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“Life is not measured by the number of breaths we take,   
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Chapter 1  
Introduction 

Epitaxial semiconductor quantum dots are zero-dimensional systems whose 
dimensions range from nanometers to tens of nanometers. As a result of the 
quantum confinement, the energy states of electrons, holes, and excitons (mutually 
interacting electron-hole pairs via the Coulomb force) are discrete, like those of 
atoms. The formation of quantum dots via self-assembly is presently performed 
employing a wide variety of semiconductor alloys. The spectral region of the 
emission wavelength spans the blue-green range to the infrared, by a proper design 
of the alloy composition. In the last few years, single dot spectroscopy allowed to 
study the exciting properties of individual and coupled pairs of quantum dots and to 
exploit their tremendous potential for device applications. The superior properties of 
single and coupled quantum dots can be used to manipulate single electrons, 
photons and spins for future opto-electronic devices.  
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1.1 General Introduction 

In traditional semiconductor devices, like transistors and lasers, a wide range of III/V 
compound semiconductor bulk materials have been used. Modern semiconductor 
structures that will be used in contemporary and future micro- and nanoscale opto-
electronic devices consist of layers of different semiconductor materials, each with 
their specific electronic and optical properties. Epitaxial techniques, such as 
molecular beam epitaxy (MBE), chemical beam epitaxy (CBE) or metalorganic vapor 
phase epitaxy (MOVPE) are commonly used to grow layered semiconductor 
structures. These advanced crystal growth techniques have made it possible to 
precisely fabricate two-dimensional layered semiconductors on an atomic scale. The 
epitaxial techniques are used to fabricate structures which are not only vital for novel 
optoelectronic devices, but also for the investigations of the fundamental properties 
of solid state semiconductor nanostructures, including the control and manipulation 
of charge, excitons, photons, lattice vibrations (phonons) and spins. The band gap 

 

Figure 1.1: Band gap energy versus lattice constant of various III-V semiconductors at 
room temperature (adopted from Tien 1988) . 
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and lattice constant, as shown in Figure 1.1, are the most important properties for 
the fabrication and the opto-electric properties of these materials. The most 
commonly used III-V semiconductors have a direct band gap, which implies that 
they can emit light by direct electron-hole recombination across the semiconductor 
band gap. The recombination wavelength, which is an important property to control 
for specific applications, is determined by the band gap. For instance in 
telecommunication applications, the commonly used wavelength of 1.55 µm is highly 
desired, since the losses of optical glass fibres are minimal at this wavelength. The 
lattice constant determines whether layers of different alloys can be grown 
epitaxially. Only in a limited number of cases strain-free heterostructures can be 
formed, for instance for the combination of GaAs and AlGaAs. A much wider range 
of materials becomes available if we allow for heterostructures containing strained 
thin layers. Since strain affects the band structure it can even be employed to 
enhance the opto-electronic properties of thin strained layers. The selection of 
possible material systems can even be extended when one takes advantage of the 
lattice mismatched systems1, where three-dimensional islands form spontaneously 
above a certain critical thickness to reduce the lattice mismatch strain. The formation 
of islands during heteroepitaxial growth of lattice mismatched systems is commonly 
achieved in the Stranski-Krastanow2 growth mode, see section 2.1 for more details. 
These three-dimensional islands act as quantum dots (QDs) when embedded in a 
matrix with higher band gap energy; their properties rely on the discreteness of the 
density of states due to the quantum confinement of carriers in all three dimensions, 
see Figure 1.2. 

 

 

Figure 1.2: Density of states for semiconductor structures for different degrees of 
confinement. 
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1.2  Fundamental Properties of Single 
Quantum Dots 

