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CHAPTER I 

 

INTRODUCTION 

 

1.1 Motivation 

 

The techniques of self-assembled fabrication for nanostructures are highly 

attractive for basic physics and device applications. Useful for opto-electronics, the 

atom-like properties of quantum nanostructures such as carrier confinement and energy 

level quantization can lead to the emission of photon with a specific wavelength. For 

decades, various fabrication techniques for quantum nanostructures have been 

developed. In particular, the Stranski-Krastanov (SK) growth mode, one of the most 

widely used methods for fabrication, is driven by the strain from lattice mismatch 

between the substrate and the overlayer [1]. However, the non-uniform strain 

distribution in the lattice-mismatched system can affect the energy band structures, 

undesirable for studies of the physics of semiconductor nanostructures. Another growth 

technique that has been applied to form nanostructures without strain is droplet epitaxy 

technique [2-4]. This technique is simple and flexible. The droplet epitaxy process is 

simply based on the formation of the group III element droplets by depositing group III 

atoms on a crystalline surface, followed by a reaction with a group V element for 

crystallization into III-V compound nanostructures. The lattice-matched system in 

droplet formation can eliminate the strain energy and its effects on the energy-band 

structures. Moreover, it does not require additional complicated processing and has 

potential to develop the quantum nanostructures. Not only quantum dots (QDs) but also 

the complex nanostructures such as nanoholes [5,6], quantum rings (QRs) [2], and 

quantum dot molecules (QDMs) [7] have been demonstrated by this technique.  

Among them, QRs, or ring-shaped nanostructures, are a special class of 

quantum-confinement structures. Just like QDs, QRs also have quantized energy levels 

due to their carrier confinement, which makes them potentially applicable in opto-

electronics [8-10]. However, the QRs have attracted a lot of attention due to the 

additional features such as the Aharonov-Bohm effect [11,12]. One predicted feature of 

quantum rings is the magnetic properties which are related to the possibility of inducing 

persistent currents [12]. The QRs have been demonstrated through several approaches 
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including thin GaAs layer capping of InAs QDs [13-18], post-growth annealing process 

[1,19], SK growth [20,21], and droplet epitaxy [2,22-27]. Most of the QRs have been 

demonstrated by forming a thin layer of GaAs on SK-grown InAs QDs (Lorke et al. 

(2001); Granados et al. (2003); Kiravittaya et al. (2003); Schmidt et al. (2002); 

Songmuang et al. (2003); Garc et al. (1997)). The formation mechanism is driven by 

the reduction of the surface free energy around InAs QDs due to the deposition of a thin 

GaAs layer. After the short annealing, a remarkable morphological change results in 

QR formation. 

While many of the approaches utilize the conversion of QDs to QRs, the droplet 

epitaxy technique can form QRs directly. In past years, there are experimental results 

reported in literatures about QRs grown by droplet epitaxy [2,5,6,22-24,26,28]. Most 

are the fabrication of GaAs QRs in GaAs/(Al)GaAs material systems. Mano et al. 

(2005) and Lee et al. (2006) have proposed the evolution of lattice-matched 

GaAs/Al0.3Ga0.7As QRs grown by droplet epitaxy. The growth simply starts with the 

formation of Ga droplets on Al0.3Ga0.7As surface and then follows by crystallization in 

As4. During the crystallization, Ga droplets interact with As atoms and change to GaAs 

QRs. The high structural and optical qualities of the QRs are confirmed. Furthermore, 

Alonso-Gonzalez et al. (2007) demonstrated the formation of InAs QDs in a low-

density template of GaAs/GaAs QRs fabricated by droplet epitaxy. By capping the 

template with 1.4 ML conventional InAs, InAs QDs are restrictively formed only inside 

the template QRs. With use of this low-density strain-free template, the low-density 

InAs QDs (~108 cm-2) can be realized. By the way, In(Ga)As/GaAs is another 

interesting systems due to exhibited quantum confinement.  Recently, there are several 

literatures about InAs/GaAs QRs grown by droplet epitaxy. Noda et al. (2008) and Lee 

et al. (2008) have reported the fabrication of InAs QRs on GaAs (100) by droplet 

epitaxy. Diameter and Density of the resulted QRs are ~ 200-400 nm and ~ 106 cm-2, 

respectively. Very low density and relatively large size of such QRs still be a limitation 

of InAs/GaAs QR formation and undesirable for optical application. This is resulted 

from a too long 2-dimentional surface migration length of In atoms and high 

segregation effect of newly supplied adatoms. A solution to overcome the problems is 

the growth at low temperature with an optimum crystallization [29]. Another solution is 

to limit the migration length of In atoms on GaAs. Ga is also supplied together with the 

deposition of In. Predictedly, the structural properties of crystallized InGaAs QRs are 

different from pure-InAs QRs. Moreover, it’s clear that the QRs are originated from the 
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respective droplets, so changing of droplet forming condition subjects to vary the 

properties of the crystallized QRs. Hence, a clear demonstration of the formation of 

InGaAs QRs by droplet epitaxy is desirable. 

In this dissertation, the formation of low-density InGaAs ring-like 

nanostructures (QRs) on GaAs (100) by droplet epitaxy technique using MBE was 

demonstrated. The evolution of morphology and the formation mechanism have been 

investigated. The droplet-forming conditions have been varied by changing the growth 

parameters including substrate temperature during depositing InGa (Ts), In0.5Ga0.5 

amount, and Indium-mole-fraction. The surface morphology of the QRs was analyzed 

by using an atomic force microscope (AFM). The effects of the growth parameters on 

the InGaAs ring-like nanostructures grown by droplet epitaxy were also investigated. 

For photoluminescence (PL) measurement, the InGaAs QRs were repeatedly grown 

under several selected droplet-forming conditions with an additional 100-nm GaAs 

capping layer. PL measurement was performed to characterize the optical properties of 

the InGaAs QRs. 

 

1.2 Objectives 

 

This dissertation objective is to demonstrate the fabrication of InGaAs ring-like 

nanostructures, so called quantum rings (QRs), on GaAs by droplet epitaxy technique 

using molecular beam epitaxy. The growth parameters including 1) substrate 

temperature during the deposition (Ts), 2) deposited In0.5Ga0.5 amount, and 3) Indium-

mole-fraction (x) of InxGa1-x have been varied. The effects of growth parameters on the 

morphological properties of the InGaAs QRs (QR size and density) have been analyzed 

through the surface morphology of the InGaAs QRs grown with different growth 

conditions. Also, the optical properties of the InGaAs QRs have been investigated from 

PL spectra of the 100-nm-GaAs capped samples at 20-100 K. 

 

1.3 Overview 

 

This dissertation presents a detailed study of the fabrication of InGaAs ring-like 

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

purpose is to analyze the effects of droplet forming parameters on the structural and 

optical properties of the nanostructures. 
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The thesis is organized as follows: The basic concepts are reviewed in chapter 

2. This also includes fabrication techniques for nanostructure formation. Chapter 3 

gives the experimental details. Moreover, the information of the equipments used in 

this work is briefly introduced. In chapter 4, the experimental results from the 

fabrication of InGaAs QRs are presented. Also, the evolution of surface morphology by 

RHEED observation and predicted QR-formation mechanism are represented. The 

effects of substrate temperature during In0.5Ga0.5 deposition, In0.5Ga0.5 amount 

deposited, and Indium-mole-fraction of droplets on the morphological and optical 

properties of InGaAs QRs are studied in this chapter.  The studies are based on atomic 

force microscopy (AFM) and photoluminescence (PL) results. Finally, chapter 5 

concludes this work.  

 



CHAPTER II 

 

RATIONALE, THEORY AND HYPOTHESIS 

 

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 quantum rings 

(QRs), 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. Self-assembled growth modes are briefly 

introduced to provide the basics of nanostructure formation from strain-releasing in a 

lattice mismatch system. The next section, a review of droplet epitaxy which is the 

lattice-matched method used to fabricate the QRs in this research work is presented. 

Migration-enhanced epitaxy (MEE) is also briefly introduced. Finally, the information 

of the material system which is used to create the nanostructures is provided.  

