGaAs nanostructures were given in the text. 

 

(6) GaAs Capping : For PL measurement, another sample under the droplet 

forming condition of 3 ML InGa deposition at 210°C substrate was grown 

repeatedly with additional 100-nm GaAs capping layers. To grow the 

capping layers, after the entire growth sequences (1-5), the substrate 

temperature was slowly increased to 350°C with 5 minutes annealing in 

As4 flux for each step of 250°C, 300°C and 350°C. Then, the capping 

layers were grown, including 50 ML of GaAs grown by migration-

enhanced epitaxy (alternatively deposite Ga 2 seconds (0.5ML/second), As 

2 seconds and anneal 2 seconds for 50 cycles) [21, 22] at 350°C and 310 

ML of conventional-GaAs layers grown at 400°C respectively. The 

schematic diagram of sample structure after capped with 100-nm GaAs 

capping layers was illustrated in Figure 3.16 (b). 
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CHAPTER IV 
 

RESULT AND DISCUSSION 
 

 

In this chapter, the experimental results of InGaAs nanostructures grown by 

droplet epitaxy are shown. The ring-shaped InGaAs nanostructures have been 

observed. We have varied the droplet forming parameter, including amount of InGa 

deposited and substrate temperature while depositing droplets. By using atomic force 

microscopy (AFM), the effects of each droplet forming parameter on the size and 

density of the nanostructures can be investigated.  Finally, the nanostructures have 

been re-fabricated under selected droplet forming condition with additional GaAs 

capping layers for photoluminescence (PL) measurement. The analytical optical 

properties of the InGaAs rings have been investigated from PL spectra of capped 

InGaAs-ring sample at 77 K. 

 

4.1 InGaAs ring-shaped nanostructures : surface morphology 

  

For structural characterization, the surface morphology of the samples after 

crystallization under As4 flux (sequence (5) in section 3.6) was investigated by 

tapping-mode atomic force microscope (AFM) in air. The low density ring-shaped 

InGaAs nanostructures have been observed. At each droplet forming condition, the 

ring structures are mostly found to be uniform. However, at different droplet forming 

conditions, the nanostructure size and density are found to be different related to 

droplet forming parameters, i.e., substrate temperature and amount of indium (In) and 

Gallium (Ga)  deposited. The AFM images of the sample surfaces after crystallization 

with size and density of InGaAs ring-shaped nanostructures are shown in Figure 4.1. 

The effects of each parameter are discussed in next sections. 

The appearance of InGaAs ring-structures can be simply described. The 

formation mechanism of InGaAs ring-shaped nanostructures form metallic InGa 

droplets are roughly compared to the expansion mechanism of typical liquid droplets. 

The process is illustrated schematically in Figure 4.2. First, liquid-phase metallic InGa 

droplets are formed after the deposition of In and Ga on the GaAs substrate. Like 
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liquid droplets, the down-hill transport causes the diffusion of In and Ga atoms in the 

droplets. It results in two-dimensional expansion of the droplets. At the moment, 

some As atoms at the topmost of GaAs buffer layer can interact with InGa atoms in 

the droplets especially at the edge of the droplets. Hence, InGaAs are formed at this 

area, causing not-fully-crystallized InGa hemispherical-shaped structures [40]. 

Second, during the crystallization under As4 flux, the rest InGa atoms from the 

droplets would diffuse to As atoms deposited on nearby surface (supplied from the 

flux) [41] and crystallized into InGaAs. Efficient crystallization is expected at the 

edge of the droplets [40, 41]. As a result, ring-shaped structures of epitaxial InGaAs 

are formed surrounding the droplet positions [40]. Figure 4.3 show the surface 

morphology and cross-sectional structure of a ring after annealing in As4 flux in the 

case of InGa 3 ML and substrate temperature 210°C.   