Semiconductor QDs typically form when a lower band gap material is deposited on 
top of a higher band gap material in lattice mismatched systems. The QDs have 
typical dimensions of the order of 2 – 5 nm in height and ∼ 20 nm base width, 
corresponding to about 103 – 107 atoms. When the QDs are capped with the higher 
band gap material they become fully embedded in the matrix of the higher band gap 
material. The analogy between QDs and atoms is nicely reflected in the fact that 
both exhibit optical line spectra with narrow line widths11. Semiconductor QDs are 
therefore often referred to as “artificial atoms” although they are commonly part of a 
single crystalline solid. An example of uncapped InAs/GaAs QDs formed on a GaAs 
(100) substrate is depicted in Figure 1.3(a). The image is obtained by atomic force 
microscopy (AFM) under ambient conditions. Figure 1.3(b) depicts an example of a 
cross-sectional scanning tunnelling microscopy (X-STM) image of an embedded 
InAs QD in GaAs3. The size, shape and density of the QDs strongly depend on the 
growth conditions; the sample temperature, deposition rates, annealing steps, 
growth interruptions, composition of materials, etc. This enables control of the 
formation of a large variety of QD structures. Typical QD densities are in the range 
of 108 – 1011 cm-2 with the QDs randomly distributed over the sample surface as can 
be seen in Figure 1.3(a). A brief overview of some of the fundamental electronic 
properties of QDs is given below, for a more extensive overview see Ref. [4]. 
 

 

Figure 1.3: AFM image of surface QDs (a) and X-STM image of a buried QD3 (b). Image 
sizes are 1 x 1 µm2 for (a) and 30 x 30 nm2 for (b). 
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The positions of the energy levels in QDs depend primarily on the QD size and 
composition. This can be used to generate photons of specific wavelengths. Due to 
the Pauli principle, each QD ground state energy level can only be occupied by two 
carriers. When more carries are created at a sufficiently high rate, for example by 
photo-excitation, the ground state becomes fully occupied and carries are forced to 
occupy excited state(s). QDs are often characterized by means of optical 
spectroscopy. For conventional optical spectroscopy the focused excitation beam 
typically has a diameter of ∼ 100 µm, probing approximately 104 – 107 QDs 
simultaneously. As a consequence, the resulting spectra are inhomogeneously 
broadened, caused by the unavoidable fluctuations in QD size, shape, and 
composition. Photoluminescence (PL) is a standard characterization technique to 
determine the emission energy of a QD ensemble, with the emission line width 
providing a measure for the QD uniformity. For low photo-excitation density, only 
emission from the ground state level transition is observed, but by increasing the 
density of photo generated carriers, recombination of the excited state(s) may occur. 
Typical PL spectra for various excitation powers are shown in Figure 1.4, where 
emission from two excited states in addition to the ground state emission is 
observed at high excitation densities. Typical inhomogeneous line widths are > 20 
meV, which prevent the study of processes that occur at smaller energy scales. In 
spite of the limitations of conventional spectroscopy, investigations of QD ensembles 
provide considerable information about the QD electronic structure. The separation 
between the ground- and excited state transitions is typically > 50 meV for QDs, 
which considerably exceeds the thermal energy kBT at room temperature. 

 

Figure 1.4: Photoluminescence spectrum of ensemble of QDs for various excitation 
powers (Bayer et al9.). 



 
 
Chapter 1 

 12

Quantum effects involving small energy changes, for example through Coulomb 
and exchange interactions, and processes in single QDs can only be probed using 
single-dot techniques to remove the effects of the inhomogeneous broadening5,6. 
When more than one electron-hole pair, also referred to as exciton, occupy the QD, 
Coulomb and exchange interactions between the carriers will alter the QD energy 
levels. Single QDs are generally probed in samples with low QD densities after 
preparation of either submicron-sized mesas7 or hole-masks or by using confocal or 
near field optical microscopy techniques8. A single QD PL spectrum as a function of 
excitation power is shown in Figure 1.59. Two groups of sharp emission lines appear 
that originate from the recombination of electrons and holes in the ground state 
energy level and the first excited state level, the s- and p-shell respectively. A single 
line due to emission from a singly charged QD with a neutral exciton X in the s-shell, 
is observed at low excitation powers. With increasing power additional lines appear 
both at lower and higher energies with respect to X. The first line at lower energy 
was shown to arise from bi-exciton recombination10. With increasing excitation 
power, photo-generated carriers start to occupy the p-shell. The energy positions of 
the additional multi-exciton emission lines below the bi-exciton line are governed by 
exchange and Coulomb interactions between excitons populating the s- and/or p-
shells.  