 

2.1 Quantum Nanostructures 

 

The electronic properties for quantum dot (QD) structures differ from the bulk 

system. While the bulk has a continuous energy band, the low-dimensional 

nanostructures have discrete energy levels and delta-like density of states due to the 

carrier confinement and quantization of carrier energy. Hence QD is also called an 

artificial atom for its quantized energy levels like a real atom.   

 

2.1.1 Carrier confinement and energy level quantization 

 

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

theory for atoms since the last century [30,31]. Figure 2.1 shows a schematic 

comparison between a bulk semiconductor, a waveguide for visible light, a QD, and an 

atom. From the quantum theory, we know that an atom has discrete energy levels. 

Atoms together would become a solid with energy bands. The most relevant bands are 

the conduction band and the valence band which are separated in energy by the band 
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gap. At T = 0 K, the conduction band is free of electrons while the valence band is full 

with electron. At T > 0 K, these two bands are partially filled with electrons and holes 

(carriers in device operations).  Controlling the carrier motion in these two bands is the 

subject of band gap engineering. 

 

 

 

Figure 2.1 Schematic comparison of bulk, waveguide, QD, and atom [32]. 

 

 

 

Figure 2.2 Schematic views and graphs of (a) bulk (3-D structure), (b) quantum 

wells (2-D structure), (c) quantum wires (1-D structure), and (d) QD (0-

D structure) and their density of states (D.O.S.) [33]. L is in macroscopic 

scale (~cm), while Lx, Ly, Lz, are in nanoscale. 

 

Because the structural size is varied continuously, there exists a description 

between the two cases (discrete levels and continuous band structure). The densities of 

states of energy band structure of bulk semiconductor and low-dimensional 

nanostructures are illustrated in figure 2.2 [33]. In the case of QD, since the low-
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dimensional-shaped nanostructures provide the potential well resulted from difference 

of energy band gap (Eg) of 2 materials in the three directions, the carrier motions are 

completely confined in this 3-D confinement structure and result in a delta function 

density of states. The specific energy photons would be emitted when the 

nanostructures are stimulated. 

The quantization phenomenon can be described by wave-like properties of 

confined electrons, since any substance would exhibit its related wave properties. In the 

low-dimensional nanostructures, most of 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 [34]: 

 

   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.    

 

In a potential well, the confined carriers are limited in their motion, so they 

look-like stationary. The wave-like properties of a 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 carrier’s de Broglie 

wavelengths would be exhibited, and cause discrete energy levels in such 3-D 

confinement structures. A schematic representation of the lowest three levels of carrier 

energy quantization in a potential well is shown in figure 2.3.  
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Figure 2.3 The lowest three levels of carrier’s energy quantization in a potential 

well with a width of Lz (comparable to de Broglie wavelength). The 

picture shows examples of the three lowest-energy standing waves (solid 

line) which can happen in a potential well 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 2*22
, 2/)( zzn LmnE πh=  , where n is an integer number. 

 

In semiconductor quantum structures, the effective-mass approximation is 

widely used for the quantized energy level calculation as a function of the well width 

[35].  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, the band-edge electron states of 

semiconductors can be described by a Schrödinger-like equation as 

 

   )( )()(
2

2
*

2

rrr FEFV
m

=







+∇−

h
              (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 
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between the energy E and E + dE, of each quantum nanostructure) in the case of QD 

can be written as follows [33], 

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

[33] 
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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 

2.2) affects the fundamental properties of devices, which use these nanostructures as an 

active layer [36]. In the case of QD structures, there are several theoretical and 

experimental proofs that semiconductor lasers consisting of QD structures have the 

lowest threshold current density due to the delta-function-like density of states [37].  

To utilize QDs as an active layer for semiconductor laser applications, the 

maximum optical gain (gsat) for a QD laser should be considered [38]; 

 

                                                            gsat ∝ Ne/∆                                                     (2.5)  

       

where Ne is the number of states per unit surface area and ∆ is the total spectrum 

broadening from all excited QDs. From eq. (2.5), it’s possible to increase gsat by 

increasing the QD density (to increase Ne) and/or reducing the QD size distribution. 

 

2.1.2 Double potential well 

 

 The coupling of double potential well is briefly discussed in “Quantum Wells, 

Wires & Dots” (Paul Harrison, 2005), using an example of GaAs/Ga1-xAlxAs double 

potential wells. The simplest example of the former would be the symmetric double 

well of Figure 2.4. The potential function V(z) required for the numerical solution is 

simply the conduction band edge as given in figure 2.4. 
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Figure 2.4  Band profile of symmetric GaAs/Ga1-xAlxAs double potential well [39]. 

 

Figure 2.5 displays the results of calculations of the lowest two energy states as 

a function of the central barrier width for a double potential well with the Al barrier 

concentration x = 0.2 and a fixed well width lw — 60 Å. When the wells are separated 

by a large distance, the interaction between the eigenstates localized within each well is 

very small and the wells behave as two independent single wells. However, as 

illustrated in Figure 2.5, as the central barrier lb (corresponding to distance between two 

wells) is decreased, the energy levels interact, with one being forced to higher energies 

and the other to lower energies.  

 

 

Figure 2.5  Confinement energies of the lowest two states of a symmetric double 

potential well as a function of the central barrier width [39]. 

 

In the case of the double potential well, a situation occurs with the electron 

spins aligning in an anti-parallel arrangement in order to satisfy the Pauli’s exclusion 

principle. Figure 2.6 displays the wave functions of the double well with a central 
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barrier width of 40 Å. Clearly, they form a symmetric and anti-symmetric pair, with the 

former being of lower energy. 

 

 

Figure 2.6  Wave functions of the lowest two energy levels of the symmetric double 

potential well with a central barrier width of 40 Å [39]. 

 

2.1.3 Ring-shaped nanostructures or quantum rings (QRs) 

 

 The ring-shaped nanostructures, so called quantum rings (QRs) are another type 

of quantum-confinement structure. Like QDs, QRs have their energy level quantized 

due to their confinement properties. This makes them potentially applicable in 

electronics, optics, and quantum information processing [8-10]. However, 

semiconductor quantum rings have attracted a great deal of attention because of their 

additional properties predicted and demonstrated [40,41]. For example, the ring-

structures are a special class of quantum-confinement due to the Aharonov-Bohm 

effect, which is specific to the topology of a ring [42]. Also, interesting are magnetic 

properties of QRs, which are related to the possibility of inducing persistent current 

inside the structure when they are put into a magnetic field. 

The persistent current of a quantum ring [43] can be written in general as 

 

                                                   
Φ∂
∂

−=Φ
F

I )( ,                                               (2.6) 

 

where F is the free energy of the 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 a ring and consequently also the persistent current is a periodic function of 
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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 [43]. When the flux is 

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

causing the periodic behavior. 

 

2.1.4 Material Considerations 

 

Mostly, the preliminary condition for the growth is that the nanostructure 

material has a smaller band gap compared with the matrix material(s) to provide a 

potential well in the energy band.  Unlike the SK growth mode, the material for the 

nanostructure fabricated by droplet epitaxy does not necessarily have a larger or smaller 

lattice constant since the method can be applied to lattice-matched system such as 

AlGaAs/GaAs. Figure 2.7 shows the relationship between the band gap energy and the 

lattice constant of III-As material systems. There is a possibility to realize 

nanostructures which emit light at the wavelength of 1.3 µm or 1.55 µm (dashed lines). 

For laser applications in optical communication systems, GaAs is the most 

important substrate material. The self-assembled growth of InGaAs on a 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 shall concentrate only on the InGaAs/GaAs material system. 
 

 
 

Figure 2.7 The relationship between lattice constant and energy gap at room 

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

gap material, and the dotted line: indirect band gap material.  
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2.2 Self-assembled growth 

 

The self-assembled growth can realize nanostructures such as QDs.  The growth 

mode and growth conditions for self-assembled growth are briefly reviewed in order to 

provide some basic understanding of the growth method. Droplet epitaxy is also 

introduced as the fabrication technique used in this work. 

 

2.2.1 Growth modes 

 

To define the growth mode during the film deposition, γ∆  (the change of total 

energy of a surface before and after deposition) is considered: 

 

SFSF γγγγ −+=∆ /                             (2.7) 

 

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

energy between the grown film and the substrate including the additional energy arising 

from the strain between the film and the substrate.  

