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Abstract 

Strain-driven self-assembled InAs quantum dots (QDs) on GaAs(100) 

substrates fabricated via the Stranski-Krastanov (S-K) growth mode is 

evidently the most widely studied QD system. QD densities in the order of 

≤ 1 QD per μm2 are required for different applications. However, preparing 

such low densities is challenging due to the extreme dependence on the 

Indium (In) amount. 

In this work, self-assembled InAs QDs and quantum dot molecules 

(QDMs) are grown on GaAs(100) substrate by the molecular beam epitaxy 

(MBE). In the first part, low-density InAs QDs are fabricated using two In-

deposition schemes: the In-gradient approach and the homogenous In-

deposition approach with subsequent annealing to attain densities in the 

order of 1 × 107-108 QDs cm-2. In the In-gradient approach, the substrate 

rotation is stopped during In-deposition, either for the full deposition (full-

gradient) or for half of the deposition time (half-gradient).  

A comparison of the two In-deposition schemes has been done to better 

comprehend low areal density coverage  For the full-gradient, the low-

density region stretches only over a small area along the gradient, which 

corresponds in the best case to less than 10 % of a full 3" wafer, whereas for 

a half-gradient, it increases to 15 %. In comparison, for the homogenous 

deposition approach, we were able to achieve for more than 70% of a 3" 

wafer a QD density between 1×107 and 1×108 QDs cm-2. However, this 

process is less reproducible due to the high sensitivity to the substrate 

temperature and the In amount. 

In the second part various QD growth parameters, such as QD growth 

temperature, growth interruption, and In-flux, are studied to observe the QD 

size modification leading to emission wavelength variation.  

In the last part of this work, QDM heterostructures for electron and hole 

storage were fabricated. The low-density QDMs were grown utilizing the 

homogenous In deposition approach. The various parameters such as QD 

density, emission energy tuning, and tunnel coupling were optimized to 

achieve high-quality QDM samples for quantum storage applications. 
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Kurzfassung 

Verspannungsgetriebene selbstorganisierte InAs-QDs auf GaAs(100), die 

über den Stranski-Krastonov-Wachstumsmodus hergestellt wurden, sind 

wohl das am häufigsten untersuchte QD-System. Für verschiedene 

Anwendungen werden QD-Dichten in der Größenordnung von ≤ 1 pro QD 

μm2 benötigt. Allerdings ist die Herstellung solch geringer Dichten aufgrund 

der extrem starken Abhängigkeit von der In-Menge recht anspruchsvoll. 

In dieser Arbeit werden selbstorganisierte InAs-Quantenpunkte (QDs) und 

Quantenpunktmoleküle (QDMs) durch Molekularstrahlepitaxie auf 

GaAs(100)-Substrat aufgewachsen. Im ersten Teil werden InAs-QDs mit 

niedriger Dichte unter Verwendung von zwei In-Deposition-Verfahren 

hergestellt: Der In-Gradient-Ansatz und der homogene In-Deposition-

Ansatz mit anschließendem Tempern, um Dichten in der Größenordnung 

von 1x 107-108 QDs cm-2 zu erreichen. Beim In-Gradienten-Ansatz wird die 

Substratrotation während der In-Abscheidung gestoppt, entweder für die 

vollständige Abscheidung (Vollgradient) oder für die Hälfte der 

Abscheidungszeit (Halbgradient). 

Ein Vergleich der beiden In-Deposition-Schemata wurde durchgeführt, um 

ein besseres Verständnis der Region geringer Flächendichte zu erlangen. 

Beim Full-Gradienten erstreckt sich der Niedrig-Dichte-Bereich nur über 

einen kleinen Bereich entlang des Gradienten, was im besten Fall weniger 

als 10 % eines vollen 3"-Wafers entspricht, während er bei einem Half-

Gradienten auf 15 % ansteigt Im Vergleich dazu konnten wir für den 

homogenen Abscheidungsansatz für mehr als 70 % eines 3"-Wafers eine 

QD-Dichte zwischen 1×107 und 1×108 QDs cm-2 erreichen. Dieser Prozess 

ist jedoch aufgrund der hohen Empfindlichkeit gegenüber der 

Substrattemperatur und der In-Menge weniger reproduzierbar. 

Die verschiedenen QD-Wachstumsparameter wie QD-

Wachstumstemperatur, Wachstumsunterbrechung und    In-flux werden 

untersucht, um die QD-Größenmodifikation zu beobachten, die zu einer 

Variation der Emissionswellenlänge führt. 

Im letzten Teil dieser Arbeit wurden QDM-Heterostrukturen zur Elektronen- 

und Lochspeicherung hergestellt. Die QDMs mit niedriger Dichte wurden 

unter Verwendung des homogenen In-Abscheidungsansatzes hergestellt. 
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Die verschiedenen Parameter wie QD-Dichte, Emissionsenergieabstimmung 

und Tunnelkopplung wurden optimiert, um qualitativ hochwertige QDM-

Proben für Quantenspeicheranwendungen zu erhalten. 
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CHAPTER 1 

 

1 Introduction 

 

The first recognition of nanoscale semiconductor structures was observed in 

1932 [1]. The development of quantum wells with two-dimensional 

confinement marked the beginning of the QDs' history in the early 1970s [2]. 

In the next several years, significant advancements in epitaxial techniques 

such as liquid-phase epitaxy (LPE), metal-organic chemical vapor deposition 

(MOCVD), and molecular beam epitaxy (MBE), spurred revolution into 

semiconductor nanostructures [3]. By the early 1990s, researchers had 

observed three-dimensional confinement in QDs [4]. The emergence of self-

assembled QDs provided researchers with a simple fabrication approach. In 

1995, the demonstration of self-organized quantum dots in the InAs/GaAs 

material system led to significant advances in the field [5]. Subsequently, 

significant effort has been put into understanding the self-assembly of these 

three-dimensional islands. 

1.1  Motivation 

Semiconductor QDs have been intensively explored and have been 

promising candidates for the realization of different optoelectronic devices 

such as light-emitting diodes (LEDs), lasers, and photodetectors [6]. In the 

last several years, extensive research has been carried on integrating 

semiconductor QDs into different quantum technologies such as quantum 

information processing [7]. Quantum information processing, which 

encompasses quantum computing and quantum communication, has sparked 

considerable interest in basic and applied research, which offers the 
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possibility of physically observable secure data storage and transmission. 

QD have demonstrated their ability to generate photons with such a high 

degree of indistinguishability, making them an appealing candidate for 

implementing complex quantum operations. Different theoretical and 

experimental schemes have been proposed for the realization of quantum 

information processing systems using semiconductor QDs [8]. These 

semiconductor QDs have been realized to generate on-demand single 

photons or entangled photon pairs [9,10]. The simplest scenario is a QDM 

formed by the coupling of two QDs. It can be considered the fundamental 

building block for the development of quantum computation devices [11]. 

 Semiconductor QDs have prime importance due to their atomic like 

properties. Alike in atoms, the energy levels are discrete and quantized in 

QDs due to the confinement of charge carriers [12]. QDs typically have 

dimensions ranging from nanometers to a few microns. Semiconductor QDs 

have the advantage of being incorporated during epitaxial growth in complex 

structures and can be integrated into existing electronics and photonics. This 

has already made QDs one of the brightest and most efficient non-classic 

light sources. Several QD fabrication techniques have been established over 

time. Among those, QDs fabricated by self-assembly have been widely 

investigated because of their remarkable optical quality.  

 InAs/GaAs (100) heteroepitaxial system is the most established material 

system, having undergone several experiments and the most refined 

understanding of the optimal growth conditions [13]. In MBE, the self-

assembly of three-dimensional islands called QDs occurs due to the lattice 

mismatch of deposited materials. After the InAs layer reaches a critical 

thickness, three-dimensional islands are formed due to accumulated strain 

energy due to growth transition, known as Stranski-Krastanov (S-K) 

transition [14]. The QD characteristics are dependent on various growth 

factors as the InAs growth rate, the growth temperature, InAs coverage, and 

the III/V flux ratio [15,16]. For single dot spectroscopy, the QD density 

should be in the order of 1 QD per µm2 to be spatially resolvable and with 

sufficiently high extraction efficiencies. Despite this advancement, precise 

control of the size, density, and spatial position of QDs is required to exploit 

their use in such applications fully. The performance of different devices is 

dependent on dot density, dot size, and distribution uniformity.  
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 In this work, self-assembled InAs/GaAs QDs and QDMs are grown on 

GaAs (100) by MBE. This dissertation realizes low InAs QD densities in the 

order of 108 QDs cm-2 utilizing two approaches: the homogeneous In-

deposition approach and the In-gradient approach. Further, the In-gradient 

approach was extended to achieve a much shallower In-gradient (half-

gradient). Following this, a comparison of the two approaches was made to 

better understand the two. The various QD growth parameters, such as In-

flux rate, QD growth temperature, and growth interruption time, were 

explored for emission energy tuning. The second objective was to grow low-

density QDMs heterostructures for electron/hole storage applications.  

1.2 Dissertation Outline 

The findings are organized and presented in five chapters in the following 

way: 

 Chapter 2 describes the fundamental concepts of III-V semiconductors, 

in particular, arsenide-based semiconductors. The following section 

introduces the basic principle of epitaxial growth in MBE. Then is 

outlined the properties and characteristics of the low-dimensional 

nanostructure, QDs in general. Furthermore, the fabrication of InAs 

quantum dots and vertically stacked QDMs using MBE is described. 

 Chapter 3 elaborates on the experimental techniques used to fabricate and 

characterize the nanostructures. The first section provides a 

comprehensive description of the MBE system. The second part discusses 

the ex-situ characterization techniques to investigate the samples' 

morphological and optical properties. 

 Chapter 4 describes and discusses the experimental findings. A detailed 

investigation of InAs QDs fabrication and their optimization to achieve 

low areal density is presented. Then, the effect of different QD growth 

factors on the size, shape, and density of QDs was examined. Further, we 

describe the precisely tailored growth of vertically stacked quantum dot 

molecules heterostructures.  

 Chapter 5 summarizes the results presented in chapter 4 and presents 

future prospects for the stated results in this dissertation.  
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CHAPTER 2  

 

2 Fundamentals 

 

This chapter describes the theoretical description of the work presented in this 

dissertation. Section 2.1 gives an overview of semiconductors and their 

properties. Following that, the basic concepts related to the III-V material system 

are discussed, particularly in arsenide-based semiconductors. Section 2.2 

describes the principle underlying the epitaxy in the MBE. The following part 

discusses the physical properties of low-dimensional nanostructures. 

Furthermore, the fabrication of self-assembled InAs QDs using two different In-

deposition schemes is discussed. Section 2.3 introduces QDMs and their optical 

states. 

2.1 Semiconductors 

The significant advances of semiconductor research and development 

commenced in the late 19th century, beginning with the discovery of the 

temperature dependence of the conductivity of AgS by Michael 

Faraday [17] in 1833 to the fabrication of the first silicon transistor in 

1947 [18]. The first use of the term 'semiconductor' was coined by J. 

Königsberger and J. Weiss in 1911 [19]. The discovery of a transistor by the 

scientist's John Bardeen, Walter Houser Brattain, and William Bradford 

Shockley in 1947 sparked a revolution in electronics and semiconductor 

devices [20]. The invention of the transistor and integrated circuit resulted in 

the development of modern computers, telecommunications, and other 

different technologies that radically changed the structure of the world.  
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Figure 2.1: The Band structure of GaAs with bandgap Eg, obtained using 

the 40-band k⋅p model [21]. 

Semiconductors are a class of materials with conductivities intermediate to 

those of conductors and insulators, with a filled valence band (VB) and a 

nearly empty conduction band (CB) separated by a bandgap. The bandgap 

of semiconductors is an important characteristic; it is a range of forbidden 

energies within the material's electronic structure. Semiconductors generally 

have bandgaps generally less than 4 eV, whereas insulators typically have 

larger bandgaps, frequently exceeding 5 eV [22]. Their resistance, for 

example, may vary with temperature. At low temperatures, they conduct 

nearly no electricity. However, as the temperature increases, they conduct 

electricity through them efficiently. This variability of electrical properties 

by changing the concentration of dopants, optical excitation, and temperature 

change makes the semiconductor materials ideal for electronic and 

optoelectronic devices. The electrical and optoelectronic properties of a 

semiconductor can be explained using the dispersion relation's CB minima 

and VB maxima. For example, the maxima and minima coincide in the 𝛤 

point at 𝑘 = 0. for GaAs, as shown in Figure 2.1, making this semiconductor 

a direct-bandgap material. Direct band semiconductors are especially useful 

in optics because they are capable of direct interactions with photons.  
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In semiconductors, the variation of bandgap with temperature (T) is 

described by the empirical Varshni formula [23] given as; 

𝐸𝑔(𝑇) =  𝐸𝑔(𝑇0) −
𝛼𝑇2

𝑇 + 𝛽
 (2.1) 

where the parameters, 𝐸𝑔(𝑇0), 𝛼, and  𝛽 are fitted to experimental data. 

2.1.1  III-V Semiconductors 

III–V semiconductors play a significant role in a number of different 

optical and electronic devices because of their superior electronic 

characteristics, such as high electron mobility, the direct bandgap of 

materials, and low binding energy. For example, devices made of these 

materials are used in various optoelectronic devices such as LEDs, Lasers, 

and telecommunications devices. A combination of elements from the 

periodic table groups III namely  

 

Figure 2.2: Room-temperature bandgap, Eg, vs. lattice constant. Lines 

connecting binary compounds represent alloy composition with either a 

direct bandgap (black) or indirect bandgap (red) [24]. 
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Al, Ga, and In and group V elements namely N, P, As, and Sb, create these 

III-V compound semiconductor alloys. Si is the most common 

semiconductor material and has been extensively researched and used in 

commercial electronic devices. Besides Si, GaAs is another essential 

compound semiconductor widely studied for photonic applications, notably 

because of its direct bandgap. Moreover, they have succeeded in 

optoelectronics due to their quality interfaces with compounds with variable 

bandgap energies, such as AlGaAs and GaAs, and InGaAsP-InP. These high-

quality interfaces with minimal impurities enable efficient carrier transport 

over numerous interfaces and low non-radiative recombination rates.  

The most widely used III-V semiconductors are represented in Figure 2.2, 

which shows bandgap energy vs lattice constant diagram. The III-V 

compound semiconductor crystallized either in Zinc blende (GaAs, InP) or 

Wurtzite (GaN) structures. In both the structures, the primitive unit cells 

consist of two atoms at (0,0,0) and 𝑎(1/4,1/4,1/4), where 𝑎 is the lattice 

constant. The zinc blende crystal structure is a cubic point lattice with a face-

centered cubic point lattice and a two-atomic basis. The Zinc blende structure 

of GaAs is illustrated in Figure 2.3.  

In semiconductors, energy bands can be efficiently explained using the 

effective mass approximation in the perspective of a multiband k.p approach 

that requires a minimal number of experimentally established parameters. 

Dispersions of valence band are classified into bands for heavy holes, light 

holes, split-off holes (zinc blende), and crystal holes (wurtzite). The valence- 

 

Figure 2.3: Crystal structure of GaAs [25]. 
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Figure 2.4: Band alignment for different types of heterojunctions. 

 band structure of a typical zincblende semiconductor (GaAs) is displayed in 

Figure. 2.1 as it approaches the Brillouin zone’s center (point at 𝑘 = 0). 

III-V semiconductor heterojunctions are classified into type I, II, and III 

according to the nature of the band alignment at the interface, with aligned, 

staggered, and broken bands, respectively (Figure 2.4). An aligned bandgap 

is marked by the discontinuities in the CB and VB, for example, the case of 

the GaAs/GaxAl1-xAs heterojunction. In a staggered band alignment, the CB 

of one compound is located above the neighboring compound’s energy level 

but still have some overlapping, as is the case with the GaSb/GaAs 

heterojunction. The broken bandgap configuration arises when the CB level 

is lower than the VB from the other semiconductor layer, as in the InAs/GaSb 

material system. A major benefit of III-V materials is that they have a wide 

range of band structures having different bandgaps and band alignments. This 

allows for the fabrication of complicated heterostructures by bandgap 

engineering. Bandgap engineering is a term that describes the ability to 

precisely control the chemical composition of III-V alloys during the 

epitaxial process, resulting in a range of electronic properties. Random 

alloying is done in III-V semiconductors for different applications to engineer 

properties like lattice parameters and  

Table 2.1: The fundamental characteristics of GaAs, AlAs, and InAs at 

absolute zero temperature [26]. 