To extend the analogy with atomic systems, the next step is to develop a two-
atom molecule consisting of two coupled QDs. The principal properties of coupled 
QDs follow from the simple model of two QDs side by side in a plane or on top of 
each other (laterally or vertically coupled quantum dot molecules (QDMs), 
respectively). Tunneling and overlap of the wave functions lead to bonding and anti-

 

Figure 1.5: Spectral emission from a single QD filled with up to six excitons 
depending on the excitation density (Bayer et al.9). 
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bonding states, which are delocalized over the two QDs as in natural systems. 
“Artificial molecules” formed by two or more QDs are extremely interesting, since 
they allow for tuning of the electron number and of the coupling strength by proper 
design.  

Investigations of vertical QDMs11,12,13 as well as lateral QDMs14 have shown a 
characteristic splitting of the QD energy levels, which suggests tunnel coupling of 
the QDs. The coupling has been confirmed by exciton fine structure studies15. 
Controlling the molecular coupling has been achieved by applying an electric field 
along the molecule axis (along the growth direction for vertical QDMs and in plane 
for lateral QDMs).   

1.3 Applications of Quantum Dots 

The basic requirements for QDs in devices are (a) sufficiently deep localization 
potential and a small QD size for the utilization of the zero-dimensional confinement 
effects, (b) the QD ensembles should have high uniformity and density, and (c) the 
QDs should be coherent without defects17. Currently QDs already find important 
applications in existing semiconductor devices, but they also have a great potential 
to be the building block for future quantum functional devices.  However, to fully 
exploit the properties of QDs for practicable applications, more precise fabrication 
methods and a better understanding of their opto-electronic properties are 

 

Figure 1.6: Decrease of the threshold current density of semiconductor injection lasers 
with diffent dimensionality of the active region in time16. 
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necessary. For the optimization of existing devices a better control of size, shape, 
and density of large ensembles of nanostructures has been a significant research 
topic for the last few years and is still progressing. The achievements in this field 
have resulted in QDs with high radiative efficiencies, large confinement energies and 
level separation, high areal densities, and their inclusion in a semiconductor matrix 
permitting efficient carrier injection and extraction. High-speed optoelectronic 
devices have been realized and lasers with ultra-low threshold currents and high 
temperature stability have been predicted and realized18. Moreover, high carrier 
mobilities at room temperature in QD superlattices with appropriate strength of 
electronic coupling have been predicted due to suppression of carrier scattering by 
optical phonons19. Figure 1.6 compares the advancements in the reduction of the 
threshold current density of bulk, quantum well, and quantum dot lasers16. Other 
areas of applications based on the properties of QD ensembles include: mid-infrared 
detectors20, semiconductor optical amplifiers21 and memory devices22.  

Because of the similarity with atoms, QDs have attracted much attention for 
research areas which have their origin in atom physics, such as quantum optics and 
quantum information processing23. The potential implementation in a solid state 
environment offers the realization of practical devices, based on the properties of 
single QDs, which exploit zero-dimensional quantum effects. For instance, single 
QDs have been shown to be good candidates for the realization of single photon 
sources24. QDMs have the potential to serve as quantum gates for quantum 
computing25,26, provided that the coupling strength can be controlled.  Still, the road 
towards a quantum computer is extremely challenging. Many requirements need to 
be fulfilled before the realization of a quantum computer can be achieved, as is 
discussed by DiVicenco27. If realized, however, these devices will be the key 
elements for the implementation of massively parallel signal processing for fast and 
secure communication and information networks28.  

The technologically easiest way to realize coupled QDs is by vertical stacking 
along the growth direction and such structures have been extensively studied11,12,13.  
In this case, however, the number of stacked QDs is limited by the formation of 
defects due to strain accumulation and the coupling is limited to one dimension in 
each QD column. Therefore, for applications, lateral arrangements of QDs are 
preferred which allow for coupling in two or even three dimensions when combined 
with stacking. This enables up-scaling to very large numbers of functional units in 
the growth plane and along the growth direction. Lateral QD coupling has been 
observed in the two limiting cases of a pair of QDs14 and high-density QD layers29,30. 
The intermediate regime, when fully understood however, is anticipated to provide 
the most complex, advanced functionalities in analogy with the properties of 
quantum clusters31.  
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1.4 Scope of This Thesis 