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

since the interaction between the substrate and deposited atoms is stronger than that 

between neighboring atoms. This is Frank Van der Merwe growth mode or layer-by-

layer growth (figure 2.8(a)). If 0<∆γ , the interaction between the substrate and 

neighboring atoms exceeds the overlayer-substrate interaction, thus, the 3D Volmer 

Weber growth mode is observed (figure 2.8(c)).  
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Figure 2.8 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) [44]. 

 

In the intermediate case, the deposited film can grow a few monolayers in layer-

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

strain between the grown film and the substrate accumulating with the deposited film 

thickness, the islands are formed on top of the intermediate layer (the wetting layer 

(WL)) since γ∆  becomes less than zero and the growth mode changes from 2D-growth 

mode to 3D-growth mode. This is layer-plus-island growth in Stranski-Krastanov 

growth mode (Figure 2.8(b)) used in the growth of many conventional QDs [45,46].  

Although this growth mode is not used to fabricate the nanostructures in this 

work, the detail of SK growth mode is briefly introduced to provide the basics of QD 

formation from strain-releasing in a lattice-mismatched system. The Stranski-

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

QD structures in the case of lattice-mismatched systems (lattice mismatch : ε0 > 7%). 

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

During the growth, the elastic strain energy builds up due to the lattice mismatch and 

increasing film thickness [47]. The island formation is energetically favorable if 

material beyond critical thickness is deposited, because the lattice can elastically relax 

compressive strain and thus reducing strain energy, as shown in figure 2.9. Beyond the 

critical thickness, the layer-by-layer growth is unfavorable so elastic strain relaxation 
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occurs. The local strain energy density of the SK-growth mode QD is schematically 

represented in figure 2.10.  

 

 
 

Figure 2.9 Illustration of island formation during epitaxial growth of a 

semiconductor material on the top of another semiconductor with a 

smaller lattice constant  in Stranski-Krastanow mode.   

 

 
 

Figure 2.10 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 [47]. 

 

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

There are still some disadvantages of this technique. First, the SK growth mode QDs 

exhibit wide size distribution, varying the energy level in the energy band. Since, 

carriers in a small size QD would exhibit shorter de Broglie wavelength of which 

corresponding energy level is higher. The representations of the energy level exhibited 

in the QD with different size are shown in Figure 2.11. Also, the non-uniform strain 
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distribution from the lattice-mismatched formation would effect on the energy band 

structure of QD [48]. Both are undesirable for the laser applications.  

 

 
 

Figure 2.11 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.  

 

2.2.2 Droplet Epitaxy 

 

Droplet epitaxy is an alternative approach of self-organized nanostructure 

fabrication which can be applied to both lattice-matched [22,49-52] and mismatched 

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

originated directly from strain-free group III-element droplets formed on a crystalline 

III-V surface instead of strain-releasing in a lattice-mismatched system. Therefore, the 

strain-energy in the nanostructure and its effects on the energy-band structure are 

reduced due to the lattice-matched droplet formation. Thus, high-quality strain-less 

nanostructures can be fabricated by this technique, useful for the studies of 

semiconductor QR physics. 

The droplet epitaxy process consists of 2 main steps. The illustration of the 

nanostructure fabrication by droplet epitaxy is shown in figure 2.12. First, group III 

metallic droplets are formed on a III-V compound substrate surface by depositing 

group III atoms on the substrate under the absence of group V. The formation 

mechanism of group III metallic droplets is explained by Volmer-Weber growth mode 

[44], in which the bonding energy between incoming group III adatoms is much higher 

than the bonding energy between the surface and the adatoms. Therefore, as soon as 

incidenting III-V surface, liquid In and Ga coalesce and form hemispherical droplets 
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(instead of layers). Second, the group III droplets are crystallized in group V molecular 

beam to form III-V compound nanostructures.  

Since the III-V nanostructures are originated from respective droplets, the 

structural properties of the III-V compound nanostructures can be 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. The crystallization conditions also affect the 

nanostructures.  

However, there are limitations for the fabrication of InAs nanostructures on 

GaAs by droplet epitaxy such as very low density (~107-108 QRs/cm2) and large size 

(~200-400 nm) [3,24] due to a too long 2-D migration length of In and high segregation 

effect of the newly supplied adatoms. To overcome these problems, the growth should 

be done at low temperature and use the optimum crystallization conditions [29]. 

Another solution is to limit the migration length of In atoms on a GaAs surface. Ga is 

also supplied together with the In deposition [53] and form InGa droplets. InGaAs 

nanostructures are formed after the crystallization. 

 

 

 

Figure 2.12 The illustration of the nanostructure fabricated by droplet epitaxy. 

 

2.2.3 Migration-Enhanced Epitaxy (MEE) 

  

 Migration-enhanced epitaxy (MEE) of III-V compound semiconductors is 

useful for growing high quality epitaxial layers even at low substrate temperature 

(300oC-400oC). Unlike the conventional growth, the MEE growth proceeds in a layer-

by-layer manner, based on alternately supplying group III atoms and group V to III-V 
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surface to obtain metal-stabilized surfaces, periodically. The shutter operation of MEE 

is shown in figure 2.13. In the growth of III-V compound semiconductors, the surface 

migration is effectively enhanced by supplying group III atoms to the growing surface 

in the absence of group V. Since, when the number of group III atoms supplied to the 

surface is much less than the number of surface sites, these atoms are quite mobile in 

the surface and do not cohere with each other to the surface site number. As a result, 

the lifetime of isolated group III atoms is greatly increased, resulting in these atoms 

migrating in a large distance along the surface, even at low temperature [44,54].  

 

 

 

Figure 2.13  Shutter operation characteristic of migration-enhanced epitaxy (MEE). 

 



CHAPTER III 

 

EXPERIMENTAL DETAILS 

 

In this chapter, the sample fabrication processes by droplet epitaxy technique are 

described in details. The growth equipment, molecular beam epitaxy (MBE), is 

introduced. In situ reflection high-electron energy diffraction (RHEED) installed with 

this MBE system is used to calibrate the growth rate and observe the evolution of 

surface structure during the growth. Also, ex situ characterizing-techniques including 

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

introduced. 

 

3.1 Molecular Beam Epitaxy 

 

Molecular beam epitaxy (MBE) is a popular technique for growing III-V 

compound semiconductors. With a clean and ultra high vacuum (UHV) environment, 

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

substrate and produce high-quality layers with very abrupt interfaces. It also has good 

control of thickness, doping, and composition, because of very low growth rate 

(monolayer (ML)/s), and the precise control of beam fluxes and growth conditions on 

an atomic scale. Quantum devices with high efficiency, high speed and high 

performance can be demonstrated. It can be said that MBE-grown quantum well 

structures closely approximate the idealized square-well potential models used in solid 

state theory.  

In this research, a solid-source conventional RIBER 32P MBE machine 

consisting of three UHV chamber modules, i.e., introduction chamber, transfer 

chamber, and growth chamber, is used to fabricate the samples. Three chambers are 

separated by isolation gate valves. The pumping system including ion pumps, and 

titanium sublimation pumps are 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 an 

ionization gauge. Epitaxial growth is done in the growth chamber cooled by liquid N2 to 

keep base pressure below ~ 1 × 10-10 Torr. The manipulator with the substrate is rotated 

continuously during the growth to provide a uniform flux profile on the substrate 
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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 a separated 

effusion cells. Each cell is heated by its own heater the temperature of which is 

controlled by feedback from a standard thermocouple to a computer. The molecular 

beam flux of each element is controlled by a tantalum shutter in the front of each cell. A 

schematic drawing of the modified III-V MBE growth chamber is shown in Figure 3.2. 

The unique advantage of MBE from other techniques is to study and control the 

growth process in situ. In particular, reflection high energy electron diffraction 

(RHEED) allows directly monitoring the surface structure of the sample and the already 

grown epilayer. The explanation on RHEED is presented in the next section. In 

addition, quadrapole mass spectroscopy is also used for particle analysis in the growth 

chamber.  

 

 

 

Figure 3.1 The conventional RIBER 32P MBE. 
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Figure 3.2 Schematic drawing of the modified III-V MBE growth chamber. The 

chamber is cooled by liquid N2 (the base pressure < 1×10−10 torr).  