Property GaAs AlAs InAs 

Direct bandgap 𝑬𝒈 (eV) 1.519 3.099 0.417 

Lattice constant (Å) 5.643 5.661 6.050 
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bandgap. This is stated according to Vegard's law [27]; lattice constant of a 

ternary alloy 𝐴𝑥𝐵1−𝑥 can be linearly interpolated from the primary materials 

A and B, given by the following relationship: 

𝑎𝐴𝐵 = 𝑥𝑎𝐴 + (1 − 𝑥)𝑎𝐵 (2.2) 

with lattice constant 𝑎𝐴 and 𝑎𝐵 respectively. The bandgap 𝐸𝑔 of a ternary 

alloy semiconductor is generally approximated by a quadratic dependence 

with a primarily positive bowing parameter b [28] is given by  

𝐸𝑔,𝐴𝐵 = 𝑥𝐸𝐴 + (1 − 𝑥)𝐸𝐵 − 𝑏𝐴𝐵𝑥(1 − 𝑥) (2.3) 

where 𝐸𝐴, 𝐸𝐵, and 𝐸𝑔,𝐴𝐵  are the respective properties of material A, B, and 

the alloy 𝐴𝑥𝐵1−𝑥, and x is the mole fraction of one ingredient in a material 

and 𝑏𝐴𝐵 is the bowing parameter. The bowing parameter value for AlxGa1-

xAs and InxGa1-xAs at 𝛤-point are given as 𝑏𝐴𝑙𝑥𝐺𝑎1−𝑥𝐴𝑠 = −0.127 + 1.310𝑥 

and 𝑏𝐼𝑛𝑥𝐺𝑎1−𝑥𝐴𝑠 = 0.477 [26]. 

2.2  Epitaxy 

Epitaxy is the assembly of atoms on a crystalline substrate. Epitaxial growth 

is the formation of a crystalline film suitably orientated onto a substrate by 

deposition of new material. It is most commonly used to describe the growth 

of monocrystalline films [29]. The work of Louis Royer in 1920 marked the 

beginning of the scientific study of epitaxial growth. Royer coined the term 

epitaxy, derived from the Greek words' epi', meaning upon, and 'taxis,' 

meaning order [24]. Significant advancements in epitaxial growth techniques 

have resulted in the ability to create different materials with atomic-level 

precision. Several epitaxial techniques have been widely used for the 

epitaxial growth of III-V compound semiconductors and other materials such 

as Liquid Phase Epitaxy (LPE) [30], Vapor Phase Epitaxy (VPE) [31], 

MBE [32], and Atomic Layer Deposition (ALD) [33]. In this work, MBE is 

used for the epitaxial growth of nanostructures, as described in section 2.4. 

In thin films epitaxy, growth takes place either through the deposition of a 

film of the same material on the same material substrate, known as 

homoepitaxy (e.g., GaAs on GaAs substrate, doped Si on Si substrate), or 

through the deposition of a film of a different material on a different 

substrate, known as heteroepitaxy (GaAs on Si, InAs on GaAs). In 
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heteroepitaxy, the layer and the substrate are strained due to bond length and 

thermal expansion differences. In this instance, the strain in the film is 

determined by the lattice mismatch (𝑓), given as: 

𝑓 =
𝑑𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 − 𝑑𝑓𝑖𝑙𝑚

𝑑𝑓𝑖𝑙𝑚
 (2.4) 

where 𝑑 is the lattice constant of the bulk material. This lattice mismatch 

between heterosystems is accommodated either elastically by increasing the 

lattice strain or plastically by generating misfit dislocations.  

Epitaxial growth tends to occur in two stages. The first step involves surface 

processes such as atoms chemisorption, movement, and forming of bonds 

from impinging atoms. The subsequent step includes the thermodynamic 

interaction and rearrangement of atoms at the surface. As soon as atoms have 

been absorbed on the surface, they tend to move to thermodynamically stable 

places and forms bond at those lattice sites, form defects where contaminants 

are present, aggregate with related species, or move across the surface and 

desorb [24]. Figure 2.5 depicts a schematic representation of the different 

kinetic processes that take place during epitaxial growth. An Arrhenius 

correlation with an activation energy E can typically characterize these  

 

 

Figure 2.5: Illustration of the various kinetic processes that occur during 

epitaxial growth. 

thermally induced processes, such as diffusion, evaporation, and desorption 

given by the equation:  

𝑃 = 𝑃0exp (−
𝛥𝐸

𝑅𝑇
) (2.5) 
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where 𝑃 and 𝑃0 are the probability of the process and probability constant, 

𝛥𝐸 is the activation energy, and T is the temperature. In the particular case 

of adatom diffusion on a surface with the diffusion coefficient D, described 

as 𝐷 = 𝐷0 exp (−
𝐸𝑎−𝐸𝑑

𝑘𝐵𝑇
) where 𝐸𝑎 is the surface activation energy, and  𝐸𝑑 

is the diffusion barrier and 𝜐 are the vibrational frequency (𝜐 =
2𝑘𝑏𝑇

ℎ
), where 

ℎ is plank constant. The epitaxial growth system described above is 

simplified and does not account for surface reconstructions, interdiffusion 

processes, dislocations, or chemical reactions between the substrate and 

deposited material.   

2.2.1 Epitaxial growth modes 

Epitaxial growth is generally carried out at high temperatures well above 

room temperature, for example, typically around 600 °C, which allows for 

adequate adatom mobility on the crystalline surface  [24]. It is possible to 

model the growth process using a structural model combined with the kinetic 

processes that an impinging atom goes through before getting absorbed into 

the lattice sites [24]. The early growth phase requires nucleation that is 

clusters of particles creating solid nuclei After a stable nucleus is formed the 

crystal grows in accordance with growth parameters that are required by the  

 

Figure 2.6: The sketch of nuclei formation on a substrate results in a 

wetting angle with the equilibrium of surface energies. 
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Figure 2.7: Nucleation-based growth modes: Vollmer-Weber (V-W), 

Frank-van der Merve (F-M), and Stranski-Krastanov (S-K). 

phase transition. In heterogeneous nucleation, the crystalline substrate 

provides favorable sites for nuclei formation. The overall change in Gibbs 

energy (nucleus formation) is defined as the sum of volume, surface, and 

stress.   

𝛥𝐺𝑁 = 𝛥𝐺𝑉 + 𝛥𝐺𝑆 + 𝛥𝐺𝐸  (2.6) 

𝛥𝐺𝑉 is the Gibbs energy proportional to the volume of the nucleus, surface 

energy, and ambient, respectively. The interface energies for three-

dimensional nucleation between the substrate, nucleus, and ambient are 

calculated assuming a spherical nucleus with radius r (Figure 2.6). Young’s 

relation for absolute tension in equilibrium is 

𝛾𝑎𝑠 = 𝛾𝑛𝑠 + 𝛾𝑎𝑛𝑐𝑜𝑠 𝛩 (2.7) 

where is ambient-substrate surface, 𝛾𝑛𝑠 is nucleus-substrate tension and 𝛾𝑎𝑛 

is the ambient-nucleus surface tension. The wetting angle varies with the 

degree of wetting and determines the geometry of the nucleus. The wetting 

angle varies depending on the nucleus and substrate affinity and defines the 

nucleus shape. The volume of a sphere is 
4

3𝜋𝑟
𝑟3 × 𝑓 , where f is a geometric 

factor  

𝑓 = (2 − 3𝑐𝑜𝑠𝛩 + cos3𝛩)/4 (2.8) 

The critical free energy of the nucleation 𝛥𝐺𝑁 heterogeneous nucleation [24] 

with no strain is given by 
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𝛥𝐺𝑁
∗ =

16𝜋

3
 
𝛾𝑎𝑛

3 𝜈2

(𝛥𝑔)2
× 𝑓 (2.9) 

Epitaxy is always aimed at depositing a smooth growth surface, i.e., the 

wetting angle in Young’s relation is equal to zero or is specified as 𝛾𝑎𝑠 =

𝛾𝑛𝑠 + 𝛾𝑎𝑛. The dislocations or the strain induced by the lattice mismatch 

results in three different types of growth [34], as illustrated in fig. 3.5. These 

are described as follows [24]: 

 Layered growth or Frank–van der Merwe (F-M) growth occurs when the 

layer is completely wetted on the substrate surface i.e. 𝛾𝑎𝑠 ≥ 𝛾𝑛𝑠 + 𝛾𝑎𝑛, 

implying that layer atoms tend to prefer the substrate to each other. After 

that, growth occurs in a layer by layer growth. The crystalline orientation 

of the first layer significantly influences the growth of crystalline thin 

films. This type of growth is usually preferred in epitaxy because it results 

in planar growth.  

 Island growth or Volmer–Weber (V-W) growth mode occurs when 𝛾𝑛𝑠 ≥

𝛾𝑎𝑠 + 𝛾𝑎𝑛 i.e., the layer atoms are attracted to one another more strongly 

than they are to the substrate. Hence, doesn’t wet the substrate, 

minimizing surface energy. The atoms form a small island on the 

substrate's surface, before growing or dissolving into single atoms. This 

results in layer growth in three dimensions.  

 The Stranski–Krastanov (S-K) Growth mode is a mixture of layered and 

island growth. This growth model generally starts from layered growth. 

The initial monolayers deposited here adhere to the Frank-Van der Merve 

growth criteria. When the critical thickness coverage is exceeded, the 

growth transitions to the Volmer-Weber case. This may be caused by 

strain accumulation in the epitaxial layer. As a result, three-dimensional 

islands form beneath a two-dimensional wetting layer. SK growth has 

gained importance as a method for growing defect-free quantum dots. 
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2.3  Low-dimensional nanostructures 

In a bulk semiconductor material, conduction electrons and holes can move 

in any of the three spatial directions. When the charge carrier is confined in 

one or more directions within these nanostructures, it reduces effective 

dimensionality, referred to as low dimensional nanostructures. Low-

dimensional structures exhibit distinctive properties primarily due to 

variations in the electronic density of states (DOS) generated by charge 

carrier confinement. The  DOS and quantum confinement for low-

dimensional nanostructures is illustrated in Figure 2.8. Confinement refers to 

the spatial confinement of electron-hole  

 

Figure 2.8: The DOS and quantum confinement for the bulk, two-

dimensional (2D), one dimensional (1D), and zero-dimensional (0D) 

semiconductor nanostructures. 

pairs (excitons) within a material in one or more dimensions. When atoms 

are combined in a bulk material, the number of energy states significantly 

increases, forming nearly continuous bands of states. When the particle's 

diameter approaches that of de Broglie wavelength (𝜆𝑏) of electrons in the 

conduction band, electron-hole pairs become spatially confined [35]. As the 

particle size decreases, the energy states inside it shifts upwards, increasing 

the energy difference between the different energy states. In general, the 

energy states can be determined for a free particle in a semiconductor by 

solving the Schrödinger equation via the effective mass approximation 



   

Chapter 2: Fundamentals 

16 

 

[−
ℏ2

2𝑚∗
∇2 + 𝑉(𝑟)]𝛹(𝑟) = 𝐸𝛹(𝑟) (2.10) 

where 𝛹 is the carrier-envelope wavefunction, m* is the carrier's effective 

masses, V is the electron’s potential energy, and E is the energy in x, y, and 

z spatial directions. The Schrödinger equation may be solved in the 

conventional model of infinitely deep, rectangular potential wells with 

dimensions Lx, Ly, and Lz by separation of variable methods, yielding 

confinement energies for various semiconductor systems. 

Bulk materials have free motion in all three directions, [36] with energy (E) 

given by 

𝐸 =
ℏ2

2𝑚∗
(𝑘𝑥

2 + 𝑘𝑦
2 + 𝑘𝑧

2) (2.11) 

where kx,y,z are the wave vectors in each direction. Consequently, the energy 

spectrum is continuous, and the corresponding density of states (DOS) is the 

same as for the bulk system, 𝐷(𝐸) ∝ E1/2. In a 2D system, however, the 

movement of electrons in the z-direction is quantized, resulting in discrete 

electric subbands for each electron while the motion is still free in xy-plane 

 𝐸 =
ℏ2

2𝑚∗
(𝑘𝑥

2 + 𝑘𝑦
2) + 𝐸𝑧

𝑖  (2.12) 

 i= 1,2,3… and the 3D-DOS exhibits step-function-like behavior in this case 

near the quantization energies. Further lateral confinement of the electron 

motion results in a one-dimensional system. 

 𝐸 =
ℏ2

2𝑚∗
𝑘𝑦

2 + 𝐸𝑥
𝑖 + 𝐸𝑧

𝑗
 (2.13) 

j=1,2,3… where the DOS is highly peaked, and the 2D-DOS is modified at 

all relevant energies. Finally, when the electron motion is constrained in all 

directions, the result is a zero-dimensional system  

 𝐸 =
ℏ2

2𝑚∗
𝐸𝑥

𝑖 + 𝐸𝑦
𝑘 + 𝐸𝑧

𝑗
 (2.14) 
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k=1,2,3… with a discrete energy spectrum, and the DOS is a series of δ-

function peaks. In QDs, all available states exist only at discrete energies.  

2.3.1 Semiconductor Quantum Dots 

The bulk dimension of materials can be reduced to generate different 

nanostructures with varying degrees of carrier confinement, as discussed in 

section 2.3. QDs are nanostructures with such small dimensions that their 

electronic states resemble those of an atom or molecule rather than that of its 

crystal [36]. They are also called "artificial atoms" due to the charge carrier 

confinement resulting in quantized electron and hole states similar to those 

seen in an atom. The energies and wave functions of quantum states depend 

on the dots’ size, shape, composition, and density, and they can be modified 

to precisely control their electronic and optical properties. Recent advances 

in QD research have been driven by the ability of a semiconductor to prepare 

atom-like structures and the possibility of incorporating QDs into existing 

optoelectronic technologies [35,37]. Their applications include 

semiconductor lasers [38–40], storage devices [41,42], infrared 

detectors [43,44], and quantum computation [45]. Different approaches for 

the fabrication of semiconductor QDs have been explored over the years, 

including chemical synthesis, pre-growth lithographic patterning [46], ion-

beam synthesis [47], and self-assembled epitaxial growth [13]. 

In order to achieve carrier confinement, a narrower bandgap material is 

embedded within a higher bandgap material, resulting in the spatial 

confinement of both electrons and holes in all three directions of the material. 

Quantum confinement comes into play when the size of the solid becomes 

of the order of the de Broglie wavelength of electrons. This thickness should 

be less than the de-Broglie wavelength 

𝜆𝑏 =
ℎ

𝑝
= √2𝑚∗𝐸 (2.15) 

where 𝑝 = 𝑚𝑛𝜈 denotes the momentum, 𝑚∗ is the effective mass, and v is 

the electron velocity. In semiconductors, λ is of the order of 1-100 nm due to 

their small effective masses comparable to the size of the dot. 
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2.3.1.1  Energy states in a Quantum Dot 

The energy states of a QD are highly dependent on the geometry of the QD 

and the potential barrier, both of which are affected by growth parameters. 

Several experimental and theoretical studies have been done over the years. 

Many models, including the multiband k.p model [48] and empirical 

pseudopotential theory [49], have been used to determine the electronic 

structure of a QD with varying degrees of precision  

 

Figure 2.9: Schematic illustration of the lens-shaped QD's with different 

heights representing potential width. 

by solving the Schrodinger equation (eq. 2.10). These models largely depend 

on dot structural properties. However, it is possible to develop a model 

system that provides qualitative insight into QD physics by assuming simple 

geometries. 

Electronic structure in semiconductor QDs can be described using a simple 

theoretical model of the harmonic oscillator. It is possible to describe the 

energy spectrum of a particle confined to a QD by considering the dot as a 

disk or a lens shape [50]. Generally, a lens-shaped geometry is assumed for 

self-assembled quantum dots where the dimension of the growth direction is 

smaller than the lateral dimensions, as shown in Figure 2.9. The lens-shaped 

QDs produce spectra that resemble a spectrum of a pair of harmonic 

oscillators with similar spacing and degeneracy.  

When applied to the Hamiltonian, the harmonic oscillator potential 

(analogous to the classical Hook potential) yields the following discrete 

Eigen energies 
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𝐸𝑛(δ) = ℏ𝜔0(2𝑛 + ǀ 𝑙 ǀ + 1) (2.16) 

where 𝑛 𝜖 𝛮, 𝑙 = [0 ± (𝑛 − 1)]. The principal n represents the energy levels 

evenly spaced by an amount ℏ𝜔0 and l, the azimuthal number, denotes the 

orbitals s (l = 0), p (l = 1), d...  According to the Pauli principle, each shell 

can only be inhabited by a pair of electrons with opposite spin. Different 

electrical and optical characteristics of QDs have already been studied and 

explained by several academics based on these harmonic potential models.  

2.3.2 Molecular Beam Epitaxy 

MBE is an epitaxial growth technique in which one or more atomic or 

molecule beams interact on the crystalline substrate in an ultra-high-vacuum 

(UHV) environment. It allows precise control over epitaxial deposition of 

material with extreme purity, structures with tailored compositions, and 

different doping concentrations by physical vapor deposition or vacuum 

evaporation in UHV conditions [51]. The MBE technique is an ultrahigh 

vacuum deposition technique for epitaxial growth pioneered by J. R 

Arthur [52] and A. Y. Cho [53] at Bell Laboratories in the late 1960s. MBE, 

in particular, has resulted in the fabrication of novel devices.   