The topic of this thesis concerns strain engineered lateral quantum dot molecules. It 
comprises both the growth of the lateral ordered QDMs by molecular beam epitaxy, 
as well as the optical investigations of these structures. We demonstrate the 
formation of ordered and well-separated groups of densely packed InAs QDs in 
lateral QDMs by self-organized anisotropic strain engineering. The optical 
investigations, i.e. power and temperature dependent macro- and micro-PL, and 
time resolved spectroscopy, exhibit characteristic features which are in strong 
contrast to those of single QDs. These findings are consistently explained by the 
presence of extended electron states due to electronic coupling of the QDs within 
the molecules and provide a route for the formation and exploitation of complex 
arrangements of QD arrays with possible application in future quantum functional 
devices. The main results which are new for the field are listed in Chapter 3 (growth 
concept) and Chapters 4, 5 and 6 (optical properties).  

In Chapter 2, we provide an overview of the relevant epitaxial growth processes 
involved in the formation of self-assembled semiconductor nanostructures during 
epitaxial growth as is studied by various research groups in the last two decades. 
The focus will lie on the (In,Ga)As/GaAs material system and MBE growth. The 
formation of quantum structures in the coherent Stranski-Krastonow growth mode 
and the possibilities of vertical and lateral ordering are addressed. A detailed 
description of a recently developed ordering mechanism called self-organized 
anisotropic strain engineering, which is the fundament for the next chapter, is 
discussed.  

We present a systematic growth study of the development of ordered and well-
separated groups of densely packed (In,Ga)As QDs in Chapter 3.  As a key result, 
the formation of lateral QDMs by self-organized anisotropic strain engineering of an 
(In,Ga)As/GaAs superlattice (SL) template on GaAs (311)B substrates by MBE is 
demonstrated. The SL template and InAs QD growth conditions are studied in detail 
for optimized QD ordering within and among the InAs QDMs on the superlattice 
template nodes. For optimized SL template formation and QD ordering the strain 
correlated growth is consistently confirmed by high-resolution x-ray diffraction (XRD) 
and structural analysis by AFM. The profitable potential of strain engineering is 
further exploited, resulting in the formation and lateral positioning of single InAs 
QDs. Furthermore the influence of steps on the formation of two-dimensional 
ordered quantum dot groups on shallow-patterned GaAs (311)B is investigated.  

In Chapter 4, the optical quality of the QDM structures is investigated for a first 
characterization by macro-PL as a function of excitation power density and 
temperature.. The observed results are in strong contrast to spectra observed from 
isolated QDs and are explained by state filling in the presence of extended electron 
states formed due to lateral electronic coupling of the QDs within the QDMs. 
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In Chapter 5, the QDMs are studied by excitation power density and temperature 
dependent micro-PL for a deeper insight into the opto-electronic properties. To 
enable single QDM spectroscopy, aluminum masks with 1 x 1 µm2 square openings 
are fabricated by electron beam lithography and lift-off. A low number of QDMs is 
selected through these apertures. The results from micro-PL are in good agreement 
with the results of Chapter 4 and confirm the presence of extended electron states 
formed due to lateral electronic coupling of the QDs within the QDMs. 

Finally, the carrier decay and rise times of the QDMs are evaluated by time 
resolved reflection and PL up-conversion measurements at 5 K and room 
temperature in Chapter 6. We observe changes in the transient reflection signal 
versus excitation pump density for characteristic QDM filling factors for the rise and 
decay time at 5 K and for the decay time at room temperature.  The changes in 
decay and rise time are explained by state filling effects of closely spaced energy 
states, which is consistent with the results obtained in the previous chapters. In 
addition, we observe coherent excitation of acoustic phonon modes in the QDMs. 
The acoustic phonons modulate the optical properties of the QDMs though the 
quantum confined Stark effect, causing distinct oscillation in the differential reflection 
and PL signal.  
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Chapter 2  
Historical Overview of  
Quantum Dot Formation and 
Lateral Positioning 