 In next section, the dependence of the size and the density of InGaAs ring-

shaped nanostructures on the substrate temperature and deposited InGa amount are 

discussed in detail. 
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Figure 4.1  The 1×1 μm2 AFM images of the surface morphology of the samples 

fabricated under different droplet forming conditions, including 

substrate temperature 120, 150, 180, 210°C and InGa amount 

corresponding to layer thickness 2, 3, 4, 5 ML. The low density ring-

shaped InGaAs nanostructures have been observed. Above each 

images, the outer diameter (nm), height (nm) and density (108 cm-2) of 

the InGaAs rings fabricated under each droplet forming condition are 

shown respectively.   
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Figure 4.2  The formation mechanism of InGaAs ring-shaped nanostructures from 

metallic InGa droplets. First, the InGa droplets would expand in 2-

dimensional direction because of the down-hill transport. At the 

moment, the edge of expanding InGa droplets can interact with As 

atoms at topmost of GaAs buffer layer and form InGaAs. Next, during 

the crystallization under As4 flux, InGa atoms from the droplets would 

diffuse to As atoms on nearby surface and crystallized into InGaAs. 
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Figure 4.3  The 0.5×0.5 μm2 AFM image and cross-sectional structure (along the 

dash line) of an InGaAs ring after annealing in As4 in the case of  InGa 

amount corresponding to 3 ML and substrate temperature 210°C. 

 

 

4.1.1 Effect of substrate temperature on InGaAs ring-shaped nanostructures  

  

To analyze the effects of substrate temperature while depositing droplets on 

InGaAs ring-shaped nanostructures, we have characterized the surface morphology of 

the samples in the series of InGa amount corresponding to 2 and 3 ML with 120°C -

210°C substrate temperature. The dependence of the ring-shaped nanostructure 

diameters and heights on the substrate temperature are shown in Figure 4.4 (a) and 

Figure 4.4 (b) respectively. Also, the dependence of the ring-shaped nanostructure 

density on the substrate temperature is shown in Figure 4.5. From the images, when 

increasing the substrate temperature, the ring size is increased but the density is 

decreased. The ring size includes the typical outer diameter and the height of the ring-

structures along [001]. For example, under a condition of 3 ML In0.5Ga0.5, the density 

was 8.5×108 nm-2 with the ring outer diameter of 121 nm and height of 1.2 nm when 

the substrate temperature was 120°C, and the density was decreased to 1.2×108 cm-2 

with the outer diameter of 161.8 nm and height of 4.0 nm when the substrate 

temperature was 210°C.  

 For explanation, greater size of InGaAs ring structures was caused from two-

dimensional expansion of InGa droplets at high temperature. Migration of the InGa 

atoms in the droplets response to this expansion. Since, the diffusion (migration) 
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length of metallic In and Ga atoms in the droplets is proportional to the temperature of 

the substrate which they are deposited on. As a result, when substrate temperature is 

higher, greater diffusion length of metallic In and Ga atoms would response to wider 

2-dimensional expansion of InGa droplets. After crystallization, the larger diameter of 

InGaAs ring-shaped nanostructures can be observed. On the other hand, the diffusion 

ability also results in the coalescence (mergence) of neighbouring metallic InGa 

droplets. Hence, at higher substrate temperature, the coalescence of InGa droplets 

would be more, resulting in greater quantity of InGa in each droplet. The droplets 

were also expected to be higher. After crystallizing such droplets, fewer but larger and 

higher InGaAs ring-shaped nanostructures would be observed. 

 For 2 ML InGa droplet forming condition, we have found that the heights of 

InGaAs rings turned to decrease at 180°C– 210°C substrate. It can be supposed that 

when wider expansion of InGa droplets occurred, the heights of such droplets had 

reached their limitation due to the limit of InGa amount deposited. Thus, wider but 

low InGaAs rings would be formed after finishing crystallization. 

 

 

 

 

 

 

 

 

 



 42

 

(a) 

 

(b) 

 

Figure 4.4  The dependence on the substrate temperature of ring-shaped 

nanostructure size including (a) the outer diameters (XOut) and (b) the 

heights (Z) of the ring-structures.  
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Figure 4.5  The dependence of the ring-shaped nanostructure density on the 

substrate temperature.  