     The foundation of MBE enhanced the fundamental understanding of the 

atomic level of epitaxial film growth. It is broadly used in the field of 

electronics and optoelectronics in various research labs and industrial 

production. UHV environments are characterized by extremely low 

background impurity gases partial pressure (< 10-12 Torr), which results in 

extremely low impurity levels in the resulting grown structures. Because of 

its atomic precision, MBE can produce epitaxial layers as thin as a few 

monolayers. MBE grows at a rate of approximately 1µm/h or monolayer/sec 

(ML/s). This allows for finer control over interface thickness across layers 

with varying content and doping concentration. For III-V compound 

semiconductors and alloys, the commonly employed elements are Al, Ga, In, 

P, As, and Sb, with Si or C as extrinsic doping. The chemical structure of an 

element governs its reactivity and certain characteristics of its growth 

kinetics. These materials are usually contained in effusion cells in pyrolytic 

crucibles. This can be then evaporated or sublimated to form molecular 

beams. Typically, the material flux generated by the effusion cells is  
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Figure 2.10: Schematic illustration of an MBE growth chamber for group 

III arsenide materials. 

determined by the temperature of the source, and these effusion cells are 

linked with a mechanical shutter that allows the beams to be started or 

stopped in a fraction of the time. This allows for precise alloy compositions 

and doping concentrations by controlling individual fluxes of constituent 

materials. An ion gauge is typically used to measure and calibrate the fluxes 

using beam-equivalent pressure (BEP) in effusion cells that are maintained 

at a constant temperature. The MBE chamber is covered by a cooling shroud, 

which is generally filled with liquid nitrogen. This ensures that any particle 

striking the chamber walls is condensed and cannot interact with the growth 

surface again. The UHV environment allows molecules or atoms of source 

materials to flow from source to heated substrate without interfering with 
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one other. Additionally, the UHV environment enables the adoption of 

various in situ monitoring techniques, including reflection high-energy 

electron diffraction (RHEED), and mass spectrometry, during growth. When 

paired with other different techniques such as pyrometry, and band edge 

thermometry, MBE becomes a very effective instrument for studying 

fundamental science and fabricating high-quality materials and devices. 

Figure 2.10 shows the schematic of a solid source MBE growth chamber. 

  In general, flux distribution from each source follows a cosine 

[a(cos2 𝜃)/𝑟2 ] distribution from the source’s opening, here r is the distance 

between source and the substrate and θ represents the angle between the 

source opening to the normal. Substrate rotation is used to achieve uniform 

flux distribution over the substrate as the film is grown. Unlike other 

epitaxial growth techniques like liquid phase epitaxy, which occur near 

thermodynamic equilibrium, MBE epitaxial growth is governed by the 

kinetics of surface processes that occur during the reaction of impinging 

atoms with the substrate crystal’s outermost atomic layers [54]. 

2.4  Self-assembled quantum dots 

The term 'self-assembly' corresponds to the spontaneous nature of the 

formation of the nanostructures. The self-assembled quantum dots (SAQDs) 

have gained substantial attention during the last few decades in scientific 

research and technological domains such as single-photon emitters [9], 

lasers [55,56], light-emitting diodes [57], photodetectors [58], optical 

amplifiers [59], and quantum information processing systems [60]. SAQDs 

form due to lattice-mismatch between the deposited material and substrate 

during MBE deposition. Many different material systems have been 

observed to exhibit island formation in strained heteroepitaxy such as 

InAs/GaAs, InAs/InP, InP/GaAs, CdSe/ZnSe, and GaN/AlGaN [61]. as 

Goldstein et al.[5] first reported the occurrence of self-assembled QDs in the 

InAs/GaAs material system in 1995 [5]. InAs had a lattice mismatch of 7.2 % 

with GaAs [62,63]. These dislocation-free InAs SAQDs are most often 

fabricated by S-K growth [64,65] as described below:  

2.4.1 S-K growth of InAs on GaAs(001) 

InAs growth on GaAs(001) begins with the nucleation of 2D islands that 

coalesce into coherently strained layers (S-K growth mode, section 2.2). Due 
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to the low surface free energy of some InAs layer material, they do not 

disperse and continue to stay as a 2D layer. This layer wets the material’s 

surface underneath and is called the wetting layer (WL). Figure 2.11 shows 

the elastic strain relaxation for the formation of QD. When deposited InAs 

material exceeds a critical thickness, 3D coherent islands are formed due to 

the relaxation of built-up strain [66]. The transition to 3D island growth 

occurs in less than 0.1 monolayers. The typical critical layer thickness for 

InAs/GaAs QDs is around 1.5 -3 monolayers (MLs), and the specific point 

at which this occurs is dependent on the growth conditions.  

                  

Figure 2.11: A schematic representation of elastic strain relaxation in 

InAs QD on GaAs. 

2.4.1 Low-density InAs quantum dots 

A recent focus has been on the research of single QDs for different 

applications such as single-photon light sources [9,67], pillar 

microcavities [68] due to the atomic-like spectra of individual QDs [69]. For 

single dot spectroscopy, the QD density should be in the order of 1 QD per 

µm2 to be spatially resolvable. It's usually determined by the laser spot size 

used in spectroscopy or the aperture size used in masking techniques. In 

conventional SAQDs in S-K mode, the QD density increases quickly from 

no QDs to 1010 QD cm-2 at the critical point during the transition from 2D to 

3D growth mode, as shown in Figure 2.12 [64]. InAs QDs on GaAs substrate 

with densities in the order of 109–1011 QD cm−2 can easily be obtained by 

varying optimum growth conditions.  However, fabricating such low-density 

QDs (~1 QDs per µm2) is exceptionally challenging due to this highly narrow 

coverage range, owing to extreme sensitivity to 0.01 ML of InAs 
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deposition [64]. Furthermore, this is due to the geometry of the MBE 

chamber, as shown in Figure 2.10. Uniform thickness can be achieved by 

rotating the substrate at constant rotation. The impinging molecular beams 

are oriented at a certain angle towards the substrate; therefore, the variation 

in QD density is proportional to the position of the indium cell. Although the 

As flux changes across the wafer, its influence appears to be negligible. 

 

Figure 2.12: Graph showing InAs QDs density variation with increase 

InAs coverage [64]. 

 Controlling the density, size, and distribution of these SAQDs is 

extremely difficult during the self-assembly process, even when temperature 

T, flux F, and coverage C are constrained. Such as if the growth temperature 

is low, deposited atoms do not have enough thermal energy to diffuse. This 

restricts the applicability of these devices and also restricts investigations of 

their underlying physics. To obtain such low-density QDs, many research 

groups have used techniques such as In-gradient [64,70,71], temperature 

gradient approach [72], annealing approach [73], and the growth on pre-

patterned substrates [74].  In this work, the low-density InAs QDs are 

grown using two different deposition techniques, the homogenous In 

deposition and the In-gradient approach, as described in the following sub-

section. 
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2.4.1.1 Homogenous In-Deposition Approach  

The homogenous deposition approach is also known as the annealing 

approach. In this approach, a subcritical InAs deposition, with subsequent 

annealing, leads to the formation of QDs. InAs is deposited with continuous 

substrate rotation close to the critical deposition thickness, which results in 

homogenous InAs deposition across the wafer, as illustrated in Figure 2.13.b. 

This subcritical InAs deposition with subsequent annealing results in a finite 

QD density. Song et al. have demonstrated that post-growth annealing of a 

WL with a thickness less than the 𝑇𝑐  can result in the desired low-density 

QD ensemble in a controlled manner [73,75]. Annealing at slightly higher 

temperatures result in the formation of QDs and mitigate the QDs' 

inhomogeneous broadening by the Ostwald Ripening process [75,76]. A 

significantly low In growth rate and QD growth temperature are employed, 

which can be drastically reduced reduce the density by enhancing the 

migration of InAs. In this approach, densities in the order of 0.1-1 QDs per 

µm2 can be achieved after careful calibration of substrate temperature and 

In-amount in QD. 

(a) 

 

(b) 

 

Figure 2.13: a) The effusion cell and substrate position in the MBE growth 

chamber [77]. b) Schematic of In thickness profile with and without 

substrate rotation. 

2.4.1.2 In-gradient Approach  
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The In-gradient approach is the most widely used method to obtain low-

density QDs. The angle of the effusion cell source to the substrate results in 

the uniform thickness gradient across the substrates as illustrated in Figure 

2.13.a [13]. When the substrate rotation is turned off, the In-flux increases 

across a substrate direction. This results in flux distribution of over 10% from 

one side to other in a quarter of a 3" wafer (Fig. 2.13). In this approach, 

substrate rotation is stopped during the InAs deposition, producing an In 

gradient across the wafer with high QD density on one side of the wafer and 

no QDs on the other side. The dot density varies from no QDs at the low In-

flux region to 1010 cm-2 on the high In-flux region. The beam flux distribution 

along the direction of the substrate gives a repeatable and continuous 

deposition of the deposited material (coverage). However, the desired low 

QD density is found in a small transition region between these two regions. 

It delivers quite reproducible low QD densities but only on a relatively small 

fraction of the wafer [9, 11].  

 In the In-gradient approach, the substrate rotation can be stopped during In 

deposition either for the full deposition (full-gradient) or for half of the 

deposition (half-gradient) or parts of deposition.  

2.5 Quantum Dot Molecules  

QDMs are vertically stacked pairs of self-assembled QDs. Coherent 

tunneling between two individual QDs results in the formation of quantum 

dot molecules. QDMs are analogous to hydrogen molecules and are made up 

of “artificial atoms” (individual QDs) paired together to form delocalized 

orbitals. However, unlike conventional molecules, the energy confinement 

and coupling between the two QDs can be modified individually. QDMs 

were first discovered to understand how two separate QDs interact with one 

another. Figure 2.14 shows the transmission electron micrograph (TEM) 

image of InAs QDMs with a barrier thickness of 6 nm [78]. 

Advances in the fabrication techniques and understanding of single QDs 

have brought coupled QDMs to the forefront of scientific research. 

Depending on the desired device application, the QDs can be organized in 

either vertical or lateral alignment in QDMs [11]. The most widely studied  
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Figure 2.14: TEM image of an InAs/GaAs QDM. Adapted from [78].  

are the vertically stacked QDMs, formed via strain-driven self-assembly 

process with two QD layers sandwiched by an intermediary epitaxial layer 

of different material that acts as a potential tunneling barrier. QDs in the 

second layer tend to nucleate directly above the dots in the first layer due to 

the strain caused by the first QD layer in the thin spacer layer (few 

nanometers), which drives the adatom migration in the second layer [47,79–

81]. Different research groups have systematically investigated the 

probability of arrangement as a function of the distance between the QD 

positions and the shape and size of the QDs in the bottom layer  [82].  

 The study vertical self-assembled InAs QDMs has been the focus of 

extensive research and opened the possibility of different novel and 

advanced device applications  [79,80]. Initial research focused on high QD 

densities and the ordering process itself and found that InAs arrange self-

assembled InAs vertically one above the other if the distance between the 

QD layers does not exceed approximately 20 nm [83]. The relative size and 

density of the QDs can be engineered by controlling the InAs deposition of 

each layer. The QDMs can be embedded in field-controllable heterostructure 

to precisely control the tunneling of charge carriers, electrons, and holes. The 

energy states of the two QD layers can then be varied relatively by applying 

an electric field. Thus, the electronic coupling, the state of charge of the 

molecule, and the transition energy can be determined [82].  

 In this work, low-density QDM heterostructures for quantum storage 

applications are grown, as described in detail in section 4.6. 
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2.6 Optical states in QDs and QDMs  

Optical excitation of a single QD results in the generation of an electron-hole 

pair. Different excited states are generated in a single QD by the number of 

particles in the system, and these can be defined by the electrons and holes 

confined in the dots. For example, one electron and hole make an exciton 

(X0), two excitons form a biexciton (XX), and two electrons and one hole 

form a negative trion (X-). 

In QDMs, charges can be distributed spatially in a number of different ways. 

In vertically stacked InAs/GaAs QDMs, the two QD layers have varying 

size, composition, and strain, resulting in distinct confined energy states. 

Thus, electrons and holes are likely to confine in the individual dots. Direct 

and indirect excitons are characterized by the spatial coexistence of electron 

and hole wavefunctions in the individual QD or distinct QDs in a QDM [13]. 

With the filling of electrons and holes in QDs, these form direct or indirect 

excitons depending on the distance between the QD layers. When an electric 

field is applied to induce resonance in, direct excitons and indirect excitons; 

coherent tunnel coupling results in the formation of symmetric and 

antisymmetric molecular states. These molecular orbitals generate energy 

level anticrossings that can be observed as a function of the electric field. 

These are the symmetric and antisymmetric states, which are also referred to 

as bonding and antibonding orbitals, respectively. Bonding orbitals have the 

lowest energy and are thus the most stable. The quantum-confined Stark 

effect changes in response to applied electric fields due to the various spatial 

arrangements of electrons and holes. Anticrossings are characteristics of 

bonding and antibonding orbitals and thus offer strong evidence of tunnel 

coupling [82]. Anticrossings are avoided energy level crossings caused by 

Pauli’s exclusion principle, which states that two particles cannot share the 

same quantum state. The energy difference between the two molecular states 

is defined as the anticrossing gap. The extent of this gap is determined by the 

tunnel coupling, which is governed by the barrier layer's parameters. The extent 

of this gap is governed by the tunnel coupling, which is defined by the 

properties of the barrier layer between the dots. The carrier tunnelling 

depends on the substrate doping and the respective heights of QDs in the two 

layers [84]. The tunneling of the carriers, electron or hole, varies significantly 

and occurs at different rates due to their different effective masses. 
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Additionally, holes exhibit a spin-orbit interaction, which can significantly 

alter tunnel coupling [85]. 

 

 

 

 

 

 

 



 

 

 

 

 

CHAPTER 3 

 

3   Experimental techniques 

This chapter describes the experimental techniques used to grow and 

characterize the nanostructures studied in this dissertation. The first section 

describes the MBE system used to grow the QD samples. Various MBE growth 

factors, such as substrate temperature growth and growth rate, were optimized 

to obtain optimal growth conditions. The second section provides the ex-situ 

characterization processes. Atomic force microscopy (AFM) was used to 

analyze the surface morphology. Optical characterization of QD samples was 

done with PL setups. Further investigation of the PL and electrical measurements 

was carried out at Finley group, TU Munich.  

3.1 Molecular beam epitaxy system and growth process 

In this work, the heterostructures were grown using a solid source III-V MBE 

system from Dr. Eberl MBE-Komponenten. Figure 3.1 shows a schematic of the 

MBE system. The system comprises of four main chambers: (i) growth chamber, 

(ii) preparation chamber, (iii) transfer chamber, and (iv) load-lock. All the 

chambers and pumps are interconnected via gate valves, which allows the 

separation of each chamber. The system is pumped by a combination of a closed-

cycle cryopump, ion gettering, and titanium sublimation pumps (IGP/TSP), 

enabling the system to operate in the UHV regime with a base pressure of less 

than 10-10 mbar at all times, except for load-lock. The growth chamber is 

surrounded by liquid nitrogen-filled cryo shrouds that prevent condensable 

contaminants like H2O from condensing.  
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Figure 3.1: The schematic representation of the III-V MBE system 

employed in this thesis (MBE Komponenten). 

Material sources are a critical component of MBE because they work at high 

temperatures and generate molecular beams of extremely high purity and 

uniformity over the substrate. The growth chamber contains 14 solid sources for 

the generation of molecular beams of Ga, Al, In, As, Sb, Si, and C, as shown in 

Fig. 3.2. These source materials (Al, Ga, In) are contained in (high purity) 

pyrolytic boron nitride (PBN) crucibles located in effusion cells of different 

capacities and placed at different positions in the growth chamber. In contrast, 

group V materials (As, Sb) are placed in valved cracker cells, which generate 

molecular beams with quick response and high precision. The temperature of the 

As cracking region balances the As species (As2 or As4) produced by the cracker 

cell. The silicon and carbon cells are composed of Si wire and a pyrolytic 

graphite wire, respectively, heated by direct current flow. As an n-type dopant, 

Si is employed, while C is used as a p-type dopant. These material sources are 

heated with a tungsten filament to achieve the appropriate material flux for 

growth. Each cell has a mechanical shutter that allows the beams to be turned on 

and off in fractions of a second.  All the cells  



Molecular beam epitaxy system and growth process 

 

31 

 

 

Figure 3.2: The configuration of different cells attached to the MBE 

(MBE Komponenten). 

are connected to external water cooling tubes to help minimize the thermal load 

from the chamber. The background particles are monitored using a quadrupole 

mass spectrometer. This allows to monitor the contaminants in the growth 

chamber. An electron gun to study electron diffraction (RHEED) to characterize 

the sample and regulate the growth parameters. The substrate holder is attached 

to a substrate manipulator that rotates around a perpendicular axis to the chamber 

axis. The substrate is heated and monitored using a radiative heater with a 

thermocouple (𝑇𝑐). The beam fluxes are measured using a beam flux monitor 

(BFM) placed in front of the substrate, which measures the BEP using an ion 

gauge and measurement of the growth rates obtained by analyzing RHEED 

oscillations. The substrate temperature is also measured using a BandiT band-

edge thermometry system that measures the optical absorption edge. During 

epitaxial growth, the substrate manipulator is typically rotated at 10 rpm to 
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achieve more uniformity during the epitaxial layer deposition and heating of the 

substrate. 

Wafers are introduced in and out from the system through a separately pumped 

load-lock chamber, ensuring that all other chambers are always under UHV. The 

pumping in the load-lock is maintained by the turbopumps and achieves the 

pressure of 5 x 10-8 mbar. This is equipped with a six-way magazine that 

simultaneously loads up to six wafers. The preparation chamber is equipped with 

a degassing heating station that allows wafers and wafer holders to be degassed 

before being placed in the growth chamber.  