Semiconductor self assembled quantum dots have emerged as one of the simplest 
means of exploring and exploiting the physics and device applications of three-
dimensional quantum confined systems. Advances in epitaxial growth techniques 
have played an essential role in the realization of ever more ambitiously designed 
quantum heterostructures. This chapter introduces the epitaxial growth processes 
involved in the formation of self-assembled semiconductor nanostructures during 
epitaxial growth. The formation of quantum structures in the coherent Stranski-
Krastonow growth mode and the possibilities of vertical and lateral ordering are 
addressed. An overview of a number of approaches based on artificial patterning of 
the substrate for the positioning of quantum structures is given. A new concept, 
enabling lateral ordering of self-organized quantum structures based on anisotropic 
strain engineering is discussed in detail. 
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2.1 Introduction 

The formation of low-dimensional semiconductor structures is driven by the 
attractive properties. It is shown that the fabrication of such structures has been and 
still is a technological challenge. To build nanostructures one has to deal with 
individual atoms, which are the building blocks for these constructions. Our “hands” 
and tools are usually too large for these quantum structures, although some tools 
exist to manipulate individual atoms, for example the scanning probe microscopy 
tip32,33. Although the “writing speed” of these processes has been increased they are 
still very time-consuming. Traditionally, the fabrication methods for low dimensional 
structures were based on patterning of two-dimensional heterostructures by 
lithography and wet and dry etching. The most crucial drawbacks for these methods 
are the unavoidable damages created at the interfaces, causing non-radiative 
centers, and the irregularities in the shape of the nanostructures. Self-organization is 
a very elegant and efficient manner to form nanostructures. Quantum structures 
have been fabricated by advanced crystal growth techniques such as MBE, CBE 
and MOVPE with major successes. Although there are in principle three epitaxial 
QD growth modes classified for lattice-mismatched systems, the vast majority of the 
semiconductor QDs is produced by the Stranski-Krastanow2 (S-K) growth mode. For 
an extensive description of the MBE set-up and the theory involving MBE growth a 
vast variety of textbooks is available, see for examples Refs. [34,35]. The focus in 
this study will be on the (In,Ga)As/GaAs material system grown by MBE, however 
some relevant mechanisms of other techniques and/or material systems  will be 
briefly discussed as well.  

In section 2.2 the principles of the Stranski-Krastanow growth mode are 
described, together with the possible vertical alignment of QDs in section 2.2.1. An 
overview of different techniques to achieve the desired lateral positioning is given in 
section 2.3, with the focus on S-K grown QDs (2.3.1) and other techniques (2.3.2) in 
combination with pre-patterned substrates and lateral positioning by self-organized 
means (2.3.3). A detailed description of the recently developed ordering mechanism 
based on self-organized anisotropic strain engineering, which is the fundament for 
the next chapter, is provided in section 2.4. Finally, section 2.5 summarizes the 
essentials of QD positioning.  
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2.2 Quantum Dot formation in the Stranski-
Krastanow Growth Mode 

A layer of material with a lower band gap and a larger lattice constant is grown on 
top of a material with a higher band gap and smaller lattice constant. The various 
combinations of III-V semiconductors, which are available, are shown in Figure 1.1. 
In this study, where we focus on the (In,Ga)As/GaAs system, the lattice mismatch of 
an InAs layer on top of a GaAs layer is 7%. For a thin layer of (In,Ga)As below a 
certain critical thickness, a pseudomorphic layer with the lateral lattice constant of 
the underlying GaAs layer is formed initially. With increasing InAs layer thickness, 
the accumulated strain can no longer be accommodated in a two-dimensional 
arrangement and is relieved by the formation of coherently strained nanometer-scale 
islands. The elastic strain reduction prevails over the increase of additional surface 
energy due to island formation to establish a lower energy configuration. Only when 
observations by high resolution transmission electron microscopy (TEM) revealed 
the absence of defects in the islands, it was accepted that one could produce QDs 
with high structural perfection by the SK growth mode. A schematic of the coherent 
SK growth mode is presented in Figure 2.1. 

The QDs are formed on top of the two-dimensional InAs layer, the so-called 
wetting layer. The individual QDs typically nucleate in a random arrangement on the 
sample surface, as seen in Figure 1.3(a). Detailed studies by TEM, X-STM and AFM 
of (In,Ga)As and InAs QDs in GaAs have shown3,36 that the QD properties are, to a 
certain degree, controllable by the flexibility of the growth conditions and the 
subsequent capping processes. This has resulted in a better understanding of the 
formation of QDs in the SK growth mode and the control over their properties such 
as size, shape, composition and density. The average aerial density can be 

 

Figure 2.1: Schematic diagram of the formation of islands in the Stranski-Krastanow 
growth mode. 