 

3.2 Reflection High Energy Electron Diffraction (RHEED) 

 

Reflection high energy electron diffraction is an in situ technique for 

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

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

growth. A schematic representation of a RHEED system is shown in Figure 3.3. A 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 a grating. The scattered 

electrons interfere constructively and form a pattern on the fluorescent screen. The 

RHEED pattern is captured with a high-performance CCD camera and analyzed by the 

data processing software installed in the computer. 
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Figure 3.3  Schematic representation of RHEED system. 

 

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

intersection of Edwald sphere in the reciprocal lattice space. A schematic representation 

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

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

electron beam samples the topmost atomic layers. The diffracted electrons 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 [44]. 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, in situ RHEED observation is used to monitor surface structures 

during the growth of GaAs buffer layer and during the growth of nanostructures. 
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Figure 3.4  Schematic diagram of RHEED geometry of the incident electron beam at 

an angle θ  to the surface plane [44].  

 

3.2.1 RHEED intensity oscillation 

 

The growth rates also can be determined by using RHEED intensity oscillations.  

The intensity oscillations are used to calibrate group III beam fluxes corresponding to 

the growth rate. To control the alloy composition and the thickness of quantum 

structures grown, the fluxes are adjusted to the value corresponding to needed growth 

rate [44].  

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

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

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

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

of the RHEED intensity oscillations is shown in Figure 3.5. In each period, the 

maximum reflectivity occurs at the initial and final state with a completed smooth 

surface and the minimum reflectivity occurs at the intermediate state when the grown 

layer is approximately half completed. With use of the period of oscillation signal, the 

growth rate of GaAs and others can be calibrated too.  
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Figure 3.5   Schematic representation of RHEED intensity oscillations related to         

formation of the first two completed monolayer of GaAs (001) [44]. 

 

3.3 Atomic Force Microscopy (AFM) 

 Atomic force microscopy (AFM) is a very powerful microscopic technique, a 

demonstrated resolution of fractions of a nanometer. A schematic representation of an 

AFM system is shown in Figure 3.6. The AFM scanning module consists of a cantilever 
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with a sharp silicon or silicon nitride tip, the size of which is in the order of nanometers 

at its end. The tip is brought into close proximity of a sample surface and scan through 

out the selected area. Typically, the deflection is measured by a laser spot reflected from 

the metal coated top of the cantilever into an array of photodiodes and digitally 

processed. A schematic representation of AFM measuring modes is shown in Figure 

3.7. In this work, the AFM is operated in the tapping mode to reduce the friction during 

the measurement. 

 

Figure 3.6 Schematic drawing of Atomic Force Microscopy (Drawn October 12, 

2002 by Allen Timothy Chang). 

 

 

                        

Figure 3.7 The schematic representation of AFM measuring modes including 

contact mode, non-contact mode and tapping mode.  
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In this work, the AFM images are performed by using a 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 (line per second) and the scan size is 

usually 1×1 - 5×5 µm2 with 512 data points per scan line.  

 

3.4 Photoluminescence (PL) Measurement  

 

Photoluminescence (PL) spectroscopy is a technique for characterizing the 

optical properties of a sample through its luminescence. A schematic of the PL 

experimental setup is shown in Figure 3.8. The samples are excited by the 478-nm line 

of an Ar+ laser. The laser beam is chopped and focused to the sample by focal lens. The 

light signal is analyzed by using a monochromator. 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 liquid-Nitrogen-cooled InGaAs detector. A chopper and a lock-in 

amplifier are used to enhance the signal by the standard lock-in technique. The polarizer 

is installed to the system when we characterize the polarization of the QR systems.  

 

Figure 3.8  Schematic of the PL experimental setup 
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The PL result can provide the luminescence properties of a nanostructure 

system. In Figure 3.9, the ground state PL peak energy contains information about the 

size of the nanosturcture. The nanostructure with a larger size would have a lower 

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 compare the size of 

nanostructures. In addition, the different size of nanostructures in an array can affect the 

shape of the PL spectrum as shown in Figure 3.10. A broadening of the spectrum, which 

is measured in terms of full width at half maximum (FWHM) or PL linewidth, is related 

to the nanostructure size distribution. Moreover, a polarization-resolved PL spectrum 

gives information on the nanostructure shape or nanostructure-system alignment in 

different crystal directions.  

 

 

 

Figure 3.9 A simple interpretation of the PL data from a nanostructure; (a) higher 

PL peak energy position from a small-size nanostructure and (b) lower 

PL peak position from a large-size nanostructure.  
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Figure 3.10 A comparative of the PL spectrum from a single QD and QD array;  (a) 

narrow PL spectrum due to the delta-function like density of states of a 

QD. (b) The PL peak energy position and the PL linewidth interpreting 

the average size and the size distribution of the QD array, respectively. 

 

3.5. Experimental Procedures 

 

In this work, the samples of InGaAs QRs were fabricated on GaAs (100) 

substrates by droplet epitaxy using a RIBER 32P conventional solid-source MBE 

system. The growth conditions have been varied for droplet formation. A detailed 

sequence for sample preparation is as follows. 

 

(1) Pre-heating: A piece of epi-ready semi-insulating (100) GaAs substrate was 

attached to a Mo (molybdenum) block (substrate holder) by indium glue. 

The block with the substrate was transferred to the introduction chamber and 

heated to 450oC for 60 minutes in order to eliminate water vapor and oxide 

from the substrate. 

 

(2) Deoxidation: After pre-heating, the sample (the substrate mounted on a Mo 

block) was transferred into the UHV growth chamber. The native oxide of 

the GaAs substrate surface was removed by slowly ramping up to 600oC 
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under an As4 flux of ~ 7×10-6 torr until a streaky RHEED showed a clear and 

abrupt pattern as shown in Figure 3.11. 

 

 

 

Figure 3.11  Streak RHEED pattern observed during the de-oxidation process. 

 

(3) Growth of the GaAs buffer layer: a 300-nm thick undoped GaAs buffer layer 

was grown at 580oC to smooth the surface. The growth rate of GaAs was 1 

monolayer/s (ML/s). A clear streaky (2×4) RHEED pattern was always 

observed after the growth of a buffer layer.  

 

(4) Formation of InGa droplets: The growth conditions were varied in this step. 

First, the As4 flux was turned off and the substrate temperature was lowered 

to 530oC to eliminate excess As atoms on the surface. Subsequently, the 

substrate temperature was decreased again to the desired deposition 

temperatures (Ts) in the absence of As4. Then, the process was paused until 

the background pressure in the growth chamber was below 1 x 10-9 Torr to 

minimize the initial interaction between the InGa metal and background 

arsenic during droplet formation.  

 

(4.1) to investigate the effect of Ts and deposited In0.5Ga0.5 amount on 

InGaAs QRs, 2-5 ML In0.5Ga0.5 (an equivalent amount of In0.5Ga0.5As when 
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As4 is supplied) was deposited at Ts = 120-300oC to form InGa droplets on 

GaAs layer. The deposition rate of In0.5Ga0.5 was 1 ML/s. 

 

(4.2) to investigate the effect of Indium-mole-fraction (x), 3 ML InxGa1-x (x 

= 0.3 - 0.7) was deposited at Ts = 150oC to form InGa droplets. The 

deposition rate of InxGa1-x was 1 ML/s.  

 

(5) Crystallization: After deposition, the substrate temperature was slowly 

ramped to 180oC within 11 min. Finally, the InGa droplets were exposed to 

6-7×10-6 torr of As4 flux at 180oC for 5 min to crystallize the metallic 

droplets into InGaAs QRs [6,23]. Note that crystallization was done at 

180oC for all samples to prevent inter-diffusion of In atoms out of the 

droplets. A schematic illustration of the sample structure after crystallization 

is shown in Figure 3.12 (a). After the growth, the samples were taken out of 

the MBE system and examined for their surface morphology ex situ by 

atomic force microscopy (AFM: SEIKO SPA 4000) in tapping mode.  

 

 

                   (a)                          (b) 

 

Figure 3.12  Schematic illustrations of the sample structures grown in this work (a) 

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

capping layer. The details of growth sequences and growth conditions 

for the InGaAs nanostructures are given in the text. 