In this thesis, semiconductor heterostructures are grown on semi-insulating 3" 

or ¼ 3" GaAs (100) wafers from Wafer Technology Ltd. The wafers are epi-

ready and used without any further chemical processing. The wafers are cleaved 

along [110] direction into quarters and placed upside down on a molybdenum 

sample holder in load-lock. The wafers are held in place by gravity. The sample 

preparation goes through the following steps after introduction in the MBE 

system: 

i) The wafers are loaded into the load-lock and are pumped via a turbo-

molecular pump in order of pressure of 10-7-10-8 mbar. The wafers are 

degassed for 8 hours at 120 °C to desorb condensed water and impurities into 

the system. Once the pressure reaches 10-8 mbar, the wafers can be 

transferred to the transfer chamber. 

ii) After that, the substrate is transported via the transfer chamber to the 

preparation chamber. They are further degassed at a heating station at 200 °C 

for at least 1 hour or until degassing pressure spikes significantly. During 

degassing of GaAs(100) wafers, the chamber pressure increases typically 

from 10-10 to 10-8 mbar. Chamber pressure decreases to 5×10-9 mbar after 

one hour of degassing. 

iii) The substrate is transferred into the growth chamber when the pressure in 

both the preparation chamber and the growth chamber is less than 5x 10-9 

mbar. Growth chamber temperatures are generally 300 °C, and As flux is 

zero in the growth chamber when introducing the substrate. Then the metal 

fluxes (Ga, Al, and In) are measured, and then As flux at different values 

opens with BFM.  
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iv) The substrate is then heated in the presence of As overpressure (2.2 x10-5 

mbar) to prevent the breakdown of GaAs. The substrate temperature was then 

increased to 620 °C to produce a streaky RHEED pattern, indicating surface 

oxide desorbed. Desorption of oxide on a GaAs surface is typically observed 

at 590 to 600 ºC. After deoxidation, the surface is annealed to smoothen the 

surface. Further, the growth parameters are optimized using RHEED and 

substrate temperature using Bandit.  

Following these stages, the different parameters are updated in the growth 

recipe in Epicad software to reflect updated values, growth of the required 

sample heterostructure can be commenced. 

3.1.1 Substrate Temperature Control 

The substrate temperature is one of the critical parameters during the epitaxial 

growth in MBE. The surface mobility of adsorbed atoms varies with 

temperature. Different material properties like surface roughness and carrier 

mobilities are strongly induced by the substrate temperature during the 

epitaxial growth. The growth of high purity GaAs generally takes place in the 

temperature range of 600-630°C. However, reliable temperature 

measurement of the substrate is not trivial. In our MBE system, the substrate 

temperature is measured using thermocouple (𝑇𝑐), and band-edge (BandiT). 

Each method varies in terms of precision, reproducibility, and applicability: 

 The 𝑇𝑐 is positioned underneath the substrate manipulator close to the 

sample heater and has no physical contact with the substrate manipulator. 

The measurement is reproducible and covers the entire range of interest. 

As a result, it is ideally suited for temperature management. However, the 

temperature measurement can be considerably different from the 

temperature at the substrate surface.  

 BandiT determines the temperature by measuring semiconductors' optical 

absorption edge shift as a function of temperature. It is based on light 

absorption as it passes through a semiconductor material. The absorption 

edge's wavelength in the observed spectrum can be attributed to a specific 

temperature. Optical bandgap measurement is the most accurate and 

reliable method used nowadays. 
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Recently, there has been interest in monitoring temperature utilizing the 

substrate's bandgap. The 𝐸𝑔  decreases with increasing temperature in 

semiconductors given by the Varshni formula (Section 2.1). The bandgap 

can  

 

Figure 3.3: The schematic of  BandiT configuration. 

 be evaluated by analyzing the spectrum of substrate heater radiation 

transmitted through the substrate or by analyzing the radiance of a 

specifically mounted filament light source. The light transmitted through the 

substrate and diffusely reflected from the rough rear surface is collected and 

examined spectrally in a monochromator.  

In our MBE, the band-edge spectroscopy system by kSA BandiT is 

installed to measure the temperature via band edge thermometry. For 

semiconductors with a smaller  𝐸𝑔, such as GaAs, the near-IR spectral range 

between 800 and 1400 nm is suitable for detecting the absorption edge. The 

measurement can be done when the sample is illuminated by the heater 

radiation or external light source, as shown in Fig. 3.3. Light enters the 

substrate and is scattered at the unpolished backside of the wafer before 

passing through it. When light with an energy greater than the bandgap 

energy passes through the semiconductor, it is significantly absorbed, 

whereas light with lower energy is transmitted almost completely. The 

temperature-dependent bandgap induces spectral shifts in semiconductors. 

BandiT can also measure black body Pyrometry. This is one of the methods for 

measuring temperature using a BandiT. 
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Figure 3.4: The different temperature measurements while ramping the 

substrate temperature. 

All temperatures given in this work are BandiT readings. The BandiT 

temperature reading was used to reference the 𝑇𝑐, which is employed in the 

control loop. The bandit system does not refer to the theoretical band-edge 

but rather to the manufacturer's reference data. The substrate's material, 

thickness, doping type, level of doping, and manufacturer are mentioned in 

the references. The reference with the closest thickness and doping level to 

the actual wafer was chosen as the best match. The BandiT system measures 

real-time measurements and calculates the temperature from each spectrum. 

During the rotation of the sample manipulator, the spurious variation of the 

calculated temperature is ±1°𝐶. The band-edge temperature is more reliable 

based on the physical properties of the sample material than the 

thermocouple or pyrometer, which are strongly influenced by the chamber 

geometry. Figure 3.4 shows the different temperature measurements while 

ramping the substrate temperature to software set-point of 620°C. 
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3.1.2 RHEED and surface reconstructions 

RHEED is an essential apparatus in the MBE system that allows us to 

analyze structural information of the surface crystallography at the atomic 

level during epitaxy. It allows in-situ monitoring of growth processes of thin-

film during growth. In RHEED, a finely collimated electron beam with 

energies of 10-50 KeV is directed at grazing angle on the substrate, and 

diffraction patterns are detected on the fluorescent screen and captured using 

a CCD camera. The RHEED gun in our MBE system is a Staib instrument, 

which we run at 10 KeV. The incidence angle is small 1-3° with respect to 

the surface so that the penetration depth of the beam into the surface is 

restricted to a few monolayers of the sample. Figure 3.5 depicts a schematic 

representation of RHEED. The diffraction pattern can be explained by 

Ewald's construction in the reciprocal lattice. After undergoing diffraction, 

the elastically scattered electrons interfere constructively. According to the 

Laue condition, for diffraction, the difference between the incident and 

diffracted wavevectors must be equal to the reciprocal lattice vector [24]. 

The diffraction pattern depends on the crystallographic orientations of the 

diffracting surface and the arrangement of surface atoms. Figure 3.6 illustrates 

the schematic representation RHEED  pattern corresponding to different kinds 

of epitaxial surfaces. The transition from amorphous to the ordered surface 

condition can be recognized from the RHEED pattern from diffuse scattering 

to a diffraction pattern according to a structured surface.  The RHEED 

pattern on the smooth surface generally consists of elongated streaks that are 

normal to the surface [86]. 

 

Figure 3.5: The schematic of the RHEED diagram showing the incidence 

angle with respect to substrate and detector.  
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Figure 3.6: Schematic of different kinds of epitaxial surfaces and the 

corresponding pattern as observed in RHEED [87] 

For RHEED analysis, GaAs wafers are aligned in the [110] direction, and 

the rotation is stopped to record the RHEED oscillation and image. The 

diffraction pattern displays a spotty pattern following removal of oxides after 

thermal deoxidation of the GaAs(100) surface. Depending on RHEED 

intensity oscillations, we can analyze the growth mode via island nucleation 

or step flow (no oscillations). The oscillations period corresponds to the time 

required during the deposition of one ML of GaAs. By examining the time 
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evolution and shape of diffraction patterns in RHEED, one may track the 

growth of GaAs in MBE. 

The stoichiometry of III/V materials is influenced by a number of growth 

parameters, including substrate temperature, impinging fluxes, and the III/V 

flux ratio. The surface energy of the system is affected by the dangling bonds 

that form at the boundary between solid and ambient during the deposition. 

Therefore, in order to acquire a more stable structure, surface atoms of groups 

III and V reorganize themselves to minimize the surface energy of the 

deposited layer. This rearrangement of surface atoms is known as surface 

reconstruction. When grown in ambient conditions on a GaAs(100) surface, 

a phase diagram consisting of many surface reconstructions can be found [88] 

and are represented in Figure 3.7, for different growth temperatures and As4 

to Ga BEP flux ratios. For atomically smooth GaAs surface, one observes 

c(4x4) or (2x4) reconstruction depending on the As flux and substrate 

temperature [89]; these are most stable in the temperature range of 500–

620°C and 400–500°C respectively, in moderately or severely arsenic-rich 

environments. For example, as illustrated in Figure 3.7 the low growth 

temperatures and high As4 to Ga ratios lead to (2x4) reconstructions which  

  

Figure 3.7: Surface phase diagram for the epitaxial growth of GaAs from 

Ga and As4 beams on GaAs (100) substrate [88]. 
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are also called As rich (or As-stabilized) conditions [86]. In contrast, (4x2) 

reconstructions are an indication of Ga-rich (or Ga-stabilized) 

circumstances, which are defined by high growth temperatures and low As4 

to Ga ratios. Several other transition structures arise in relatively narrow 

development circumstances between the primary (2x4) and (4x2) structures. 

The growth of GaAs at 600°C, surface 2x4 reconstructed surface is observed, 

which gives smooth surface with surface roughness of 0.3nm. 

3.1.3 Calculation of growth rate 

In MBE, the precise calculation of growth rates (beam fluxes) is significantly 

important for the growth of compound materials and for the attainment of 

high-quality heterostructures for various applications, such as the growth of 

GaAs/AlAs superlattices. In our MBE system, the growth rate of these 

materials can be determined using RHEED intensity oscillations and 

BandiT's pyrometric oscillations.  These are described in detail below: 

 RHEED intensity oscillations provide a fast and most accurate way to 

determine the 2D material growth rate. These oscillations are produced 

by the periodic shift in surface topography that occurs as a result of the 

deposition of epitaxial layers on the surface. These oscillations occur due 

to the periodic shift in surface roughness that occurs with the deposition 

of epitaxial layers.  With material deposition, the RHEED intensity 

increases or decreases with depositing layers, and corresponding 

oscillations are observed with a period oscillation equal to one ML thick 

layer. However, there could be uncertainty in the measurement due to 

beam positioning error and flux transients, with up to ~ 2 % error [90]. 

 In BandiT, the growth rate is determined by the pyrometric interference 

oscillations of the deposited film that has a different refractive index than 

the deposited layer or substrate beneath. When a sample reaches a 

sufficient temperature, blackbody radiations are emitted in all directions. 

The emitted radiation is reflected off the interface between the film and 

the substrate, interfering with radiation emitted directly from the surface. 

Bandit detects this interference to monitor intensity oscillations at any 

wavelength. Peak intensity is observed when the film's optical path length 

is a multiple of the wavelength of light (
𝜆

2𝜂
) where 𝜆 is wavelength and 𝜂 
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Figure 3.8: Pyrometric oscillations from BandiT pyrometry for AlAs 

and GaAs. 

is the refractive index. Figure 3.8 illustrates the intensity oscillations 

during the growth of  GaAs and AlAs measured at a wavelength of 1000 

nm.  The growth rate (𝐺) over a period (𝑇) can be determined using the 

following equation: 

𝐺 =
1

𝑇
.

𝜆

2𝜂
  (3.1) 

In order to obtain the most accurate value, the growth rates of GaAs and 

AlAs were measured using both RHEED and BandiT pyrometry. The 

measurements were carried on a GaAs (100) quarter wafer. The substrate 

was heated to 600°C under an excess As4 flux (2.2 × 10-5 mbar). In order to 

observe the RHEED patterns, the substrate rotation was stopped and aligned 

along [110] direction. The III to V ratio is adjusted to observe maximum 

oscillations, while group III flux determines the growth rate. GaAs and AlAs 

are typically grown at rate of 0.2 nm/sec (0.7ML/sec) and 0.1 nm/sec, 

respectively. Ga to As flux ratio was around 18 during the growth of 

atomically smooth GaAs, resulting in a smooth surface with a surface 

roughness of approximately 0.3 nm.  



Molecular beam epitaxy system and growth process 

 

41 

 

(a) 

 

(b) 

 

Figure 3.9: AFM image atomically smooth GaAs deposited after 

deoxidation with RMS roughness of 0.3 nm, b) The linescan along the 

image. 

To observe BandiT pyrometric oscillations, 500 nm of AlAs was deposited 

at 600°C, followed by the deposition of 700 nm GaAs. Figure 3.8 illustrates 

the pyrometric oscillations measured at a wavelength of 1000 nm. The 

growth rate was calculated using the eq. 3.1. The refractive index at the 

growth temperature for GaAs and AlAs was adopted from [91].  

Further HRXRD was performed in ω-2θ mode to calculate the layer 

thickness for the sample. The different growth rates measured for the same 

cell temperature and under the same conditions are summarized in table 2. 

The growth rate measured by RHEED varied by ±2%, possibly due to the 

dependence on measurement position on the wafer. The layer thickness by 

XRD provides the most accurate values. Based on these measurements, a 

factor was calculated. Further, this was used with pyrometric oscillations to  

Table 2:  GaAs and AlAs growth rate calculated at given cell temperature. 

Material 

(cell temperature) 
RHEED (Å/s) 

Bandit Pyrometer 

(Å/s) 

HRXRD 

(Å/s) 

GaAs (969.9°C) 1.937 1.922 1.983 

AlAs (1143.7°C) 1.011 0.950 0.96 
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to calculate the most accurate values during the growth of high-quality 

superlattices.  

3.2 Atomic force microscopy 

Atomic Force Microscopy (AFM) is a scanning probe microscopy technique 

used for surface topography imaging and surface analysis of the material's 

properties on a nanoscale. AFM is based on the interatomic forces that exist 

between the atoms at the cantilever tip and surface of a sample when they 

are bought very close to each other. This is the underlying principle of 

AFM  [92]. The AFM instrument generally consists of a sample holder with x/y 

piezo,  cantilever, a laser, a position-sensitive photodiode (PSPD), and a piezo 

PID controller as illustrated in Figure 3.10. AFM uses a cantilever beam with 

a high fine tip to scan across the sample. As the cantilever moves over the 

surface topography, it is deflected due to attractive or repulsive forces of the 

cantilever tip to the sample surface. The distance between the tip and the 

sample can be modulated by a piezoelectric scanner tube. The laser is 

reflected from the mirrored backside of the cantilever depending on its 

deflection. The reflected laser beam is tracked by a PSPD is used in a 

feedback loop to track the surface for imaging. The PSPD has a quadrant 

shape with four independent photodiodes. This data is transferred back to a 

computer, which creates a map of the topography and other desired  

 

 

Figure 3.10: Schematic sketch of an AFM setup. 
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Figure 3.11: a) AFM image of GaAs surface with RMS roughness of 0.2 

nm.  

attributes.  

In static mode (contact mode), the cantilever is moved across the sample at 

a constant force to maintain the deflection. The cantilever’s deflection is 

proportional to the force exerted by the tip on the sample. This is the 

fundamental principle of static AFM, in which the force is estimated using 

Hook's law. The force can be computed using Hook's equation from the 

cantilever bending deflection variation. 

In this work, AFM measurements were performed using the Nanosurf 

Mobile S AFM system. The measurements were done in static mode (contact 

mode) using PPP-CONTR cantilever tips from Nanosensors. The cantilevers 

had highly doped pyramidal silicon tips and tip radius of 7 nm and a spring 

constant of 0.2 Nm-1. The detecting side of the cantilevers was coated with a 

30 nm thick layer of Al to reflect the laser's light. The scan area varied from 

0.5 µm to a maximum area of 9.8 µm2.  

The surface topography was analyzed with regard to the root mean square 

(RMS), defined as  

𝑆𝑞 = √
1

𝑁
∑(zi − 𝑧)2

𝑛

𝑛=1

   (3.2) 
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where n represents the total number of measurements points, zi is the height 

at every i measurement point, and z is the median value of the height. Figure 

3.11 shows the surface of atomically smooth GaAs with roughness (𝑆𝑞) of 

0.2 nm. 

3.3 Photoluminescence spectroscopy 

Photoluminescence (PL) spectroscopy is a fundamental technique used to 

characterize the optical properties of semiconductor materials. It is a non-

destructive and contactless method for exploring intrinsic electronic 

transitions across energy levels and extrinsic transitions of semiconductor 

impurities and defects. When a photon of energy greater than the bandgap 

energy of a material is incident on it, it may be absorbed, thereby exciting 

charge carriers (electron-hole) from the VB up to the CB across the forbidden 

energy gap. During photoexcitation, charge carriers have excess energy, 

which they lose before resting at the lowest possible energy level in the CB.  

 

Figure 3.12: Schematic sketch of the photoluminescence setup. 

The charge carriers (electron) relax by emitting a photon to the CB 

minimum. This process of photon excitation followed by photon emission is 

called photoluminescence. Thus, the photon's energy directly is a direct 

measure of the bandgap energy ( 𝐸𝑔). The experimental setup for PL 
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spectroscopy is depicted schematically in Figure 3.12. The PL apparatus 

consists of an excitation laser diode, focusing optics, cryostat, 

monochromator, and CCD detector. 