 
 
Chapter 2 
 

 20

controlled by increasing the amount of deposited (In,Ga)As, misaligning the 
substrate, and/or reducing the growth temperature37. This is mainly due to the 
kinetics of island formation with a smaller surface diffusion length at higher step 
densities and lower substrate temperature favoring higher density dots. Solomon et 
al. demonstrate similar studies on the influence of substrate temperature, monolayer 
coverage, group V to III flux ratio, and growth rate for MBE grown InAs and 
(In,Ga)As QDs with respect to their size and density38. The conditions during 
overgrowth of the QDs also can have severe consequences for the QD properties3. 
A new self-organizing growth mode for QDs in MOVPE of strained layers on (311)B 
GaAs which intrinsically involves overgrowth was recently demonstrated39,40. 

2.2.1 Vertical Alignment of Quantum Dots in the 
Stranski-Krastanow Growth Mode 
Figure 2.2 shows a schematic diagram of the ordering phenomena of SK grown QDs 
and observations by cross-sectional TEM. The result of the study by Xie et al. 
showed that the pairing probability of vertically aligned QDs reduces with increasing 
GaAs spacer layer thickness and larger in plane distances41. A model for the vertical 
alignment due to interacting strain fields induced by the islands giving rise to the 
preferential migration of In adatoms could account for the observed switching 
between correlated and uncorrelated growth depending on the spacer layer 
thickness and lateral QD separation42,43. The buried islands induce tensile stress, 
which increases with increasing island size, that locally, above the islands, reduce 
the lattice mismatch of GaAs compared to InAs. Hence, efficient vertical alignment is 
achieved below a critical GaAs spacer layer thickness and island separation. Under 
these conditions the strain field is sufficiently strong and the probability of island 
formation between buried QDs is small. When the GaAs spacer layer is reduced to 
small values (< 6 nm) vertically connected and electronically coupled QDs are 
obtained44.  A red shift of the PL to lower energies and a reduction of the PL 
linewidth for the coupled QDs with respect to single layers of QDs are attributed to 
the electronic coupling via tunneling in the vertically coupled quantum dot molecules 
(VQDMs).  
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2.3 Lateral Positioning of Nanostructures 

With the advances in crystal growth techniques, the fabrication methods for 
nanostructures have been improved continuously. Led by the potential for device 
applications of and fundamental interest for coupled QDs, lateral ordering of QDs is 
one of the most challenging prerequisites to be fulfilled today. Theoretical studies45 
predicted a minimum energy configuration on the (100) surface for a two-
dimensional square lattice. Experimental evidence of such type of ordering is 
presented by Grundmann et al. for InAs QDs on GaAs (100) grown by MBE46. 
Tersoff et al. 47 developed a model, originally applied to study the Si/SiGe material 
system, which is extended by Liu et al.48 that shows the increase of the size 
uniformity and lateral ordering of islands when combined with vertical alignment. 

 

Figure 2.2: Cross-sectional TEM images of two samples with vertically 
aligned InAs islands separated by 46 (a) and 92 (b) monolayer thick GaAs 
spacer layers grown by MBE on GaAs (100) substrates. TEM image of a 
sample with a stack of 5 vertically aligned islands separated by 36 monolayer 
thick GaAs spacer layer41 (c). 
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This can be understood when taking into account the considerations of Xie et al. on 
the origin of vertical alignment. Covering the dots with a spacer layer thicker than the 
extension of the tensile strain field originating from the buried dots, a subsequent dot 
layer will lead to uncorrelated growth, reducing the pairing probability previously 
discussed. In contrast, for the rather closely spaced buried QDs there are no distinct 
tensile strain maxima due to each buried island, but rather a single maximum is 
present at the surface. In this way two or more islands can easily be replaced by one 
island in the next layer. Therefore in subsequent layers the islands will be more 
uniformly distributed over the sample surface.  

Two strategies can be distinguished to control the positioning of QDs. The most 
used method for lateral ordering of QDs in a controlled manner is by growth on 
prepatterned substrates49,50,51, which will be discussed in the next section. The other 
strategy is based on the self-organized formation of ordered QD arrays by 
anisotropic strain engineering developed in our laboratory and exploited in this 
thesis for the formation of QDMs on GaAs (311)B. 