 

4.1.2 Effect of InGa amount on InGaAs ring-shaped nanostructures  

 

To analyze the effects of deposited InGa amount on InGaAs ring-shaped 

nanostructures, we have characterized the surface morphology of the samples in the 

series of 150°C substrate temperature with InGa amount corresponding to 2, 3, 4 and 

5 ML (from Figure 4.1). The dependence of the ring-shaped nanostructure diameters 

and heights on the InGa amount are shown in Figure 4.6 (a) and Figure 4.6 (b), 

respectively. Also, The dependence of the ring-shaped nanostructure density on the 

InGa amount is shown in Figure 4.7. From the images, it was found that increasing 

InGa amount deposited would result in the rings larger size, including the diameter 

and height. The density is also increased, when increasing InGa amount between 2-3 

ML. However, when keeping InGa amount increased to 4 ML, the density turns to 

decrease. The density is increased again when increasing InGa amount to 5 ML.  
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(a) 

 

(b) 

 

Figure 4.6  The dependence on the InGa amount deposited of ring-shaped 

nanostructure size including (a) the outer diameters (XOut) and (b) the 

heights (Z) of the ring-structures.  
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Figure 4.7  The dependence of the ring-shaped nanostructure density on the InGa 

amount.  

 

The supposition of decreasing density when increasing InGa amount can be 

described. The Schematic drawing is illustrated in Figure 4.8.  First, greater amount of 

InGa deposited would be enough to form full-layer of metallic InGa beyond the 

surface instead of individual droplets. Since deposited InGa atoms still exhibit their 

metallic properties, the neighbouring metallic InGa droplets tend to partially merge 

together. Thus, if there are enough metallic droplets covering the surface, it was 

supposed that full-layer of metallic InGa should be formed instead of individual InGa 

droplets. Subsequently, when following InGa adatoms were deposited, additional 

droplets would be formed above the layer, resulting in renewal of number of the 

droplets formed, as found in 4 and 5 ML InGa conditions.  

  By the way, a few smaller-size quantum rings were observed at 4 and 5 ML 

InGa condition. The ratio of the number of small rings to the normal size rings is 

about 1:6. We supposed that the small ring-structures were caused from strain in the 

nanostructures due to the increase of InGa layer thickness. Since InGaAs 

nanostructures with additional InGaAs layers below (from InGa full-layers) were 

formed after crystallized, strain-energy in the structures was increasing. The strain 

would compress the structures of InGaAs formed.   
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Figure 4.8  The Schematic drawing of a InGa full-layer with additional InGa 

droplets formed above when greater amount of InGa were deposited. It 

was supposed to result in renewal of the droplet density. First, the 

previous-layer droplets (dash line) have been coalesced and formed 

InGa full-layer instead. When newly supplied InGa adatoms were 

deposited, additional InGa droplets would be formed above the layer. 

Hence, the density of the droplets has been renewed. 

 

4.2 Photoluminescence (PL) measurement of InGaAs ring-shaped nanostructures 

 

For photoluminescence (PL) measurement, another sample under droplet 

forming condition of 3 ML InGa at 210°C substrate was grown repeatedly with 

additional 100-nm GaAs capping layers including 50 ML of GaAs layers grown by 

migration-enhanced epitaxy at 350°C and 310 ML of conventional GaAs layers 

grown at 400°C, respectively. The analytical optical properties of the InGaAs rings 

are confirmed by the photoluminescence spectra of the respective samples at 77 K. 