The excitation source is a continuous wave laser with 532 nm (2.33 eV), well 

above the bandgap of GaAs (1.42eV). The laser can operate at a maximum 

power of 4.5mW and be reduced by different natural density (ND) filters. 

The sample is mounted on a copper sample holder inside the cryostat to cool 

the sample for low-temperature measurements with liquid nitrogen (77K) 

          

Figure 3.13: shows a room temperature of the PL spectrum of a QD 

ensemble with different energy states. 

and liquid helium (16K). The cryostat of MicrostatHe by Oxford Instruments 

can be moved in x and y direction by micrometer screws. The laser is focused 

on the sample with a spot size of 3-4 µm using a Thorlabs LMM-15X-P01 

reflecting microscope objective having a 0.30 numerical aperture. The same 
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microscope objective is used to collect PL signals in backscattering mode. 

The collected PL signal is dispersed using a monochromator Acton SP2150 

from Princeton Instruments with a focal length of 0.150m and a 600mm-1 

grating. The InGaAs line detector of Andor iDus DU490A-1.7 was used to 

detect the signal, which operates at a temperature of −60°C. The Pl energy 

is generated by an ensemble of QDs with varied shapes, sizes, and 

compositions, resulting in a spectrum The optical characteristics of self-

assembled QDs can be investigated using PL. Firstly, the electron-hole pairs 

are generated into the bulk GaAs material, captured by the QDs through the 

non-radiative emission of phonons, and then relaxed in the ground state. 

After relaxation, the recombination takes place by emitting a photon. The 

typical Pl spectra of an ensemble of InAs/GaAs QDs are depicted in Figure 

3.13. The PL intensity represents optical quality, the PL energy depends on 

size and composition (ensemble of QDs), and the FWHM depicts energy that 

varies from dot to dot. The inhomogeneous broadening is represented by 

Gaussian distribution. The higher and lower energy peaks correspond to the 

transitions from the electron ground state (GS) to the hole GS, from the first 

excited electronic state to the first excited ground state, respectively.  

3.4 Pl imaging and electrical measurements 

The optical and electrical measurements of the QD and QDM samples were 

carried out by Frederik Bopp in the Finley group at TU Munich.  

3.4.1 Pl wafer mapping and imaging setups 

The wafer mapping of QD samples was carried with a low-temperature 

setup for spatially resolved PL. The sample is excited using a laser operating 

at 1.96 eV above the GaAs bandgap. The sample is mounted in a liquid 

helium cryostat cooled to 10 K and allows to scan a maximum sample size 

of 2". For mechanized measurements across the wafer, the laser is coupled 

with multimode fiber (TypeAFS50/125Y Thorlabs) and focused on the 

sample using a 10 mm focal length lens. The sample's photoluminescence 

emitted is collected using the same lens used for excitation, split in half by a 

50:50 beam splitter, and analyzed using a grating spectrometer with an 

InGaAs line array detector.  
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Further, the investigation of QD densities was done in a PL imaging setup 

with a resolution allowing to identify single QDs. The PL generated by the 

QDs is photographed using the combination of a 63x microscope objective, 

a 1378 meV low energy pass filter, an f = 400 mm achromatic lens, and an 

ATIK314L+ astronomy camera that is highly sensitive for QD emission with 

photon energies of ~1300 meV. A white light source stimulates the sample, 

guided through a 1550 meV high-energy pass filter and a 50:50 beamsplitter. 

The sample is cooled to 10 K, identical to the wafer-mapper configuration. 

Figure 3.14 shows wafer mapping in a false-color representation of PL 

recorded from the QD emission. Fig.3.14.b shows the typical QD 

luminescence image at one of the point QD. 

(a) 

 

(b) 

 

Figure 3.14: a) Wafer mapping of QD sample represented in the false-color 

plot. b) Shows the photoluminescence image of the same sample. 

3.4.2 Electric field dependent Pl setup 

In order to determine the spectrum of the most energetically low orbital excited 

states in QDMs, electric field-dependent PL-excitation (PLE) experiments were 

done. The setup consists of a 1:2m long sample stick cooled to 4:2K in a liquid 

helium transport Dewar. A low-temperature microscope is contained in a 

vacuum-insulated tube on the sample stick. A tiny amount of He-exchange gas 

is introduced into the vacuum area and thermally coupled to the He-reservoir to 

cool the microscope. Low-temperature sample placement is made possible with 

the use of three Attocube (ANP101/RES) slip-stick piezo positioners and a high 
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numerical aperture microscope objective (NA=0:6). Single-mode and 

multimode optical fibers are used to transmit and receive optical signals in and 

out of the system. The sample was stimulated in the wetting layer at 1.49 eV for 

this PL experiment. Typical electric field-dependent PL measurements were 

made with field strengths ranging from 10.4 to 34.4 kV/cm. 

A very detailed description of the different Pl setups is given in the Doctoral 

thesis of Kai Muller, TU Munich [93]. 

 



 

 

 

 

CHAPTER 4 

 

4 Results and discussion 

This chapter provides a thorough discussion of the findings of this thesis. 

Section 4.1 describes the low-density SAQDs fabricated by SK growth mode 

employing two different In-deposition approaches: homogeneous deposition 

and In-gradient deposition approach. Section 0 covers the QD growth 

parameters studied and their effects on QD characteristics. The low QD 

densities were assessed utilizing different characterization techniques. 

Further, section 4.6 describes the QDM heterostructures fabricated using the 

low-density QD growth approach for electron and hole storage applications.  

4.1 Quantum Dot Growth 

In this work, low-density self-assembled InAs QDs are fabricated on 

GaAs(100) by MBE. The epitaxial development of low-density InAs QDs is 

subtle and susceptible to even small changes in MBE growth conditions such 

as growth temperature, the vapor pressure of As (the element ratio of III/V), 

growth rate and interruption mode, as well as composition and thickness of 

the overgrowth layer [67]. These factors affect the growth of low-density 

QDs, as discussed in section 2.4. 

 The epitaxial growth of InAs on GaAs is often done at a slightly lower 

temperature (400°C–550°C) than for GaAs homoepitaxy (550°C– 600°C) 

due to its low congruent vaporization temperature on GaAs at high 

temperature [94].  The InAs QDs were grown at a low growth rate of 0.017  
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Figure 4.1: The layer sequence for the InAs QDs heterostructure.  

ML s-1 with a corresponding In-cell temperature of 740°C. The slow growth 

rate reduces the size fluctuations in the QDs and allows for greater control 

over the growth of the QDs [16]. Also, the Ga/In intermixing during the 

growth process is reduced, resulting in greater In content in QDs. The growth 

rate of InAs is calculated with RHEED oscillations while growing the 

InxGa1-xAs. 

 The samples were grown on quarters and full 3" semi-insulating GaAs(100) 

wafers (Appendix A). The layer sequence adopted for the growth of the QD 

samples is sketched schematically in Figure 4.1. The samples usually contain 

one buried layer of QDs for PL studies emitting around 930 nm and surface QDs 

for AFM investigations. A 100 nm GaAs buffer layer was grown at 610°C after 

thermal oxide desorption at 620°C under a constant As flux of 2.2 × 10-5 mbar. 

The buffer layer reduces the impurity transfer from the substrate to the film 

and smoothens the surface. Following that, a 300 nm GaAs doped with Si (2.0 

× 1018 cm-3) is deposited as n-type back contact. Following this, the temperature 

of the substrate is decreased to the appropriate QD growth temperature as 

required for the two different In deposition approaches. The As pressure is 

reduced from 2.2 × 10-5 mbar to 1.5× 10-5 mbar during the QD growth. 

  SAQDs are grown using the growth interruption method where InAs are 

deposited in cycles, with 4 seconds of deposition and 4 seconds of breaks. 

This interruption of growth promotes InAs migration on the surface [95]. 

Generally, for the formation of QDs, 18 cycles of InAs is deposited, which  
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(a) 

 

(b) 

 

Figure 4.2: AFM images of InAs grown on GaAs(100) at 480°C 

substrate temperature: a) close to 𝑇𝜃, atomic steps can be observed 

and b) InAs QDs formed with deposition above 𝑇𝜃 . 

should be very close to critical thickness ~ 1.5 ML. Figure 4.2 shows the 

AFM image of InAs deposited at 480°C. The 2D islands are visible with the 

formation of small QDs (Figure 4.2.a) and, continue to form with subsequent 

deposition resulting in QDs (Figure 4.2.b). 

Following the formation of QDs, the dots are completely or partially overgrown 

with GaAs at the same temperature. This is followed by an immediate increase 

of the substrate temperature to 610 °C with a temperature ramp of approximately 

20 K/min. At this temperature, 90 nm GaAs is deposited, followed by 40 nm 

Al0.3Ga0.7As barrier layers for the confinement of free (electron and hole) 

carriers. Finally, a 50 nm GaAs layer is deposited on top. The layer sequence is 

terminated with surface QDs grown as discussed above. A simpler layer 

sequence containing only surface QDs on a 100 nm GaAs-buffer layer was 

employed for some pure AFM studies and calibration runs.  

4.1.1 Homogenous Deposition Approach 

In this approach, InAs are deposited at a slightly lower substrate temperature 

of 480°C for the QD growth. After the deposition of the GaAs buffer layer 

at 610°C, the substrate temperature was decreased to 480°C within 7 

minutes. This was followed by a temperature stabilization phase of 

approximately 5 mins, during which the software setpoint was adjusted so 

that the BandiT temperature was exactly 480 ± 0.5°C. This is a crucial step 

and the 𝑇𝑐 temperature had to vary within ±3°C to maintain the BandiT 
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temperature of 480°C. Then 50 nm of GaAs were deposited, followed by InAs 

deposition in a cycled mode (4s deposition, 4s break) under a constant As4 flux 

(1.5×10-5 mbar), employing a continuous substrate rotation of 10 rpm. A slow 

deposition rate of 0.017 ML s-1 is used to deposit 18 or more In cycles for QD 

formation. To fine-tune the In amount, the last deposition interval of variable 

length was added, which was adjusted to 0.1 s. At our In-deposition rate, this 

amounts to an increment of 0.002 MLs. The amount of In deposited is close to 

the critical thickness, which should be approximately 1.5 ML as stated in  [64]. 

After In deposition, the substrate temperature was ramped to 505 °C within 25 s 

and annealed at this temperature for 60 s. This annealing step results in the 

formation of QDs. The substrate temperature is then decreased by 15 °C in 15s. 

Subsequently, the samples were either cooled in 7 min to 300 °C (surface QDs) 

or 480 °C (buried QDs). Figure 4.3 shows the BandiT temperature profile for 

InAs QDs sample series grown with similar growth conditions. The QD 

growth temperature adjustments were done before the start every sample 

growth. 

 

Figure 4.3: Temperature profile for InAs QD samples grown by 

Homogenous deposition approach (Series A with three samples) and In- 

gradient approach (Series D). 
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Figure 4.4: InAs QDs grown by homogenous deposition approach 

showing density variation with change in In amount. 

Different calibration samples were grown to ascertain the correct QD 

density. From calibration measurements, we know that we have to deposit 

18 In-cycles (~1.5 ML) to obtain QD densities in the range of ~1×107-108 

QDs cm-2. The first sample of a growth day is a calibration sample for which 

we determine the density by AFM and fine-tune the In amount in steps of 

0.1 s, which corresponds to 0.002 ML or ~ 0.14 % of the overall deposition 

time. In Table 4.1, the densities for three sample series A, B, C (not including 

the calibration sample) grown each on a single day without changing the 

temperature of the In the cell are summarized. It can be seen that we can 

quite reproducible obtain QD densities < 108 QDs cm-2. Over the day, there 

is a tendency that the QD density decreases, which might be due to a slight 

decrease in the In rate. The extreme sensitivity on the In- amount, we 

observe, agrees with Leonard and co-workers' report, who  

Table 4.1: The average InAs QDs density (× 107 QDs cm-2) for a series of 

samples grown by the homogenous deposition approach. 

Series A  Series B  Series C  

(18cycles+3.5sec) (18cycles+4.3sec) (18cycles+4.0sec) 

4.03 ± 0.13 3.82 ± 0.47 4.50 ± 0.09 

1.85 ± 0.05 1.43 ± 0.19 1.56 ± 0.24 

2.56 ± 0.20 1.10 ± 0.10 1.07 ± 0.02 
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observed an extreme increase of the QD density with increasing In amount 

once the critical thickness has been reached [9]. We found that the margin in 

deposition time for forming such low-density InAs QD by homogenous 

deposition time is in our MBE system ± 0.2 s, corresponding to 0.6 % of the 

overall deposition time. Leaving this window will either result in no QDs or 

a density larger than 1×108 QDs cm-2. The AFM images for InAs QD 

samples with homogenous deposition with different In deposition are shown 

in Figure 4.4. To calculate QD density of the surface QDs, AFM images were 

taken in the center of the quarter of a 3" wafer, approximately 12 mm in x- 

and y-direction from the edge. For each measurement position, two images 

were taken a few 10 µm apart to get better statistics. 

(a) 

 

(b) 

 

Figure 4.5: Schematic sketch of MBE growth chamber with In cell 

geometry (MBE Komponenten). The In-gradient on full and quarter 3" 

GaAs(100)  substrate due to substrate rotation stop. 

4.1.2 In-gradient Approach 

In the In-gradient approach, the substrate temperature is decreased to 505°C 

for QD growth following the GaAs buffer layer at 610°C within 7 minutes. 

Then after the temperature stabilization, 50 nm of GaAs were deposited. Then 

the substrate rotation is stopped and aligned with respect to the In-cell so that 

the In-gradient is oriented along the [0-11] direction as shown in Figure 4.5. 

In our MBE system, the In-flux changes approximately 10% across a quarter 
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and 30% across a full 3" wafer due to the geometry of the system. After 

orienting the substrate along the In-cell, 19 cycles (4s deposition, 4s break) of 

InAs is deposited without rotation (full-gradient) corresponding to ca. 1.58 

ML average coverage. Then after a break of 15s, the temperature is decreased 

by 25°C, and InAs QDs are annealed at this temperature for 30 sec. The QDs  

are formed during the growth interruption due to Ostwald ripening [96]. 

After the formation of QDs, these are partially capped with GaAs, and the 

substrate temperature is rapidly increased to 610°C to deposit the rest of the 

structure. The temperature profile for the In-gradient calibration sample 

series D, with only surface QDs, is shown in Figure 4.3. In the In-gradient 

approach, QDs are formed during the growth interruption during the InAs 

deposition after reaching critical thickness due to Ostwald ripening, in 

comparison to the Homogenous deposition approach where QDs are formed 

during the annealing step after depositing InAs of critical thickness. In the 

In-gradient approach, the QD density sharply decreases from high densities 

(ca. 1×1010 cm-2) to no QDs via a transition region with the desired low QD 

density. The InAs amount has to be adjusted such that the transition region 

is in the middle of the wafer, which results in the maximum size of the low- 

 

Figure 4.6: AFM images of InAs QDs grown by the In-gradient 

approach. Sketch of ¼ 3” wafer with marked positions (a-e) where 

AFM measurements have been performed. 
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density region. Figure 4.6 shows the AFM images at different positions along 

the In-gradient on a quarter wafer as marked, where position (a) and (b) 

correspond to a high-density region with densities in the order of ~ 3.5 x 109 

cm-2 and (c) correspond to transition region with densities 5.0 x 108 cm-2. 

The low-density region (d-e) with the required density lies near the edge of 

the wafer. 

The In-gradient approach was extended in this work to further enhance the 

low-density areal coverage by partially stopping the rotation during the InAs 

deposition, called half-gradient. During this, the substrate rotation is 

stopped during deposition of the first 9 and a half cycles of InAs and restarted 

again with a break of 5s for deposition of the rest 9 and a half cycles of InAs. 

In-gradient was further investigated to achieve a shallower gradient where 

homogenous In deposition was increased in ratio to In-gradient deposition. 

The other gradients are represented as (𝑚, 𝑛), where 𝑚 is InAs deposition 

without rotation and 𝑛 is with rotation. The full-gradient and half-gradient 

described above can be expressed with this notation as (18, 0) and (9, 9) 

respectively. The different shallower gradients are (8, 10), (7, 11), and (6, 

12).  

4.2 QD morphology and height distribution 

The morphological characteristics such as QD height, size, and density were 

calculated with AFM. For the homogenous deposition approach, the images  

 

Figure 4.7: a) AFM image of InAs QD, b) The linescan show the QD height 

and diameter. 
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were taken approximately 12 mm in x- and y-direction from the edge of the 

quarter wafer and for In-gradient QDs along the gradient with 1 mm distance 

between the measurements. For each measurement position, two images 

were taken a few 10 µm apart to get more accurate statistical results. The 

statistical analysis results of the InAs QDs for the two deposition approaches 

were performed on several AFM images recorded from different samples. 

The InAs QDs grown by both the deposition approach are randomly distributed 

over the surface, and no signs for clustering are found. The reason for this is 

probably the smooth GaAs surface on which the InAs QDs are grown. In the 

region without QDs, the RMS roughness is around 0.2 nm for a 1×1 μm2 scan. 