 

(6) GaAs capping (for PL measurement): another series of samples were grown 

under the conditions of 2-5 ML In0.5Ga0.5 deposition at Ts = 210°C with an 

additional 100-nm GaAs capping layer grown by the two-step growth 

method. After the entire growth sequences (1-5), the substrate temperature 

was slowly increased to 300°C in As4 flux. Then, to prevent the deformation 
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of uncapped droplet-originated InGaAs QRs, the capping layer growth 

started with a 50-ML-thick GaAs grown by MEE at 300oC, by alternately 

supplying 50 cycles of Ga for 2 seconds (0.5 ML/s), As for 2 seconds and 

interrupting for 2 seconds [55,56]. Subsequently, the substrate temperature 

was slowly increased again to 400°C in As4 flux and a 310-ML-thick GaAs 

was grown at 400oC by the conventional growth method with a growth rate 

of 0.5 ML/s. The sample structure with a 100-nm GaAs capping layer is 

illustrated in Figure 3.12 (b). 

 

 

 

 

 

 

 



CHAPTER IV 

 

RESULTS AND DISCUSSIONS 

 

In this chapter, the experimental results of InGaAs QRs grown by droplet epitaxy 

using MBE are shown. The droplet forming parameters, including the amount of 

In0.5Ga0.5 deposited, the substrate temperature during deposition (Ts), and the Indium-

mole-fraction of InxGa1-x droplets are varied to study their effects on the InGaAs QR 

properties. By using atomic force microscopy (AFM), the effects of each droplet forming 

parameters on the size and density of the nanostructures are investigated.  Finally, the 

QRs have been re-fabricated under selected droplet forming conditions with an additional 

GaAs capping layer for photoluminescence (PL) measurement. The optical properties of 

the InGaAs QRs have been investigated from PL spectra of the capped InGaAs-QR 

samples at 20-100 K. 

 

4.1 Evolution of Surface Morphology 

 

The evolution of surface morphology during growth was observed in situ by 

RHEED and recorded via a commercial CCD camera. Figure 4.1(a) shows the RHEED 

patterns of a GaAs buffer layer before In0.5Ga0.5 deposition. The (2x4) streaky patterns 

indicate a flat surface of the GaAs buffer layer. During 0-1 minute after In0.5Ga0.5 is 

deposited, the RHEED patterns dim and show no clear streak patterns, as shown in figure 

4.1(b). This is attributed to the low density of InGa droplets formed on the surface. 

During 1-7 minutes after In0.5Ga0.5 deposition, the patterns are streaky patterns, as shown 

in figure 4.1(c). During 7-11 minutes after the deposition, the spotty RHEED patterns in 

figure 4.1(d) are clearly observed. From the time variation of the RHEED patterns, the 

mechanism of surface reconstruction can be explained. We can suppose that migration of 

In and Ga has occurred, causing the merging of neighboring droplets into larger droplets. 

We also suppose that there is the partial crystallization of droplets. At 11 minutes after the 

deposition, the crystallization under As4 flux of 6-7 x 10-6 Torr BEP started. The RHEED 

patterns of QRs which consisted of streaks and spots [57] are shown in figure 4.1(e), 

indicating the formation of ring-like nanostructures. 
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Figure 4.1 The formation process model of InGaAs QRs and RHEED patterns during 

the growth process. (a) RHEED patterns of 300-nm-thick GaAs buffer 

layers before In0.5Ga0.5 deposition, (b) RHEED patterns of the droplets 

during 0-1 minute after In0.5Ga0.5 deposition, (c) 1-7 minutes, (d) 7-11 

minutes after depositing 3 ML In0.5Ga0.5, and (e) Streaky and spotty 

RHEED patterns after supplying As4 flux of 6-7 x 10-6 Torr for 5 minutes, 

indicating the formation of InGaAs QRs. The incident orientation of 

electron beam is along the [011] and [01-1] direction. 

 

The final RHEED patterns are different in the case of QD and QR. In the case of 

QD, the resulted RHEED pattern originates from the product of transmission and chevron 

pictures, schematically illustrated in Figure 4.2. On the other hand, in the case of QR, the 

resulted RHEED pattern originates from the transmission/reflection image and the 

reciprocal picture of the rotational structure, schematically illustrated in Figure 4.3 [57].  
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Figure 4.2 Scatterings of grazing electron beam on QD. Upper part: the geometrical 

arrangement of scattering on several crystal planes in QD. Transmission 

character dominates here. Lower part: the QD RHEED pattern originated 

from the product of the diffraction intensity from a crystal cluster and from 

a pyramid [57]. 

 

 

 

Figure 4.3 Scatterings of grazing electron beam on QR. Upper part: the geometrical 

arrangement of scattering on several crystal planes in QR or on two-

dimensional basis plane. Either transmission or reflection character 

dominates depending in the finite size. Lower part: the product of 

transmission or reflection-like intensity and the scattering from rotational-

shaped nanostructure resulting in near same RHEED pattern [57]. 

 



 

 

35 

4.2 Surface morphology 

 The surface morphology of the crystallized samples was examined by tapping-

mode AFM. Low-density InGaAs ring-like nanostructures, so called quantum rings 

(QRs), are observed. The QRs grown by droplet epitaxy technique have the density in the 

range of 107-108 cm-2, which is low-density compared with SK grown QRs (of which 

density is typically in the range of 109-1011 cm-2). From reports, the lowest densities of 

QRs formed by the conversion of SK grown QDs are in the range of ~ 109cm-2, which is 

about the lower limit for SK QD formation [1]. Figure 4.4 shows 1000 x 1000 nm2 2D 

top-view AFM images of InGaAs QRs grown under different droplet-forming conditions 

(varying Ts and In0.5Ga0.5 amount). The average QR outer diameter (nm), inner height 

(nm), outer height (nm), and density (× 108 QRs per cm2) for each condition are also 

included. Note that depth of QRs is equal to different between inner height and outer 

height. The effects of each parameter are discussed in the next sections. 

 

Figure 4.4  1000 x 1000 nm2 surface morphology of InGaAs ring-like nanostructures 

grown on GaAs under different growth conditions, including Ts 120-300oC 

and In0.5Ga0.5 amount corresponding to epitaxial layer thickness 2-5 ML. 
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 Figure 4.5 shows an example of 350 x 350 nm2 surface morphology and the 

corresponding cross-sectional profiles along the [011] and [01-1] directions of a InGaAs 

QR grown under the condition of 3ML In0.5Ga0.5 deposition and 210oC substrate 

temperature. The nanostructures are not perfectly circular as seen by the elongation along 

the [01-1] direction (elongation ratio ~ 1.03-1.28). The elongation is due to anisotropic 

surface diffusion of group III atoms on GaAs (100) during the crystallization [58,59]. The 

surface diffusion is much higher along the [01-1] (i.e. surface diffusion coefficient at [01-

1] is 4 times larger than that of [011]) due to the atomic corrugation of GaAs (100) 

induced by the reconstructed dimmer rows. Thus, a valid explanation for the elongation is 

there seems to be a lot of material diffused away along [01-1], also resulting in shallower 

QRs. Moreover, the center of the QRs is deeper than the substrate surface level due to 

drilling effect of metallic InGa droplets into GaAs matrix after the deposition [5,24]. Note 

that the QR diameters, the outer heights and the inner heights are obtained from the cross-

sectional profiles of the QRs along the [011] direction. 

 

Figure 4.5   350 x 350 nm2 AFM image and its cross-section along [011] and [01-1] of 

an InGaAs QR grown at 210oC with 3 ML In0.5Ga0.5 deposited. 