Ar+ ion laser light at 488 nm was used as an excitation source and data were obtained 

by means of a cooled InGaAs photodetector in a spectrometer. Figure 4.9 shows the 

measured PL spectrum of the capped InGaAs-ring sample measured at 77 K. PL 

emission from the capped InGaAs ring-structures is centered at 950 nm (1.30 eV) 

with respective PL Full Width Half Maximum (FWHM) of 50 nm. PL lines around 

840 nm stem from GaAs bulk. However, the PL intensity was found to be low due to 

low density of the ring structures existed.   
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Figure 4.9  The photoluminescence (PL) spectrum at 77 K of the InGaAs ring-

structures (fabricated under droplet forming condition of 3 ML InGa at 

210°C substrates) with 50 ML GaAs-capping layers by migration-

enhanced epitaxy at 350°C, and 310 ML of conventional GaAs layers 

grown at 400°C, respectively. The PL peak and respective FWHM are 

shown. 
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CHAPTER V 

 

CONCLUSIONS 
 

 

This work presents the growth of InGaAs ring-shaped nanostructures by 

droplet epitaxy using molecular beam epitaxy (MBE). By varying droplet forming 

conditions, the effects of droplet forming parameters including substrate temperature 

and InGa amount deposited on the InGaAs ring-structures were studied.  

First, a brief overview on the properties of low-dimensional nanostructures 

was given, including quantum rings, or the ring-shaped nanostructures.  As example 

of the QD fabrication in lattice-mismatched system, self-assembled growth in the 

Stranski-Krastanow mode was briefly reviewed.  Details of droplet epitaxy that was 

the lattice-matched method used to fabricated the nanostructures in this work were 

given.  From material considerations, the information of the material system including 

InGaAs/GaAs was discussed. 

In situ RHEED observations were used to determine the growth rates and 

monitor surface structures during the growth of GaAs buffer layers and during the 

growth of nanostructures.  The surface morphology and structural properties of the 

samples with InGaAs ring-shaped nanostructures were investigated by ex situ atomic 

force microscope (AFM) and photoluminescence (PL) measurement at 77 K. 

The fabrication of InGaAs ring-shaped nanostructures was done by droplet 

epitaxy technique using solid source molecular beam epitaxy (MBE). The growth 

sequences included 6 steps : 1) pre-heated, 2) deoxidation, 3) growth of GaAs buffer 

layer, 4) formation of InGa droplets, 5)crystallization to InGaAs and 6) GaAs capping 

(only for PL measurement). InGa droplet forming conditions have been varied in 

order to investigate the effect of substrate temperature during InGa deposition and 

deposited amount of indium (In) and Gallium (Ga) on InGaAs ring-structures.  

After crystallization (step(5)), the surface morphology of the samples were 

characterized by tapping-mode AFM. The low density ring-shaped InGaAs 

nanostructures have been observed. It was found that increasing substrate temperature 

during InGa deposition resulted in InGaAs rings larger size but lower density. It was 

suggested that greater diffusion length of metallic In and Ga atoms responsed to 2-
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dimensional expansion of InGa droplets and coalescence of neighbouring droplets. As 

a result, after crystallization such droplets, larger but fewer InGaAs rings would be 

formed. Also, increasing InGa amount deposited would result in InGaAs rings larger 

size. The ring density is also increased when increasing InGa amount between 2-3 

ML. However, when keeping InGa amount increased to 4 ML, the density turns to 

decrease. The density is increased again when increasing InGa amount to 5 ML. It 

was supposed that decrease of ring density was caused from formation of InGa full-

layer instead of individual droplets when greater amount of InGa was deposited. 

Subsequently, newly supplied InGa adatoms would form the droplets above the layer 

resulting in renewal of the number of the droplet formed.  

For PL measurement, the InGaAs ring-structures were repeatedly grown under 

selected droplet forming condition with additional 100-nm GaAs capping layers. The 

capping layers included 50 ML of GaAs layers grown by migration-enhanced epitaxy 

at 350°C and 310 ML of conventional GaAs layers grown at 400°C, respectively.  

The analytical optical properties of the InGaAs rings are confirmed by the PL spectra 

of the GaAs-capped InGaAs ring-structures at 77 K. PL emission from InGaAs ring 

structures is centered at 950 nm with respective full width at half maximum (FWHM) 

of 50 nm. PL lines around 840 nm stem from GaAs bulk. However, the PL intensity 

was found to be low resulting from low density of the ring structures existed. 
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