The QDs are of lens shape as observed from AFM images as shown in Figure 

4.7.  The QD shape looks slightly asymmetric due to distortions from the AFM 

image. The QD height statistics for the two approaches were calculated for 

different densities with the help of Gwyddion software [97]. The AFM images  

 

Figure 4.8: AFM images for InAs QD grown by the Homogenous 

deposition approach; a) low density and b) high density with height 

distribution for the respective densities. 
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were first leveled and then masked by the height threshold to calculate the height. 

The maximum values were taken to analyze any individual dot. Figure 4.8 

shows the AFM images for low and high QD densities in the order of 1.1  x 

108 cm-2and 2.4 x 109 cm-2, respectively, for the homogenous deposition 

approach with their respective height histogram at the bottom. The different 

statistics from the AFM images reveal that theQD height and base diameter 

for low densities (< 1.0 x 108 cm-2) are in the range of 2-6 nm and 40-70 nm 

with a standard deviation of 27 % and 22 %, respectively. However, no 

significant change is observed in height of QD for high-densities (> 1.0 x 108 

cm-2) with the increased InAs amount. This is probably due to the annealing 

step during the formation of QDs which leads to uniform dots during the 60-

sec duration. The height histogram fits the Gaussian distribution function as 

shown.  

 

Figure 4.9: AFM images for InAs QD grown by In-gradient approach; a) 

low, and b) high density, respectively with respective QD height 

histrogram. 
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For the In-gradient approach, an increase in the QD size is observed along 

the In-gradient from low QD density to high-QD density which is consistent 

with what is stated in different literatures [9]. Figure 4.9 shows the AFM 

images with low and high QD densities in the order of 0.9 x 108 cm-2 and 3.7 

x 109 cm-2, respectively. The average QD height and base diameter at low 

density are 5.5 and 60 nm, respectively, while the high-density region is 6.8 

nm and 55 nm, respectively. This can be observed from the histogram 

corresponding to images. The increase in QD size is due adatom migration 

of material to the existing islands at such temperature. 

4.3 Low-density characterization 

The optical characterization of QD samples was done with three different PL 

spectroscopy setups as described in section 3.3 and section 3.4. The low-

temperature PL mapping and luminescence imaging setups with resolving 

the position of single QDs allowed the investigation of buried QD samples. 

The combination of these characterization techniques was realized to better 

evaluate the low-density QDs. 

Figure 4.10 shows the different measurements for density characterization 

of a QD sample having buried and surface QDs. The (a) shows the AFM 

image from the center of a 5 x 5 μm2 sample which shows the QD density in 

the order of 2 x 107 cm-2. Two AFM images were taken at same place to to 

reduce statistical error. Then low-temperature PL was performed on the same 

sample, which shows the emission of the wetting layer (WL) and the QDs, 

as shown in Figure 4.10.b. The GS of the QDs grown with 2.8 nm of GaAs 

partial capping layer appears at 1.35eV (930 nm) and WL emission at 1.44eV 

(860 nm). To create false-color PL maps from position-dependent PL 

measurements, the ratio I was calculated, 

𝐼 =  
𝐼𝑊𝐿 

𝐼𝑊𝐿 + 𝐼𝑄𝐷
 4.1 

where IWL is the area of the WL peak, and IQD is the area of the QD peak. 

Thus, the PL maps show the color-coded intensity of the WL (area under 

WL peak) normalized to the total intensity (area under peak WL + area under 

QD peak) as shown in Figure 4.10.c. Here x and y-axis represent the size of 

the sample and the z-axis represents the ratio I. For example, the ration 𝐼 =
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1, implies no QD is present, and 𝐼 = 0 corresponds to a high QD density (> 

109 QDs cm-2). The PL measurements for wafer mapping were performed 

300 μm apart measurement points. Different high-resolution PL images were  

 

 

Figure 4.10: (a) AFM image showing surface QDs. b) low-temperature 

PL spectrum of low-density QDs (corresponds to I=0.7), (c) PL map in 

a false-color representation of the area including the point, from which 

the PL spectrum in (b) was taken; (d) PL image of buried InAs QDs 

from the yellow region in (c) (density ~0.2 QDs μm-2).  

taken on selected areas (see Figure 4.10.d, for example), to calibrate the ratio 

I for low QD densities. For the employed setup, the range of 0.9 to 0.7 

corresponds to the desired density range of approximately 1×107 to 

1×108QDs cm-2. A comparison between the false-color plots and the 

luminescence images at dedicated positions showed that a ration I > 0.7 

corresponds to a QD density below 1 QD per µm2. Please note that the QDs 

look bigger due to the limited resolution of the setup. The PL emission from QDs 
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can be observed as white spots in the images. The QD density is around 1.0 × 

107 cm-2, and most of the dots are separately resolvable. The density from the 

buried QDs is quite comparable to the surface QD density. 

4.3.1 Homogenous In deposition  

The PL spectra of the as-grown InAs QDs grown by the Homogenous 

deposition approach at room temperature (300 K) and low temperature (77 

K) are shown in Figure 4.11. In PL spectra, the QD density is approximately 

proportional to the PL intensity of the ground state emission of QD. 

Therefore, QD density can be inferred from the spectrum high, due to the 

high intensity of QD emission in comparison to WL emission. Due to QDs 

of different sizes and shapes, a slightly different emission wavelength is 

obtained which results in QD ensemble emission and inhomogeneous 

broadening of PL spectra is observed.  

The GS emission is observed at 1270 nm and 1190 nm at 300 K and 77 K 

with an FWHM of 33 meV. With lowering the measurement temperature, a  

 

Figure 4.11: PL spectra of InAs QDs grown by homogenous deposition 

approach at 300 K and 77 K. 
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 Figure 4.12: PL spectra of 2.8 nm flushed InAs QDs at 16 K, grown 

with Homogenous deposition approach. 

blue shift in PL emission is observed due to the temperature dependence of the 

bandgap of InAs (section 2.1.1). However, Wl emission is not observed at 300 K 

and only observed at 77 K with emission at 856 nm. The emissionintensity is 

stronger at low temperatures with more clear excited states than at 300 K. 

The emission from different energy states (s, p, d, f..) can be observed due 

to lateral quantization of QD energy states.  

The  Figure 4.12 shows the PL spectra of 2.8 nm flushed InAs QD sample at 

16 K, along a quarter wafer from a 3" wafer sample.  The GS emission of 2.8 

nm flushed QDs at low temperature is observed at 1.35 eV (930 nm) and WL 

emission at 1.44 eV (860 nm). The PL emission signal is nearly uniform 

across the quarter wafer. The FWHM of the GS PL emission for the QDs is 

in the range of 21-28 meV which indicates a small size distribution of the 

flushed QDs. This Pl data was analyzed by employing ratio (I) of WL and 

WL + QD as described above. Figure 4.13, shows a false-color image of the 

low-temperature PL map of InAs QDs grown over a full 3" wafer by 

homogenous deposition approach. The wafer was cleaved into quarters to  
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perform the measurements, due to the limited sample size we can mount in 

the PL setup. However, all the measurements were performed under similar 

conditions and the same integration time. From the plot, a homogenous 

density distribution can be observed with a larger area of the wafer having a 

ratio, I > 0.7, indicating low QD density. A quantitative analysis was carried 

out by calculating the wafer area having I > 0.7 and the total area of the 

wafer, which shows that over 70 % of the overall wafer exhibit the desired 

low QD density in the range of 1×107 to 1×108 QDs cm-2. A slight variation 

in the QD density is observed which we attribute to inhomogeneities in the 

substrate temperature due to the substrate holder. QD densities by AFM 

images of the surface, QDs of the same sample ranged from 1.0 × 107- 2.0 × 

108 QDs cm-2, which agrees well with the density range deduced from buried 

QDs. The densities for buried and surface QDs agrees well which also points 

to the relatively good reproducibility of the process. 

 

Figure 4.13: a) PL-wafer mapping for InAs QDs grown by homogenous 

deposition approach over 3" GaAs (100) wafer.  
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4.3.2 In-gradient Approach 

In this section, the PL results for different In-gradients, particularly the full-

gradient and half-gradient, will be discussed in detail. The Pl measurements 

were done by the Pl setup described in section 3.3. 

The PL spectra of as-grown InAs QDs by full-gradient approach at 300 K 

are shown in Figure 4.15. The PL spectra are measured at different points 

along the In-gradient on the quarter wafer sample as shown (a-g). The GS 

emission is observed at 1260 nm with subsequent excited states at 300 K. 

The GaAs and WL emission is observed at 880 nm and 920 nm. The points 

(a-c) represent the high-density region, (d) the transition region and points 

(e-g) correspond to the desired low density (< 1×108 QDs cm-2).  

 

Figure 4.14: Pl spectra of InAs QDs grown by In-gradient at 300 K. Inset 

shows the points where measurements were done. 

To gain a better understanding of the density distribution, flushed InAs QDs 

were grown where only ground state emission is observed due to the QD size 

reduction. The PL spectra of 2.8 nm flushed InAs QDs grown by full-

gradient approach at 16 K are shown in Figure 4.15. The QD and WL  
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Figure 4.15: PL spectra of 2.8 nm flushed InAs QDs at 16 K grown with 

In-gradient approach. 

emission is observed at the same wavelength i.e. 930 nm and 860 nm, as for 

the 2.8 nm flushed QDs grown by homogenous deposition approach. A slight 

blue shift of QD emission is observed along the gradient from high density 

to low-density region. The FWHM of the GS for the QDs varies from 25-36 

meV, which is slightly larger than for the homogeneous deposition approach. 

The density optimization with 19 cycles of InAs results in the appropriate 

density from high-density region to no QD region. The PL intensity from the 

QDs is approximately proportional to the QD density. It can be observed 

decreases along the gradient direction from high-density region to low 

density region and vanishes at the detection limit for very low QD densities 

(< 5×105 cm-2). As the density decreases, emission from WL and GaAs peaks 

increase, and the QD emission peaks diminish.  The optical characteristics 

for half-gradients are the same as for full-gradients, other than QD density 

variations across the wafer which leads to change in Pl intensity only. The 

shape and size of the QDs are observed to follow a similar pattern as those 

of the full gradient. Figure 4.16 and Figure 4.17 summarize the behavior of 

the QD densities for the full- and the half-gradient. Figure 4.16, shows the 
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QD densities as a function of the position for surface QDs determined from 

AFM images. The height of the QDs increases along the gradient direction 

from high density to the low-density side as described in section 4.2. For 

full-gradient, the QD density sharply increases to densities in the order of ~ 

1 x 1010 QDs cm-2 as expected and follows the same general behavior as 

described in the work of Leonard and co-workers [64]. For the full-gradient, 

the density in the high-density region is higher than for the half-gradient. The 

QD density for half-gradient at high density starts at ~ 4 x 109 QDs cm-2 for 

the same deposited InAs material (1.58 ML) and QD density transition slope 

reduces to half in comparison to  

 

Figure 4.16: The graph shows the density vs. position plot for the full-

gradient and half-gradient deposition approach calculated from AFM 

images for the surface QDs. 

full-gradient. This is just due to the higher In amount deposited in this region 

for the full-gradient in comparison to half-gradient. It can be observed that 

the width of the transition region with a density starting at 1×108 QDs cm-2 

and decreasing to the detection limit of ca. 5×106 QDs cm-2 is ca. 5 mm for 

the full-gradient and approximately 8 mm for the half-gradient. Thus, for the  
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Figure 4.17: Graph showing ratio I, the WL intensity normalized to total 

intensity (peak WL+ QD), vs. position on the wafer. The ratio above 0.7 

corresponds to a density < 10⁸ cm-2. 

half-gradient, the transition region is significantly larger. Similar behavior is 

observed for the buried QDs, as shown in Figure 4.17, where the ratio I is shown as 

a function of the position. Here the transition region is defined from I > 0.7 to the 

first point, where I = 1. For the full-gradient, the transition region is ~ 4.4 mm along 

the gradient, whereas for the half-gradient it is approximately 6.5 mm. For both 

cases, the length of the transition region corresponds to a low-density region (< 108 

QDs cm-2) This corresponds to less than 10 % of a full 3" wafer for full-gradient if 

the transition region is ideally in the middle of the wafer. The region is larger but 

still less than 15 % of the overall wafer area for the half-gradient. If the transition 

region is not positioned perfectly in the middle of the wafer, the fraction of the low-

density region becomes even smaller. Although the half- gradient results in a 

larger transition region, the position of the transition region on the wafer 

varies stronger, which makes the process slightly less reproducible. 
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Shallower In-gradient 

Different other shallower gradients of (8, 10), (7, 11), and (6, 12) other than 

half-gradient are grown as described in section 4.1.2, to observe the QD 

density variation over the quarter wafer. The same InAs amount as used for 

full-gradient is deposited in 19 cycles, with varying the amount deposited 

without rotation and with rotation. The last InAs cycle amount was varied 

equally between the two. Figure 4.18 shows a graph calculated from Pl 

spectra, for the QD intensity normalized with respect to GaAs emission peak, 

as a function of position for different shallower gradients. For the shallower 

gradient, a significant decrease in the density is observed from the PL data 

at the high-density side and a slight increase in the transition region. 

However we observe that this becomes less reproducible with the increase 

in the will increase if one makes the gradient even shallower, e.g., using only 

a quarter gradient.  

 

Figure 4.18: The PL intensity of InAs QDs grown by Shallower In-

gradient approach given with respect to position on the quarter of 3" 

wafer. 
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4.4  Comparison of two In deposition approaches 

Using the two deposition appraoches that is homogeneous In-deposition 

followed by an annealing step and deposition with an In-gradient, respectively 

we achieved low QD densities in the range of 107-108 QDs cm-2. The  In-gradient 

approach, results in a small area of the sample, generally less than 90 mm2 

(transition region less than 5 mm), with a very low dot density (less than 1 dot 

per µm2), which is ideal for optical spectroscopy experiments of single QDs, and 

a larger region with a significantly greater dot density (more than 50 dots per 

µm2). For the half-gradient, the transition region extends approximately 7 mm, 

which corresponds to less than 15 % of the overall wafer area, in case the 

transition is ideally at the middle of the wafer. By optimizing the conditions for 

the Homogenous deposition approach, It is possible to use a greater area of the 

wafer (> 900 mm2) for single QD studies resulting in dot densities of 2–4 dots 

per µm2. However, to achieve this the In amount and the substrate temperature 

are needed to becontrolled very precisely.  

A half-gradient seems a good compromise between  Homogenous depostion and 

full-gradient deposition appraoch, resulting in reproducible QDs with slightly 

greater transition region and the variability of the position of the transition region 

so that, in general, no dedicated calibration samples are required. 

4.5 QD Size modification/ Emission energy tuning 

SAQDs formed by the S-K growth mode leads to the formation of randomly 

distributed QDs of different size and shape. These characteristics of QDs 

have a significant influence on determining the different optical and 

electrical properties of QDs. The different sizes of the QDs lead to shifting 

in the quantization energy of a QD which results in a change in transition 

energy. Modifications to these QD characteristics, such as size and shape, 

are possible by changing various growth parameters during the QD 

fabrication process and also by utilizing various post-QD formation 

techniques. During the fabrication of QDs, the growth temperature, In-flux 

(growth rate), growth interruption time, and InAs coverage can be generally 

used to modify QD properties and following the formation of QDs, different 

methods which are used are the In-flush technique [98], In-Ga 

intermixing  [99], rapid thermal annealing [100], and InxGa1-xAs capping 

layer [101].  
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In this work, InAs QDs are grown at different low growth rates (LGR), QD 

growth temperatures, and growth interruption time to study the 

morphological properties and emission wavelength modification of QDs. 

And In-flush technique is used to tune the QD height (emission wavelength) 

after the QD formation. The samples were grown on a quarter GaAs (100) 

wafer using the same growth structure (Figure 4.1), as described in section 

4.1. InAs QDs were grown utilizing the In-gradient approach as described in 

section 4.1.2 as it allows for a more detailed examination of the QDs varying 

from high density to low-density region. Following the formation of InAs 

QDs, QDs were capped with 20 nm GaAs for buried QDs (for PL) and 

uncapped surface QDs for density and morphological studies.  

4.5.1 Low growth rate QDs 

At a lower growth rate (LGR), the nucleation probability dominates the 

growth process. The rate of nucleation rises with an increase in growth rate, 

which leads to an increased QD density; However, the rate of nucleation 

approaches an equilibrium state at a high growth rate, which results in the 

saturation of the QD density [102]. An LGR reduces the strain during the 

formation of InAs QDs. This decrease in strain within the QDs results in an 

increase in QDs size, which leads to a redshift of the InAs QDs' 

emission [103].  

  (a) 

 

(b) 

 

Figure 4.19: AFM images of InAs QDs grown with growth rate of 0.017 

ML s-1 and 0.008 ML s-1. 
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  The conventional LGR InAs QDs were grown at 505°C substrate the 

temperature at the rate of 0.017 ML s-1 (740°C), as described in section 

4.1.Further, the InAs QDs were grown at the same temperature at 

significantly lower LGR of 0.008 ML s-1, 0.005 ML s-1, and 0.001 ML s-1 

with a corresponding In cell temperature of 720°C, 702°C, and 658°C, 

respectively. The InAs QDs were grown deposited using cycled growth of 

19 cycles (1.58 ML) at a deposition rate of 0.017 ML s-1 results in the QD 

density gradient with average QD height and diameter of 5 nm and 50 nm 

respectively at high-density sides.  At room temperature, the GS emission of 

InAs QD is observed at 1260 nm with emission linewidth with an FWHM of 

30 meV. Then WL emission is observed at 920 nm. Higher energy peaks 

from the first and second excited states are observed at low growth rates. 