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 4.6. First, liquid-phase metallic InGa droplets are 

formed after the deposition of In and Ga atoms on the GaAs substrate (figure 4.6(a)). Like 

the liquid-phase droplets, the concentration gradient causes the diffusion of In and Ga 

atoms in the droplets. It results in 2-dimensional expansion of the droplets. At the 

moment, drilling effect of metallic droplets (along with interfacial intermixing process) 

and partial crystallization occur (figure 4.6(b)). The drilling effect is an etching process at 
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the interface between group III droplets and underneath III-V surface. At the interface 

between InGa droplets and the GaAs buffer layer, As atoms (associated with Ga) can be 

easily soaked into the droplets in order to equilibrate the energy between the GaAs matrix 

and the droplets. Since As atoms can not exist within the liquid droplets, the As atoms 

keeps travelling out of the droplets. Then, the As atoms either escape out of the droplets 

or interact with In and Ga atoms in the droplets, especially at the periphery of the 

droplets. Hence, InGaAs are formed at this zone, causing partially-crystallized InGa 

hemispherical-shaped structures [2]. At the same time, InGa droplets keep intermixing 

with underlying isolated Ga atoms (of which As was sucked out), forming metallic InGa 

right below the droplets. Second, during the crystallization under As4 flux, the metallic In 

and Ga atoms from the droplets diffuse and interact with As atoms supplied on the nearby 

surface [4] and crystallized into InGaAs (figure 4.6(c)). Again, As atoms can not exist 

within the liquid droplets, so the efficient crystallization is expected at the bottom edge of 

the droplets [2,4,24]. As a result, InGaAs ring-shaped structures are formed surrounding 

the periphery of the droplets [2]. 
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Figure 4.6  The formation mechanism model of InGaAs ring-shaped nanostructures 

(QRs) from metallic InGa droplets. (a) Formation of liquid-phase metallic 

InGa droplets from coalescence of deposited In and Ga atoms. (b) Drilling 

effect of droplets and partial crystallization. (c) The crystallization into 

InGaAs QRs under As4 flux (QR diameter ~ droplet diameter).  
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4.3 Effects of substrate temperature during In0.5Ga0.5 deposition: Ts on InGaAs QRs 

  

For the 1st series of samples, the nanostructures were formed under the condition of 

2 ML In0.5Ga0.5 deposition at Ts = 120, 150, 180, and 210oC and under the condition of 3 

ML In0.5Ga0.5 deposition on at Ts = 120, 150, 180, 210, 240, 270, and 300oC. Their 

morphological properties were examined. The dependence of the QR diameter and height 

on Ts is shown in Figure 4.7. 

 

Figure 4.7   The dependence on substrate temperature (Ts) of InGaAs QR average size 

(diameter, outer height and inner height) and density. 

 

While increasing Ts, the QR average size (typical outer diameter and the height of 

the QRs along [011]) increases but the density decreases. For example, when Ts = 120oC 
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under 3 ML In0.5Ga0.5 amount condition, the density was 8.5 x 108 cm-2 with QR diameter 

~ 121 nm, the outer height ~ 1.0 nm, and the inner height ~1.2 nm. When Ts = 300oC, the 

density decreased to 0.9 x 108 cm-2 with diameter ~ 175 nm, the outer height ~ 4.6 nm, 

and the inner height ~ 7.8 nm. 

The explanation is that the relatively large size of InGaAs QRs is due to the 

merging of neighbouring metallic InGa adatoms. The surface diffusion ability of metallic 

In and Ga atoms is proportional to the substrate temperature. Thus, at higher substrate 

temperature, the merging of InGa adatoms is increased, resulting in greater quantity of 

InGa in each droplet. After crystallization, fewer but larger InGaAs QRs are formed, as 

shown in Figure 4.8. Moreover, the increased surface diffusion ability also results in two-

dimensional expansion of InGa droplets at high temperature. A schematic drawing of the 

150-210oC 2-dimensional expansion is illustrated in Figure 4.9. 

 

 

 

Figure 4.8  An illustration of different merging ranges of neighbouring metallic InGa 

adatoms at different substrate temperatures, showing larger size but lower 

density droplets at higher Ts. 
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Figure 4.9  A schematic drawing of 2-dimentional expansion of QRs at different 

substrate temperature 150-210oC, showing wider expansion at higher Ts. 

 

  For 2 ML In0.5Ga0.5 deposition, we find that the heights of InGaAs QRs 

decreases at 180°C-210°C. Wider expansion of InGa droplets results in the decreasing of 

such droplet heights due to the limit of InGa amount deposited. 

In addition, the dependence of InGaAs QR structural properties on Ts was 

investigated using the statistics of QR diameters, the outer heights, and the inner depths as 

presented in Figure 4.10 [60]. Morphological data of 50 QRs were collected for each Ts. 

Most InGaAs QRs have larger diameters and higher heights with increasing Ts. The 

diameter mostly varies between 155~200 nm and the outer height of the rings varies 

between 1.2~7.5 nm. However, at Ts = 300oC, the diameter distribution spread out more 

than the distribution at lower Ts. We suppose that over-migration of InGa in the droplets 

may occur at 300oC because of the high surface kinetics. As a result, some In and Ga 

atoms can migrate easier in-and-out of the droplets and merge with other droplet(s), 

causing the variation of droplet sizes before crystallization. Indefinitely, the InGa 

composition of nanostructures may not be entirely uniform due to the different surface 

kinetics [61]. Most inner depth of InGaAs QRs are virtually the same for various Ts. The 

inner depths varies between 0~6.5 nm. 
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Figure 4.10  Dependence of InGaAs QR diameter, the outer height, and the inner depth 

on substrate temperature (Ts) during In0.5Ga0.5 deposition. The 

distributions of (a) outer diameter, (b) outer height, and (c) inner depth of 

InGaAs rings for each Ts: 210oC, 240oC, 270oC, and 300oC (data of 50 

rings were collected for each condition) are presented. The In0.5Ga0.5 

amount is 3 ML with a constant deposition rate of 1 ML/s   
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4.4 Effects of deposited In0.5Ga0.5 amount on InGaAs QRs 

 

For the 2nd series of samples, the QRs were formed under the condition of 2, 3, 4, 

and 5 ML In0.5Ga0.5 deposition at 150oC and 210oC. The morphological properties of each 

sample were examined for their density and size, as shown in figure 4.11. In the case of 

150oC substrate, the QR density oscillates every 2 ML In0.5Ga0.5 amount increasing. For 

210oC, on the other hand, the ring density tends to saturate after 4 ML In0.5Ga0.5 

deposition. The QR diameter and the height increase with increasing In0.5Ga0.5 deposited 

amount. However, at 210oC, the diameter decreases after 3-4 ML In0.5Ga0.5 deposition. 

 

Figure 4.11   The dependence on deposited In0.5Ga0.5 amount of InGaAs QR size and 

density. 
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Considering the oscillations of QR density at Ts = 150oC, we suppose that there is 

the merging of metallic droplets into a full-layer. The illustration is shown in Figure 4.12. 

At the first 2-3 ML In0.5Ga0.5 deposited, the density of droplets increasing due to more 

InGa amount deposited. After the first 3 ML, there are enough small metallic-droplets 

covering full of the surface. The droplets then coalesce and form an InGa full-layer 

instead of individual droplets. The newly arrived InGa adatoms would form additional 

droplets above the layer. Hence, the density of the droplets has been renewed. For Ts = 

210oC, on the other hand, the QR density increases during 2-4 ML and tends to saturate 

after 4-5 ML. Since at the higher Ts (210oC), the droplets are 22% larger but much lower 

density (70% lower than Ts = 150oC) due to higher surface energy and merging of 

droplets [see chapter 4.3, effects of Ts]. Therefore, more droplets are required to cover all 

of the surface. Considering the saturation of QR density, the full-layer takes place after 

the first 4 ML In0.5Ga0.5 deposited. Unlike 150oC, the droplets are so large that the upper 

part of the droplets still remains above the full-layer when InGa is increased to 5 ML. The 

newly arrived adatoms would add to the topmost part of the droplets, resulting in a 

saturation of droplet density. An illustration of each step is shown in Figure 4.13. Also, 

AFM images and corresponding cross-section of resulted QRs grown at 210oC with 2-5 

ML In0.5Ga0.5 deposited are shown in Figure 4.14.   

In the case of 210oC, the decrease of QR diameter during 3-4 ML is supposed to 

be caused from accumulated strain. Since the height of the droplets and the outer height 

of their corresponding InGaAs QRs after crystallization are higher than those of the 

150oC case, compressive strain energy is accumulated inside the III-V structures. The 

relaxation then takes place at the QR-lateral center where the height reaches critical value. 

Considering hemispherical shape of crystallized QR lateral, when the center of QR lateral 

relaxes, their surrounding-edges are not relaxed as well (as thickness is not reach critical 

value as the center). This would limits strain to vertically relax to the top of QR. Thus, the 

vertical relaxation at center pulls the surrounding edge to the center (of QR lateral) along 

with increasing height. So, the base-size is forced to decrease with this process. 
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Figure 4.12   A schematic model of the reduction of QR density with increasing InGa 

amount, for Ts = 150oC. The details are given in the text. 