2.3.1 Pre-Patterned Substrates 
For differently orientated substrates and mesa stripe orientations, preferential 
nucleation has been found either on top of ridges and/or in the bottom of grooves or 
along sidewalls of the mesas. This diverse behavior indicates a gentle and complex 
interplay between material transport, composition and strain distribution depending 
on the exposed facets, ridges and grooves. I briefly introduce some typical methods 
for the fabrication of nanostructures (both quantum wires and quantum dots).  

The tendency of QDs to nucleate at or near step edges suggests that their 
positions can be influenced by an appropriately modified surface. As a result, 
laterally ordered arrays of QDs, either coupled or uncoupled, based on the SK 
growth mode have been fabricated employing optical and electron-beam lithography 
in combination with etching. Jeppesen et al.51 used trenches on patterned (100) 
GaAs to selectively place InAs QDs in chains along the trenches by CBE using the 
SK growth mode.  

With the improvements concerning the resolution in lithography, the pattern 
design allows site control down to the nanometer scale, forcing the QDs into 
predefined lateral positions. Ishikawa et al. demonstrate site control of single QD 
structures on patterned substrates by electron beam lithography52. In small 
prepatterned hole structures, QDs were selectively grown without any QD formation 
on the unpatterned area. The QD density in each hole is controlled by the hole 
depth, leading to a single-QD array structure. Site controlled pyramidal QDs are 
fabricated on substrates patterned with tetrahedral recesses by MOVPE53. Surface 
strain engineering by prepatterning was used to create a lattice of nucleation sites 
for QDs during MBE regrowth as well54. This method was initially introduced to order 
islands on a mesa ridge where the diffusion kinetics favored a build up of strain on 
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one edge of the mesa49. The thermodynamics and diffusion kinetics of the In atoms 
are modified during growth by introducing local sub-surface strain fields. This can be 
achieved by growing a strained film of (In,Ga)As below the surface. The InAs film 
will grow more rapidly on the mesa tops and induce a preferential growth of InAs 
islands on top of the subsurface stressor. In the course of the lateral ordering of a 
single QD it became desirable to control the formation of laterally coupled QDs in 
ordered arrays or lattices. The formation of two-dimensional QD lattices using 
subsurface stressors in combination with mesa patterning has been demonstrated55. 
The lattice period and unit cell structure and size of the 2D lattices are tunable by 
the lithographic pattern. Once a 2D lattice is achieved this is easily extended to three 
dimensions by vertical strain coupling41. 

The formation of lateral QDMs around nanoholes has also been realized with 
similar processes56. The QDMs form around nanoholes, which occur on the surface 
as a result of strain-enhanced etching above InAs QDs. The number of QDs 
involved in the molecules can be controlled by the InAs growth conditions. In 
addition, vertically alignment of laterally ordered QDs on artificially prepatterned 
substrates with two-dimensional hole arrays has been demonstrated57,58. The 
stacking of the vertically aligned QDs is again a direct consequence of the strain 
field coupling.  

2.3.2 Other Techniques for Lateral Positioning 
A number of other techniques have been used to achieve lateral positioning of 
QWRs and QDs by pre-patterned substrates, which are not based on the S-K 
growth mode. For completeness a brief description is given. 