Figure 4.19 shows the AFM images of InAs QDs grown at two different 

growth rates of 0.017 ML s-1 and 0.008 ML s-1, with average QD height of 5 

nm and 8 nm respectively. When using an LGR of 0.008 ML s-1, 38 cycles 

of In were deposited to achieve the same QD density gradient over the  

 

Figure 4.20: Pl spectra at 300 K for InAs QDs grown with different In 

LGRs. 
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quarter wafer area.  A slight increase of QD size is observed in the order of 

4-8 nm with a diameter of 40-70 nm, which results in a significant redshift 

of ~50 nm with GS emission at1310 nm with an FWHM of 38 meV. Further 

decreasing the growth rate has no discernible effect on the QDs' size and the 

corresponding emission energy, which may be due to the thermodynamic 

equilibrium size correlated with the substrate temperature. Figure 4.20 shows 

the PL spectra of InAs QDs grown at different growth rates. With an LGR 

of 0.005 ML s-1and 0.001 ML s-1, 58 cycles and 100 cycles of InAs were 

deposited for QD formation. Due to significant desorption during the long 

growth process at a slower LGR, more materials were deposited for the QD 

formation. The GS emissions of 1305 nm and 1320 nm with FWHM of 41 

meV and 33 meV respectively were observed for the two growth rates. The 

QDs grown at LGR have a slightly larger height and are more uniform as 

can be observed from the narrow linewidths in the order of 30-40 meV. 

4.5.2 QD growth at different temperature 

The epitaxial growth of InAs QDs on GaAs is generally done in the 

temperature range of 450-540°C. At higher temperatures (>500°C), In 

adatoms' increased mobility makes it easier for them to adhere to existing 

islands rather than forming new islands. As a result, the island size increases, 

and a few large islands are observed at high temperatures, whereas several 

small islands are formed at low temperatures. 

(a) 

 

(b) 

 

Figure 4.21: InAs QDs grown at 470°C and 505°C. 
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InAs QDs were grown at a different substrate temperature in the range of 

470°C and 510°C with an interval of 5 or 10 °C between them. For this InAs 

were deposited at a low In growth rate of 0.008 ML s-1 as determined to be 

optimal from LGR QDs experiments. At a lower substrate temperature 

(470°C, 480°C, and 490°C), 38 cycles (4sec deposition, 4sec break) of InAs 

were deposited for QDs formation with correct density gradient across the 

wafer. AFM images reveal the QD height to be significantly smaller in the 

range of 2-4 nm. This is probably due to the lesser mobility of In adatoms at 

lower temperatures. The ground state emission from PL for QD was grown 

at 470°C, 480°C, and 490°C at 1130 nm, 1168nm, and 1180nm, respectively. 

The increase in PL emission is a due small increase in QD size, which is also 

observed from AFM images, however, a high FWHM linewidth of 68 meV, 

66 meV, and 89 meV, respectively is observed, which indicates the 

inhomogeneous broadening due to QDs of varying size. The Pl spectra of 

QDs grown at a different temperature in a high-density region are shown in 

Figure 4.22. With further increase of substrate temperature, above 500°C, In  

 

Figure 4.22: Pl spectra for InAs QDs grown at QD growth temperature 

at 300 K. 
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desorption significantly increases and higher In amount was required to 

obtain the same QD density. Increasing the QD growth temperature 

decreases the nucleation rate of the QD, resulting in a drop in dot density and 

9.5 nm, respectively. The bigger-sized QDs result in a significant redshift in 

the E0 emission to 1310 nm and 1315 nm with an FWHM of 30 meV and 40 

meV. Growing QDs at a further higher temperature may result in slight in 

while simultaneously increasing the size of the dot. The AFM images of InAs 

QDs grown at a substrate temperature of 470°C and 505°C with the 

deposition of 30 cycles and 38 cycles of InAs are shown in Figure 4.21.  The 

AFM images were taken at the high-density region where QD density is in 

the order of 1 x 109 cm-2 or above. For the InAs QDs grown at 505°C and 

510°C, the QD height significantly increases to average 8 nm QD sizes but 

it significantly increases the In desorption. As a result, an optimum 

temperature of 505°C was chosen for further experiments. 

4.5.3 Different growth interruption time 

In the SK growth mode, the formation of QDs takes place by material 

transport under partially strained conditions. When a growth interruption is 

introduced, the QDs are given more time to rest in an energetically favorable 

environment and more time to interact with the QDs in their immediate 

surroundings. QDs exhibit a ripening behavior under these conditions. 

Thereby, the addition of a growth break can significantly have an impact on 

the sample's shape and structure. Several studies examined the influence of 

growth interruption in the InAs/GaAs QD system that the increase in the 

growth interruption time results in the formation of bigger QDs, which leads 

to redshift [104]. The InAs QDs were grown at low In LGR of 0.008 ML s-1 

at a substrate temperature of  505°C. InAs is generally deposited by the 

growth interruption process where it is deposited in cycles of 4-sec 

deposition and 4-sec break for the formation of QDs.  This growth 

interruption (break) time was varied during the growth of InAs QDs samples 

in the interval of 4 sec. For the QDs grown with a 4-sec break, the average 

QD height and diameter are 6.5 nm and 63 nm respectively, which gives the 

GS emission of 1304 nm at room temperature. With an initial increase in 

growth interruption time from 4 sec to 8 secs, an increase in the average 

height of QDs was observed from 6.5 nm to 8.4 nm. For this PL emission of  
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Figure 4.23: PL spectra for InAs QD grown with different growth 

interruption times at 300 K. 

InAs QDs shifts to a higher wavelength of 1317 nm due to the average 

increase in QD size. A further increase of growth interruption time from 8 

sec to 12 sec and 20 sec did not result in a significant increase in the QD size. 

Figure 4.23 shows the Pl spectra at room temperature for InAs QDs grown 

with different growth interruption times. The average QD observed for 12 

and 20 sec interruption time are 6.8 nm and 7.4 nm with corresponding QD 

emission at 1285 nm and 1298 nm respectively.   The PL from the QDs 

grown with various growth interruption times exhibit FWHM broadening 

from 30 to 55 meV with increasing growth interruption time up to 20 sec, 

which is probably due to the indium desorption that decrease the dot size 

uniformity and subsequently the PL line width increases [105]. 

4.5.4 Comparison of these parameters 

The different QD growth parameters that have been examined for the growth 

of InAs QDs results in QDs of various sizes, which leads to a change of  



 

Chapter 4: Results and discussion 

76 

 

 

Figure 4.24: The comparison of different QD parameters with respect 

to the emission wavelength of GS. 

emission energy of the QDs. These parameters can be used to alter the QD 

emission wavelength and can be used accordingly for use in various 

applications. The different QD growth parameters studied are summarized 

and shown in Figure 4.24. The use of LGR of In significantly redshifts the 

QD emission. To obtain a higher emission wavelength greater than 1300 nm, 

one can use LGRs of In, substrate temperature > 500°C, and longer growth 

interruption time. 

4.5.5 In-flushed technique 

The size, shape, and composition of InAs QDs influence their optical and 

electronic properties as described in previous sections. Conventional InAs 

SAQDs have GS emission around 1200-1300 nm at room temperature with 

a very large linewidth due to differences in QD sizes. Generally for single 

dot spectroscopy, Si-detectors are used due to their high sensitivity which 

has a spectral range of below 1000 nm. As a result, the ground-state emission 

must be blue-shifted in order to be detected by these detectors. This tuning of 

emission energy of the QDs can be accomplished with the use of the Indium-

flush (In-flush) technique [98,106–108]. In this technique, controlled re-  
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Figure 4.25: Schematic diagram of the modification in confinement 

potential of InAs QDs due to the In-flush technique in both directions 

[001] and [110]. 

evaporation removes the excess InAs particles, thus narrowing the particle size 

and therefore allows for more precise adjustment of the QD height [109]. Figure 

4.25 depicts the confinement potential of normal and in-flushed QDs in both 

lateral and growth directions. This narrowing of the confinement potential in 

growth direction blue shifts the QDs' transition wavelength, and the confinement 

potential’s height limits the energy states. 

In-flushing is done in three steps, as shown in Figure 4.26. In general, first 

InAs are deposited at desired substrate temperature for the formation QDs as 

described in Section 4.1. Then the substrate temperature is decreased by 

25°C to minimize any In desorption. This is followed by the second step of 

the QD overgrowth by deposition of GaAs layer of desired thickness d, 

smaller than the height of the QDs. After then, a brief 30-sec pause is 

introduced to allow for In segregation and redistribution on the GaAs 

surface. In the last step, the substrate temperature is rapidly increased to 

610°C, with a temperature ramp of approximately 20 K/min (in 2 min) to 

desorb In at higher growth temperature (> 540°C), from the uncapped part 

of InAs QDs. The exposed InAs is evaporated due to their low sticking 

coefficient at such high temperature [110]. This leads to the formation of 

smaller truncated dots, with a slight intermixing when Ga diffuses into the InAs 

layer.  During the whole process, including the desorption of In, the As  
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Figure 4.26: The schematic of the In-flush technique.  

pressure is kept constant at 2.2 × 10-5 mbar. At last, a GaAs layer is deposited 

at 610°C with the rest of the heterostructure. These flushed QDs have provided 

strong carrier confinement and controlled the emission of the QD ensemble. The 

PL measurement of  InAs QDs grown as-grown and flushed at 16 K is shown 

in Figure 4.27. The GS emission wavelength for uncapped QDs is observed 

at 1160 nm at 16 K with an FWHM of 34 meV. The other states observed 

are the s and p peaks and the WL at 860 nm. In this work, fabricated QDs 

were tuned to have a GS emission wavelength of 930 nm at low 

temperatures, allowing them to be used efficiently Si-detectors for single dot  

 

Figure 4.27: PL spectra of InAs QD ensemble grown without flushing 

(as-grown) and with flushing at 16 K. 
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minimum blue shift of 5- 10 nm with a variation of 0.05 nm of GaAs. For 

the flushed QDs with 2.8 nm capping, ground-state emission appears at 

930nm with an FWHM 30 nm. Additionally, the WL signal shifts to 860 nm 

for 2.8 nm flushed QDs in contrast to 870 nm for unflushed QDs, indicating 

that the In-Ga intermixing occurs during the flushing step. Figure 4.28 shows 

the PL spectra for flushed QDs grown by the In-gradient approach. A slight 

blue shift of QD emission is observed along the gradient from high density 

to low-density region.  

 

Figure 4.28: Pl spectra of 2.8 nm flushed QDs along the In-gradient at 

16 K 

experiments. QD samples with a partial GaAs capping of 2.7 nm, 2.75 nm, 

and 2.8 nm were grown to optimize the required emission, which leads to a 

4.6 Quantum dot Molecules  

Optically addressable QDMs fabricated by the self-assembly process have 

emerged as an exciting new area of fundamental research and application in 

quantum technologies such as quantum computing and quantum 

cryptography. In an individual QD, we can generate charge carriers i.e. 

electrons and holes, manipulate their spins, create entangled photon states, 
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and induce spin–photon entanglement which is used to accomplish these 

quantum computing applications [7]. On the other hand, QDMs formed by 

coherent tunneling of the electrons or holes between the two QD layers allow 

for different new ways of manipulating quantum states in the coupled 

system. Due to this QDMs have opened new ways to implement quantum 

computing [19], quantum repeaters, and quantum communication [111]. 

The stacked InAs QDMs formed by coherent tunneling of the electrons or 

holes between the two QD layers can be used to generate entangled photon 

sources. The entangled photons generated by the electron or hole spins in 

individual quantum dots can serve as a quantum memory with the significant 

advantage that their spin can be modified and read-out using optical techniques.  

In this work, QDM heterostructures for electron and hole storage are studied 

and fabricated for quantum memory applications, the basic working 

principle to which can be described as follows: the spin states in the two QD 

layers can be initialized in an electrically tunable structure by i) optical 

excitation and tuning of tunnel coupling, then ii) the generation of two-

electron (two holes) entangled state by voltage change in QD, iii) the spin 

states are then spatially separated and entangled by applying voltage, iv) 

optical excitation induces the emission of spin entangled photon pairs and 

further v) entanglement distribution via Bell state measurements on two-spin 

states. 

4.6.1 Electron/ Hole storage for quantum memory 

The entangled states of electrons or holes in a QDM can be used to store 

information, however, each has its distinct advantage and limitations in 

terms of its implementation. Electrons, due to the relatively small effective 

mass, resulting in relatively large quantization energies in the QDs such that 

the ground state of the QD can be excited even with short laser pulses, 

ensuring that no higher levels are excited in the QDs. Using electron spin 

simplifies the implementation of the for reading in and reading out of the 

quantum memory. However, a highly asymmetric tunneling probability is 

required to store optically driven electrons in QDMs. To prevent electrons 

from tunneling from QDs and being stored, a barrier layer (AlxGa1-xAs) 

needs to be embedded beneath the InAs QDMs. Another important 
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parameter is the electronic coupling between the two QDs, which depends 

on the composition and thickness of the layer between them. 

 On the other hand, a quantum memory based on hole spins can interact less 

strongly with the nuclear spins, allowing for longer storage times in 

principle. However, due to the greater effective mass of holes, the energy 

levels in the valence band for the QDs are much closer together. As a result, 

the reading in and out of the quantum memory based on hole spin becomes 

complicated than reading and writing in electron storage. The position of the 

barrier layer in contrast to electron storage structures needs to be placed 

above the QDM layers. Because of the holes' higher effective mass, the 

electronic coupling decreases; as a result, the thicknesses and composition 

between quantum dot layers should be tuned relatively. 

In this thesis, QDM heterostructures for electron and hole storage are 

fabricated. Although the growth and results for hole storage samples are 

discussed in detail. Here we emphasize the critical nature of precisely 

controlling the InAs deposition for the formation of low-density QDMs and 

optimizing InAs amount in the top QD layer to almost match the coverage 

in the lower layer to create QDMs with a similar energy structure for the 

constituent dots.  

4.7 Heterostructure design 

In order to study QDMs for quantum storage applications, field-controllable 

Schottky diode structures were fabricated which allows for precise control 

of their coupling and charge state. Figure 4.29 illustrates a basic structure of 

InAs QDMs embedded in a Schottky diode structure with the energy band 

diagram of the structure. The structure generally consists of highly n-doped 

GaAs as back contact to investigate CB states, which act as a source of 

electron gas, whereas for VB state investigations, a p-type layer is used. The 

InAs QDs layers are sandwiched by undoped GaAs, which act as a tunneling 

barrier, and AlxGa1-xAs acts as a current blocking layer which prevents 

charge carriers from tunneling due to large bandgap. The thickness of each 

layer depends on specific experiments. The detailed layer sequence is 

described in the growth section. When the electric field is applied, electrons 

move from the back contact to the QD and the QD confines a typically small 

number of electrons. The external voltage modulates the QD energy levels  
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(a) 

 

(b) 

 

Figure 4.29: (a) Shows the growth structure. (b) The energy band profiles 

to Schottky diode structures to implement electron and hole storage. The 

AlGaAs layer (green color) for hole structures is placed above the QDM 

layers. 

in the n-doped GaAs substrate in respect to the Fermi Sea of the n-doped 

layer. As a result of external voltage via the gate voltage, the electronic states 

of the two dots can be tuned into resonance. 

4.7.1 Enhancing extraction efficiency 

The extraction of photons generated by QDs is complicated by the high 

refractive index (η) of GaAs (η = 3.54 at room temperature). For most of 

the QD emission, the photon extraction efficiency decreases due to the 

internal reflection of the photons because of the refractive index difference 

between the QD matrix and air. This QD photon efficiency can be improved 

by embedding a mirror-like structure called Distributed Bragg Reflector 

(DBR), just below the doped layer in the sample.  

A DBR is a stack of alternating semiconductor layers with a high refractive 

index difference that acts as mirrors over a range of wavelengths. The 

difference in the refraction index at each interface results in Fresnel 

reflections, which all add up constructively depending on the layer thickness. 

DBRs amplify the emitted light from the dots by multiple beam reflection 

and constructive interference at the required wavelength where the phase  
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(a) 

 

(b) 

 

Figure 4.30: pin diode structure grown with AlAs/GaAs DBR. b) The 

reflectivity measurements at room temperature for the corresponding 

cavity structure. 

difference (𝛥𝜙 =
2𝜋

𝜆
𝑑. 𝜆) at the interface of each layer from reflections, 

must be an integer of π for one of the layers in the pair.  

In this work, AlAs/GaAs DBRs are fabricated because of their high 

refractive index and low lattice mismatch between them. A pin diode 

structure with top and bottom DBR was fabricated. The schematic of the 

fabricated structure is shown in Figure 4.30.a. The cavity thickness for λ-

cavity with stopband centered around 940 nm at room temperature was 550 

nm. Flushed InAs QDs grown using a homogenous deposition approach 

were embedded in the λ-cavity structure to observe the PL emission. A total 

of 16 pairs bottom and 10 pairs of top DBRs were grown with AlAs and 

GaAs thickness of 68 nm and 81 nm, respectively. The growth rates of GaAs 

and AlAs were precisely measured (described in section 3.1.3) to obtain 

correct layer thicknesses for DBR structures. The characterization of cavity 

structures was carried with the assistance of Dr. Viktoriya Zolatanosha. 