 

 

 

 

Figure 4.13   A schematic model of the saturation of QR density for Ts = 210oC, 

including the drawing of corresponding crystallized QR to briefly describe 

diameter decreasing from the vertical-relaxation of the accumulating 

strain. The details of each step are given in the text. 
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Figure 4.14   500 x 500 nm2 AFM images and their corresponding cross-section along 

[011] and [01-1] of InGaAs QRs grown at 210oC with 2-5 ML In0.5Ga0.5 

deposited. 

 

4.5 Effects of In-mole-fraction of deposited InxGa1-x on InGaAs QRs 

 

The size and density of the InGaAs QRs are strongly related to the In-mole-

fraction (x). Figure 4.15 shows 500 × 500 nm2 AFM images of the samples grown under 

the conditions of 3 ML InxGa1-x amount deposited (0.3 ≤ x ≤ 0.7) at 150oC and the 

corresponding QR-diameter distributions for each condition. The size of QRs can be 

clearly classified into 2 groups: subtle tiny-size QRs and obvious large-size QRs. With x 

= 0.3 and 0.4 (high-Ga-content), most QRs are tiny-size with average diameters of 47 and 

58 nm, respectively, while only a few large-QRs exist (average diameter are 72 nm and 

78 nm). The density of the tiny-size QRs is much higher than the large-size QR’s, as 

shown in Figure 4.16. However, while increasing x to between 0.5 and 0.7, the density of 

tiny-size InGaAs QRs rapidly decreases and totally disappears. On the other hand, the 
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density of normal-size QRs slightly increases. With x = 0.5 - 0.7 (high-In-content), almost 

only low density large-size QRs are observed. Average QR diameters for x = 0.5, 0.6 and 

0.7 are 131, 113 and 114 nm, respectively. The difference between the surface migration 

lengths of In and Ga atoms [53] is responsible for the difference of QR size and density. 

With increasing Indium content (x) beyond 0.5, the coalescence of liquid InGa droplets is 

strongly affected by the surface migration ability of high-In-content droplets. As a result, 

low density but bigger QRs are formed after crystallization. On the contrast, for x = 0.3 - 

0.4, sticky high-Ga-content tiny droplets would form high density but tiny QRs after 

crystallization. 

 

 
 

Figure 4.15  500 × 500 nm2 AFM images of the samples grown under the conditions of 

3 ML InxGa1-x deposited (0.3≤x≤0.7) at Ts = 150oC, including the 

corresponding QR diameter distributions for each condition. 
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Figure 4.16  The dependence of the density of the tiny-size, large-size InGaAs QRs and 

overall (including both tiny-size and large-size QRs) on Indium-mole-

fraction (x). Deposited InxGa1-x amount is 3 ML with Ts = 150oC. 

 

4.6 Photoluminescence (PL) measurement of InGaAs QRs  

 

Another set of samples were grown under the droplet forming condition of 2-5 

ML In0.5Ga0.5 deposition at 210oC with an additional 100-nm GaAs capping layers. The 

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

(MEE) at 300oC and 310 ML of GaAs layer grown by conventional MBE method at 

400oC. The optical properties of the InGaAs QRs were analyzed by PL spectra of the 

respective samples at 20-100 K. 

For PL measurement, a 477 nm Ar+ laser with power of 20-80 mW is used as the 

excitation source to characterize the optical properties of the capped InGaAs QRs at 20-

100 K. PL emissions for 2 ML and 5 ML conditions are so low that we can not detect any 

signal from the samples. For 2 ML deposition, the density of QRs (0.8 × 108 cm-2) is very 

low compared to the other conditions, resulting in very low signal from the sample. For 5 

ML deposition, the PL emission efficiency may be degraded due to the accumulation of 

too much strain. Next, the PL spectra of the capped InGaAs QRs grown under the 

conditions of 3 ML and 4 ML In0.5Ga0.5 droplets deposited on 210oC substrate are 

examined under a reference measuring condition (exitation power = 40 mW, PL 
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measuring temperature = 20 K), as shown in Figure 4.17. The PL intensities are relatively 

low due to low density of the QRs (~ 1.6-5.4 × 108 cm-2) and, probably, low-temperature 

crystallization which results in non-perfectly crystallization of QRs. Under the reference 

measuring condition, the PL spectra of the sample of 3 ML In0.5Ga0.5 droplet centers at 

1017 nm (1.22 eV) with respective FWHM of 59 nm (77 meV). For the sample of 4 ML 

In0.5Ga0.5, the PL peak of 1007 nm (1.23 eV) with FWHM of 53 nm (65 meV) is detected. 

The peak of the 4 ML sample centers at a little shorter wavelength, corresponding with 

the relatively smaller size of 4 ML-condition QRs. Also, the PL intensity of the sample of 

4 ML In0.5Ga0.5 is about 3 times higher than that of 3 ML sample, corresponding with the 

higher QR density (~ 5.4 × 108 cm-2 for 4 ML condition and 1.6 × 108 cm-2 for 3 ML 

condition). The slightly-broadening FWHM is due to 2 reasons; the size distribution of 

QRs [as shown in section 4.3] and the composition distribution. The composition of In 

and Ga in InGaAs may not be entirely uniform for all QRs due to randomly intermixing 

between InGa atoms in droplets and isolated Ga atoms at GaAs buffer interface during the 

interruption before crystallization [mentioned in section 4.2]. As a result, In and Ga 

composition are not exactly 0.5.   

 

 

Figure 4.17 The PL spectra of the capped InGaAs QRs grown under the conditions of 

Ts = 210oC with 3 ML and 4 ML In0.5Ga0.5 droplets measured at reference 

PL measuring condition (laser power = 40 mW, measured at 20 K).  
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Excitation-power dependence photoluminescence 

The PL spectra at 20 K of the samples as a function of excitation power are shown 

in Figure 4.18. As the excitation intensity increases, the PL intensities increase due to the 

increase of excess carriers by the excitation power. Also, the PL intensities increase 

without shifting and broadening while increasing the excitation power. Considering the 

discrete energy levels of the QR systems, only the ground-state peaks are observed (no 

state-filling effect). Approximated from the ground-state PL peak position of 1.22-1.23 

eV, Indium-content of the QRs can be ~ 0.31-0.50 according to the experimental ground-

state energies 1) of InAs/GaAs QDs with a potential well width ≤ 4 nm, which is 1.01-

1.06 eV [62-65] and 2) of an In0.5Ga0.5As/GaAs QDs with well width of ≤ 4 nm, which is 

1.17-1.23 eV [66,67]. 

 

Figure 4.18 The PL spectra at 20 K with 20–80 mW excitation power of the capped 

InGaAs QRs grown under the conditions of Ts = 210oC with 3 ML and 4 

ML In0.5Ga0.5 droplets. 

 

Temperature dependence photoluminescence 

The PL spectra as a function of measuring temperature are shown in Figure 4.19. 

The PL intensities decrease while increasing PL measuring temperature. The thermal 

excitation results in less stability of the carriers in QRs [68] and decreases probability of 

photon emission [69]. The equation used to fit with this result is the simple equation of 

the activation energy of quantum wells (Farfard et al., 1996) 
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where C is constant, α is a fitting parameter, k is the Boltzmann’s constant, and T is the 

measuring temperature.  This equation indicates that PL intensity would decrease with 

increasing temperature. Even the thermal energy are small compared to the activation 

energy, there should be a certain part of carrier jump out of the nanostructures due to 

thermal excitation. By the way, the linewidths are invariant to the temperature change, 

confirming that thermal broadening is negligible.  

 

 
 

Figure 4.19 The PL spectra at 20-100 K of the capped InGaAs QRs grown under the 

conditions of Ts = 210oC with 3 ML and 4 ML In0.5Ga0.5 droplets 

(excitation power = 40 mW). 