Figure 4.30.b shows the reflectivity measurement done in the reflectivity mode 

of the FTIR instrument. The stopband and the cavity dip can be observed at 930 

nm at room temperature, slightly blue-shifted possibly due to variations in the 

layer thicknesses. Different samples were grown in a loop with the calculation  
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Figure 4.31: SEM image of cavity sample showing 16 and 10 pairs of 

AlAs/GaAs DBR layers for the bottom and top respectively. 

of growth rate measurements considering growth factor, the fractional change in 

growth rate during the growth over a more extended period. We were able to 

grow DBR structures with appropriate cavity dip and stopbands, still, a more 

comprehensive understanding of different related factors is needed to achieve a 

 

Figure 4.32. The PL spectra of InAs QDs observed in the pin 

cavity structure at low temperatures. 
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really good DBR structure for maximum efficiency. 

DBR structures were observed by scanning electron microscopy (SEM)  to have 

very fine AlAs/GaAs layers. Figure 4.31 shows the SEM image of the 

AlAs/GaAs DBR structure with 10 and 16 pairs in the top and bottom, 

respectively. The PL spectra of InAs QDs of the cavity heterostructure sample 

are shown in Figure 4.32. PL measurements of this 2.5 nm flushed InAs QDs 

grown by homogenous approach shows the QD and WL emissions around 916 

nm and 850 nm, respectively at low temperature. This significantly implies that 

QDs grown by homogenous deposition approach can be used and integrated into 

more complex heterostructures for different applications. 

4.6 Growth of quantum dot molecules 

The samples were grown on 3" semi-insulating GaAs(100) wafers 

(Appendix A). The layer sequence, consisting of Schottky diode (pi) devices, 

was fabricated for initial optimization as illustrated in Figure 4.33.a. The 

heterostructure layer sequence starts with the growth of 100 nm GaAs at 

610°C to smoothen the surface, followed by 30 pairs of a 2 nm AlAs/ 2 nm 

GaAs superlattice which suppresses the propagation of dislocations across 

the surface [112]. After that, the growth of the main layer sequence is 

initiated. A 300 nm thick GaAs buffer layer is grown at 610°C followed by 

a 100 nm thick GaAs doped with Si (2.0 × 1018 cm-3) as n-type back contact. 

During this, the As flux was maintained at 2.2 × 10-5 mbar.  Further, 100 nm 

GaAs were deposited while ramping down the substrate temperature to 

480°C and As pressure to 1.5 × 10-5 mbar for QD growth. The InAs SAQDs 

were grown by a Homogenous In-deposition approach, as discussed in 

section 4.1.1. After carefully monitoring the substrate temperature, the 

bottom InAs layer was deposited using 18 cycles (4s deposition, 4s break) 

of InAs with continuous substrate rotation. The last deposition interval of 

variable length was added, to fine-tune the In amount, which was adjusted to 0.1 

s.  The QD emission was tuned using the In-flushed technique as described 

in section 4.4. The QDs were partially capped with 2.8 nm GaAs followed by 

an immediate increase of the substrate temperature to 610 °C with a ramp of 

approximately 20 K/min. 

 



 

Chapter 4: Results and discussion 

86 

 

(a) 

 

 

(b) 

 

Figure 4.33: Basic layer sequences of hole storage QDM heterostructure; 

a) pi-Schottky diode structure and b) pin diode structure. 

Then after a thin GaAs barrier, 8 nm was deposited at 610°C, before ramping 

down the substrate temperature to deposit the second InAs layer. The top 

InAs layer was deposited a cycle less (17 cycles).  The In amount in the top 

layer was varied in a series of samples to match the ground state emissions 

of the two layers in the required way. The second QD layer was overgrown 

with the 2.8 nm GaAs and employed with the In-flush approach. The QD in 

the second layer nucleates directly above the first QD layer due to the strain 

field from the first. After that grown with 5 nm GaAs at 610°C. At this 

temperature, a 20 nm Al0.3Ga0.7As layer was deposited, and finally, 185 nm 

GaAs were deposited. After the growth of the full structure, the substrate 

temperature was lowered to 300°C and taken out of MBE for ex-situ 

measurement. The flushed technique was used to obtain ground state 

emission around 930 nm.   

With optimization of QDM properties such as QD density, emission energy 

tuning, and coupling between the QD layers, QDMs were embedded in pin 

diode structures with DBRs to improve the extraction efficiency, as shown 
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in Figure 4.33.b. The layer sequence starts with 19 pairs of AlAs/GaAs DBRs 

with a thickness of 81 nm and 68 nm, respectively, with a  2λ cavity emitting 

at 930 nm at low temperature. This is followed the layer sequence described 

above with slightly different layer thicknesses. Such as the barrier thickness 

between the QD layers was reduced 5 nm from 8 nm. After the QD layers, 

C- doped GaAs layers with different thicknesses and doping (1.0 × 1018 cm-

3, 2.0 × 1019 cm-3) are grown. Finally, a thick 300 nm GaAs layer was grown 

for performing fabricating contacts.  

4.8 Characterization 

The QDM samples were characterized by surface and optical 

characterization techniques as described in chapter 3. The results described 

in the next sections are from sample structure grown and illustrated in Fig. 

4.33.a. The different growth parameters were evaluated and tailored to 

achieve the optimum QDM structure parameters. The QDM density was 

optimized due to the first-time implementation of a homogenous deposition 

approach for growing QDMs. This was done by carefully monitoring the 

growth temperature and depositing optimum material in the top QD layer to 

match the lower layer. The detailed results are described below: 

4.8.1 Low-density optimization 

Low-density QDMs are grown using In Homogenous deposition approach, 

and density optimization is a significantly important step when growing by  

 

Figure 4.34: AFM image of the QDM sample surface with RMS 

roughness of 0.5 nm. 
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the Homogenous deposition approach. Different calibration samples were 

grown before growing the QDM sample to ascertain the low QD density and 

fine-tune the In amount in steps of 0.1 s, which corresponds to 0.002 ML of 

the overall deposition time. For calibration experiments, 18 In-cycles (1.5 

ML) were deposited to achieve QD densities in the range of ~1×107-108 QDs 

cm-2. The In amount in the top QD layer was deposited a cycle less than the 

bottom layer due to the strain effect from the lower dots. 

The QDM samples had a surface RMS roughness of 0.5 nm, as shown in 

Figure 4.34.b. The QDM samples were analyzed using low-temperature PL 

mapping and luminescence imaging to ascertain the density of the QDMs  

 

 

Figure 4.35: PL map in a false-color representation of QDM samples 

calculated from the PL spectrum with the corresponding PL image of 

buried InAs QDM in the right. 
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embedded in the heterostructures. The characterization of densities based on 

the false-color plot and the pl image is described in detail in section 4.3.  

Figure 4.35 shows the false-color plot for the QDM samples with 

corresponding luminescence images at the center of the wafer. The PL 

mapsshow the color-coded intensity represented by the ratio (I) (eq. 4.2), where 

𝐼 = 1, implies that no QD are present and 𝐼 = 0 corresponds to a high QD 

density (>109 QDs cm-2).  QDM samples with InAs deposition of 1.50 Ml and 

1.502 Ml corresponding to 18 and 18.2 cycles for the bottom layer, respectively, 

show a significant variation of the density with a change of 0.2 seconds of 

deposition. Figure 4.35.a shows a homogenous QDM density over the entire 

quarter of a 3" wafer. The QDM density of less than 1 × 108 QDs cm-2 is observed 

from the PL image at the center of the wafer. While the second QDM sample 

(Figure 4.35.b) shows a high QDM density (>109 QD cm-2), the density cannot 

be resolved with the used setup. The QDM density can be approximated using 

the calibration of the QDM samples and the ratio I calculated from the PL 

spectrum. 

 

4.8.2 Emission energy tuning 

The best available semiconductor light sources for single-photon sources and 

entangled photon pairs have wavelengths in the range of 900-940 nm. 

Therefore, for QDM heterostructures, the ground state-emission of the QDM 

was tuned to emit around 925 nm at low temperatures. The top QD was 

slightly red-shifted (~ 1 nm) to be able to distinguish ground state emission 

between the QD layers. The emission energy of QD layers was tuned 

employing the In-flush technique (section 4.5.4) to obtain emit around 925 

nm. The amount in the top QD layer was carefully optimized with respect to 

the bottom QD layer to get the ground state emissions of the two layers 

separately. Different samples were grown with a slightly varying amount of 

material in the top layer concerning the bottom QD layer. Figure 4.25 shows 

PL spectra of QDM samples at 10 K with 2.8 nm, 2.85 nm, and 2.9 nm 

flushing. Both the top and bottom QDs were flushed with the same 

overgrowth thickness. The QDM emission for these samples was around 930 

nm and WL emission at 860 nm. The ensemble QDM emission  
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Figure 4.36: PL spectra of flushed QDMs for the low-density region 

at 10 K.  

corresponding to ground state emission was 930, 948, and 952 nm for 

flushed dots with 2.8 nm, 2.85nm, and 2.9nm overgrowth, respectively, at 

low temperatures. In the QDMs samples with 2.8 nm flushed QDs we 

were able to obtain the wavelength of 925 nm. Further in µ-pl 

measurement, were able to see single dot spectra for the QDM samples as 

shown in Figure 4.37. The two separate PL peaks at 910 nm and 908 nm 

corresponding to QD in the top and bottom can be observed. The QD 

emission of bottom QD slightly is blueshifted with respect to the top QD, as 

objecteed which is due to variation In amount in the two layers. [70] 
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Figure 4.37: PL spectra of an ensemble of QDMs (black) and µPL for 

single QDM (red) at 10 K. 

4.8.3 Electrical characterization 

In this work, the QDM samples were fabricated, and the electrical (electric 

field dependent PL) measurements were performed on fabricated InAs QDM 

samples in TU Munich. The results of hole storage samples are presented in 

this section. 

The pi-Schottky diode heterostructures of InAs QDM grown (described in 

Section 4.6) were fabricated using a conventional technique like optical 

lithography. The InAs QDM samples were fabricated to form ohmic back 

contacts that enable charge flow freely across the conductor. On the top of 

the structure, semi-transparent metallic gates were fabricated to that allow 

for low-density QDs characterization. By changing the voltage between the  
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Figure 4.38: µPl image of contacted InAs QDM sample at 0 V 

illuminated with 850 nm laser.  

front contact and the Ohmic back contact modulate the electric field around 

the QDs. A detailed description of the methods involved in the fabrication 

of the metallic top contact and back contacts are given in [94]. After the 

fabrication of contacts, µPl measurements were performed to confirm and 

identify the low-density QDM. Figure 4.38 shows the µPl image of the 

fabricated hole storage InAs QDM sample at zero voltage. It can be observed 

that most of the dots are separately resolvable. The dot density and emission 

wavelength were best met with this sample. 

The electric field-dependent PL measurements for hole storage QDM sample 

having GaAs barrier layer thickness of 10 nm are shown in Figure 4.39. For 

the electric field-dependent, PL experiments the electric field was varied 

between 2 and 23 kV/cm. We can observe multiple lines with differing, 

weak, and strong Stark shifts that are detected, each of which corresponds to 

a particular transition state. Due to the randomized nature of optical 

charging, spectra show several charge states. Moreover, different crossing 

lines are evident but only a few anticrossing are seen. Direct excitons 

(electron and hole in the same QD) result in weak Stark shifts while indirect 

excitons occur when an electron and a hole coexist in separate dots of a  
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Figure 4.39: Electric field-dependent Pl measurements for a hole storage 

QDM sample having barrier thickness of 10 nm (top). A magnified image 

of the marked part shows the anticrossing peaks (bottom). 

QDM. These can be tuned into and out of resonance by the electric field 

resulting in anticrossing of the molecular states. The molecular behavior of 

QDM is mostly revealed through the observation of anticrossings [82,113]. 

While the PLE data presented in Figure 4.39 (top) shows a lot more 
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information and is rather intricate, in the magnified image (bottom) we can 

observe the anticrossing resulting from a single QDM. The splitting of anti-

crossing is found to be 1.5 meV in this sample. With our interdot distance of 

10 nm and comparing it with that given in the literature [84,114], we see that 

the data are in agreement for the given dot spacing, however, we observe 

electron tunneling. Generally for hole tunneling with 5-10 nm barrier layer 

thickness the coupling energy should be in the order of 10-20 meV as stated 

in different literatures [84,114]. Therefore, to be able to observe hole 

tunneling in the QDM samples different heterostructure changes were made 

based on these observations. The top QD were made smaller to be able to 

have a transition at higher energies. In addition, it was observed that dots 

currently most likely couple to the back contact. To prevent this the QD was 

grown ~100 nm away from the back contact. The barrier layer thickness was 

reduced to 8 nm, which increases the probability for molecules to form. 

Based on these findings QDM heterostructures with modified layer 

thicknesses and barrier layer thicknesses were grown for hole storage 

structures.  
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CHAPTER 5 

 

5 Summary and Outlook 

 

In summary, the most significant accomplishment of this thesis is the 

fabrication of low-density InAs QDs and QDMs on GaAs(100) substrates by 

the MBE technique. This low-density QD in the order of ~1 QDs per µm2 

was employed for the fabrication of QDM heterostructures. 

We achieved low InAs QD densities in the range of 107-108 QDs cm-2 by 

employing two different In deposition schemes: homogeneous In-deposition 

and In-gradient approach respectively. For the homogeneous deposition, a 

continuous InAs deposition was employed with an annealing step for QD 

formation. This results in at least 70 % of a 3" wafer area (> 900 mm2) in dot 

densities of 1-2 dots per µm2 if the In amount and the substrate temperature 

is controlled very precisely. With inhomogeneous In-deposition via growing 

without sample rotation, we obtained low QD densities reproducible on a 

small fraction of the wafer surface. For a full-gradient, i.e., depositing the 

full In amount without rotation, the low-density area amounts in the best case 

to 10 % of the overall wafer surface, generally less than 90 mm2 of a 3" 

wafer, with a very low dot density (less than 1 dot per µm2) whereas for a 

half-gradient, i.e. only half the In amount is deposited without rotation, we 

have a more extended transition region (ca. 7 mm), which corresponds to 

less than 15 % of the overall wafer area, in case the transition is ideally at 

the middle of the wafer.  

The homogenous deposition process gives a more low-density fraction area 

however is less reproducible and needs calibration samples every time due to the 

high sensitivity to the substrate temperature and the In amount. The half-

gradient seems a good tradeoff between the length of the transition region 
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and the variability of the position of the transition region so that, in general, 

no dedicated calibration samples are required. 

In the second part, the different QD growth parameters such as the InAs 

growth rate, the QD growth temperature, and the growth interruption were 

studied to observe change in structural and optical properties. The QD size 

modification leads to a shift in the QD emission energy. The use of  LGR and 

high growth temperatures (> 500°C) with slightly high growth interruption time 

(< 20 sec) for QD growth leads to the formation of uniform QDs with significant 

redshift of emission wavelength to 1318 nm.  

In the third part, low-density InAs QDM heterostructures were fabricated 

for electron and hole storage applications using homogenous deposition 

approach. Schottky diode structures were grown to optimize several 

parameters such as QD density, emission energy tuning, and tunnel coupling 

for QDM samples. Homogenous deposition approach was successfully 

implemented for the growth of two QD layers of InAs QDM. The height of 

QDs was varied by depositing slightly different amount in both the layers, 

which determines the energies of the lowest confined states, and energy 

levels. This can be controlled by applying an electric field in the growth 

direction in the Schottky diode structure.  

The results present a promising approach for the fabrication of low-density 

InAs QDs grown by S-K growth mode. Using a homogeneous deposition 

approach the InAs QDs fabricated were used in the QDM and pin cavity 

heterostructures with DBRs for the first time. Half-gradient seems a reasonable 

compromise for extending low density transition region and reproducible low-

density areal faction in comparison to other two. We gained a better 

understanding of the secondary purpose of investigating InAs QDs growth 

factors which can be implemented further for different studies. InAs QDM 

heterostructures were grown for quantum storage applications with most of 

important parameters being optimized.
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6 APPENDIX A 

Data sheet of GaAs (100) wafers used in this work from Wafer Technology 

Ltd. 



 

7 APPENDIX B 

 

Growth reports 

 

The different results presented in this thesis are summarized from the 

following grown samples. 

Homogenous deposition approach: 

A1388, A1389, A1390, A1398, A1430, A1431, A1433, A1512, A1513, 

A1514, A1526 

In-gradient: 

A1900, A1901, A1911, A2150, A2150, A2151, A2153, A2154, A2156, 

A2157, A2158, A2159, A2160, A2161 

QD size modification/ Emission energy tuning 

A2073, A2074, A2076, A2078, A2087, A2088, A2089, A2096, A2099, 

A2129, A2130, A2146 

DBR Structure 

A1813 

Quantum Dot Molecules: 

A0915, A0916, A0917, A1129, A1130, A1135, A1136, A1139, A1140, 

A1349, A2048. 
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