 

For the sample of 3 ML In0.5Ga0.5, the PL peak is not shifted while increasing the 

measured temperature from 20 K to 100 K. It indicates the strain-free QRs which create 

no strain effects on the energy band structures. So, the carriers hardly shift to any energy 

levels (strain-free may be considered as full relaxation of the thin-lateral 3 ML QRs, 

while the thicker-lateral QRs of 4 ML can accumulate more strain-field inside). Besides, 

the coupling properties supposedly support the invariant of the PL spectra to measuring 

temperature in addition to QR strain-free properties [70]. As shown in Figure 4.20, each 

of the anisotropic-lateral QRs may act like coupled-QD-pair. The QD diameter 

approximated to the QR-lateral width (~ 30-40 nm) and the distance between the adjacent 

QDs is ~ 40-50 nm at the center (not coupling) and < 10 nm at the ends (coupling). 

Overlap of the electronic wave functions in these coupled-like QDs causes a small 

splitting of energy state into two regenerated sub-levels [see section 2.1.2, also, Pauli’s 

exclusion [71]]. Since, the splitting energy (∆E) depends on inversion of distance between 
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adjacent QDs (lC-QD), the energy of these two sub-levels is ~ E0±∆E, ∆E ∝ 1/lC-QD
2 

[39,72-75]. Thus, upon the increasing measuring temperature, the carriers can be 

thermally-excited to the higher-energy sub-levels, compensating the decreasing bandgap 

of Varshni’s Law [69]. By the way, the small splitting can not be clearly detected in the 

excitation-power dependence PL due to relatively large FWHM.  

 

 

Figure 4.20 3-D AFM image of a QR with the illustration representing coupled-like 

QD corresponding with the anisotropic-laterals of the QR. The QD 

diameter is approximate to QR-lateral width (30-40 nm) and the distance 

between the adjacent QDs is ~ 40-50 nm at the center and < 10 nm at the 

ends. 

 

However, for the 4 ML sample, the PL peak is 30 meV red-shifted while 

increasing the measured temperature from 20 K to 100 K. Although the main reason for 

this shift is the temperature dependence of the bandgap (Varshni’s law [69]), the strain 

field is also supposed to partially accumulate inside the crystallized thicker-lateral QRs 

(higher outer height). The strain can complicate the energy band structures in which 

excited carriers have less stability [48,76]. This increases the possibility of the carriers to 

fall to the lower distorted energy levels and emit lower-energy photon with increasing 

thermal excitation.  
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Polarized photoluminescence 

To characterize PL polarization, a linear polarization analyzer is used to obtain the 

polarization-resolved spectra. The polarization plane is parallel to (100) plane. The 

polarized PL spectra are shown in Figure 4.21. The crystal direction of [01-1] with a 

maximum PL intensity is used as the reference of 0o. On 90o turn of the analyzer from 0o, 

the intensity deceases to the minimum (called 90o, corresponding to [011] direction). The 

intensity of the 90o-polarized spectrum (minimum) is 30% less than the 0o-polarized 

spectrum (maximum). The polarized light is corresponding to the elongation along [01-1] 

of the QRs, confirming the non-perfect circularity or anisotropy of the QR structures 

[2,24,60].  

 

 

Figure 4.21 The PL spectra at various polarization angles: 0o~[01-1], 90o~[011] of the 

capped InGaAs QRs grown under the conditions of 210oC substrate with 3 

ML and 4 ML In0.5Ga0.5 droplets (measuring temperature = 20 K with laser 

power = 40 mW).  

 

 

 

 

 

 



CHAPTER V 

 

CONCLUSIONS 
 

 

This work presents the fabrication of InGaAs ring-like nanostructures by 

droplet epitaxy using solid-source molecular beam epitaxy. The growth started with 

the formation of InGa droplets on GaAs surface and followed by the crystallization of 

the InGa droplets under As4 pressure to form InGaAs quantum rings. During the 

growth, the evolution of surface structures was monitored by in situ RHEED 

observations. The formation mechanism of InGaAs quantum rings from metallic InGa 

droplets is investigated. After the crystallization, the surface morphology of the 

samples was characterized by ex situ atomic force microscopy. Low-density of 

108/cm2 InGaAs quantum rings have been observed. The quantum rings are not 

perfectly circular due to anisotropy surface diffusion during the crystallization. 

Furthermore, the growth conditions have been varied by changing the droplet 

forming parameters, i.e.; 1) substrate temperature during In0.5Ga0.5 deposition, 2) 

In0.5Ga0.5 amount deposited, and 3) In-mole-fraction of InxGa1-x droplets. The effects 

of each parameter on the morphological properties of the InGaAs quantum rings are 

investigated.  

For the effects of substrate temperature during the deposition, it is found that 

increasing substrate temperature results in InGaAs quantum rings of a larger size but 

lower density. Greater migration length of In and Ga atoms leads to 2-dimensional 

expansion and coalescence of InGa into larger droplets. Thus, larger but fewer 

quantum rings are formed after the crystallization.  

Regarding the effects of In0.5Ga0.5 amount, increasing the deposited In0.5Ga0.5 

amount also results in changing of quantum ring size and density. At low substrate 

temperature, the quantum ring size increases with increasing In0.5Ga0.5 amount. 

However, the quantum ring density oscillates with increasing In0.5Ga0.5 amount. The 

oscillation is due to merging of numerous small droplets into a full layer instead of 

individual droplets. At higher substrate temperature, on the other hand, the increment 

of In0.5Ga0.5 amount results in quantum rings of a greater height, higher density but 

smaller diameter. The decrease of diameter is supposed to be caused by accumulating 

compressive strain inside the larger quantum rings and the partial relaxation.  
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Varying indium-mole-fraction of InGa droplets strongly leads to a variation of 

crystallized quantum rings. When indium content of InGa droplets is less than 0.5, 

high density tiny-size quantum rings are obtained after the crystallization. Whereas, 

when indium content is equal or more than 0.5, low density large-size quantum rings 

are formed after the crystallization. 

The photoluminescence measurement was also performed to characterize the 

optical properties of the quantum rings. The InGaAs quantum rings were grown under 

selected conditions of 2-5 ML In0.5Ga0.5 droplets deposition at 210oC substrate, with 

additional 100-nm GaAs capping layers. The capping layers were grown by 

migration-enhanced epitaxy at lower growth temperature and followed by the 

conventional method at higher temperature. The optical properties of the quantum 

rings were examined by photoluminescence spectra of the respective samples. The 

photoluminescence intensities are relatively low due to low density of the quantum 

rings. In particular, photoluminescence emissions for 2 ML and 5 ML conditions are 

too low due to very low density of QRs and accumulating strain, respectively. 

However, the photoluminescence emissions for 3 ML and 4 ML conditions can be 

examined. The photoluminescence peak of the 4 ML sample is centered at a little 

shorter wavelength than that of the 3 ML sample. This corresponds with the relatively 

smaller size of 4 ML-condition quantum rings. The photoluminescence intensity of 

the 4 ML condition is about 3 times higher than that of the 3 ML. This is due to 

higher density quantum rings in the 4 ML sample. Moreover, the full-width at half-

maximum is slightly broad due to quantum ring-size distribution and composition 

distribution.  

The photoluminescence measuring parameters including excitation intensity, 

measuring temperature, and polarization have been varied. As the excitation intensity 

is raised, the photoluminescence intensities increase without shifting. The ground-

state energies of the InGaAs quantum ring systems are identified from the emission 

peaks. When the measuring temperature increases, the photoluminescence intensities 

decrease without thermal broadening. It is also observed that the photoluminescence 

peaks of the 3 ML sample are not shifted. This can attribute to the strain-free quantum 

rings which create no strain effect on the energy band structures. On the other hand, 

the peaks of the 4 ML sample are red-shifted. This shift can attribute to the existence 

of the strain field, which complicates the energy band structures and decreases the 

stability of the carriers. This increases the possibility to emit the longer-wavelength 
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photon with increasing the thermal excitation. Finally, the elongation of the quantum 

rings is confirmed by the polarization resolved spectra. It is found that the polarized 

spectra along the perpendicular crystal directions exhibit the maximum difference of 

intensity. This corresponds to the anisotropy of the quantum rings. 

 

Recommendations for further works 

 Due to the density of quantum rings grown by droplet epitaxy is relatively 

low, it is difficult to clearly study the optical properties of the quantum rings grown 

under some conditions. The multi-stack growth can increase the number of quantum 

rings per unit volume. However, the stability of ring shape in each stack should be 

confirmed. Also, the rapid thermal annealing (RTA) can improve the crystal quality of 

such low-temperature-crystallized quantum rings to obtain higher photoluminescence 

intensity. 
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