(i) Ridge and grooved quantum wire. 
Ridge quantum wires (QWRs) are formed by selective epitaxy on mesa stripe 
etched GaAs substrates, prepared by optical and/or electron-beam lithography and 
wet chemical or reactive ion etching. The depth and width of the etched mesa is 
several µm.  For the etched mesa stripe under certain growth conditions, (100)-
{111}A/B facets appear, depending on the orientation of the mesa stripe, see Figure 
2.3(a). Driven by the preferential Ga adatom migration to the (100) plane and the 
different angles of incident Ga flux, the quantum well on top of the ridge is thicker 
than that on the facets. Therefore, a QWR is formed due to the thicker GaAs region 
at the top. This ridge QWR structure can be grown by MBE and MOVPE and also on 
different substrate orientations59,60. The formation of the V-grooved QWR is 
governed by similar growth kinetics as for the ridge QWR, see Figure 2.3(b). During 
the growth of GaAs, because the growth rate is larger for the (100) plane than for 
the V-grooved sidewall facets, the bottom of the V-groove becomes thicker, leading 
to a QWR61.  
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(ii) Cleaved edge overgrown quantum wire and dot. 
As schematically illustrated in Figure 2.3(c), a conventional QW structure is first 
grown on GaAs (100) substrate. Then the substrate is cleaved in ultra high vacuum. 
The cleaved cross-sectional edge is treated as the new surface for growth of the 
second QW. The electron and holes can be confined at the intersection region of the 
edge (T-junction), resulting in a T-shaped QWR62.  By performing another cleave the 
new cross-sectional edge can be overgrown once more by a conventional QW 
creating a T-shaped QD as final result. By close stacking of the QWs in the first 
growth step coupled QDs can be formed63. Very small structures can be fabricated 
because the size of the edge structure depends on the thickness of the QWs, which 
can be well controlled.   

(iii) Sidewall quantum wires and dots. 
It was found experimentally that during growth of GaAs on mesa stripe patterned 
(311)A GaAs substrates fast and slow growing sidewalls are formed depending on 
the orientation of the etched sidewall. The formation of mesas is once again created 
by optical lithography and wet chemical etching. For mesas along the [01-1] 
direction, the fast growing sidewall appears along the sidewall towards the next 
(100) plane, while on the opposite sidewall, towards the next (111) plane, a slow 
growing sidefacet is observed. The fast growing sidewall shows a smooth and 
convex-curved surface profile without faceting. The fast growing sidewalls form due 
to preferential migration of Ga adatoms from the mesa top and bottom towards the 
sidewall. The slow growing sidewall is formed due to preferential migration of 
adatoms away from the sidewall, resulting in a concave surface profile64. This 
unique growth mechanism can be used to fabricate QWRs.  When depositing a 
conventional QW and choosing the height of the mesa stripe in the quantum size 

 

Figure 2.3: Schematic overview of different mechanisms used to achieve lateral 
positioning of QWR structures ridge QWR (a), QWR on V-grooved substrate (b), T-
shaped edge quantum wire (c). 
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regime, QWRs are formed along the fast-growing sidewall of the mesas stripe, 
orientated along  the [01-1] direction. 

When in addition atomic hydrogen assisted growth is applied during the formation 
of the fast growing sidewalls, well ordered arrays of QDs are formed65. The atomic 
hydrogen added during the MBE growth on (311)A GaAs, initiates natural one 
dimensional surface corrugations on the nanometer scale in the [-233] direction, 
which is perpendicular to the fast growing sidewall. These corrugations have a 
lateral periodicity of approximately 40 nm and are straight over several micrometers. 
The natural one-dimensional surface corrugation is also established on the convex-
curved part of the sidewall. As a result of the corrugations, the quantum wire is 
subdivided into pieces by the step bunching and the presence of dot-like 
nanostructures is observed in the corrugated GaAs QWR, see Figure 2.4.  

2.3.3 Self-Organized Ordering 
Nötzel et al.39 showed a new self-organized growth mode on GaAs (311)B 
substrates by MOVPE. A strained (In,Ga)As layer on an (Al,Ga)As buffer layer 
produces nanometre-scale disc-shaped (In,Ga)As dots buried spontaneously 
beneath (Al,Ga)As nanocrystals due to lateral mass transport from the buffer layer, 
as can be seen in the three-dimensional AFM image depicted in Figure 2.5. The 
nanocrystals were found to exhibit a faceted surface and they arrange into a well-
ordered pattern66. Ordering of the nanocrystals in this system has been attributed to 
strain-induced breaking-up of the (In,Ga)As layer together with the appearance of 
the crystal facets of the (Al,Ga)As nanocrystals selecting distinct directions for 

 

Figure 2.4: Schematic illustration of the QD-array, formed by atomic-hydrogen-assisted 
MBE on patterned (311)A GaAs65. 
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surface migration during the formation of the buried (In,Ga)As confined QD 
structure. The size of the (Al,Ga)As nanocrystals and (In,Ga)As discs could be 
directly controlled by the In composition. For increasing In composition, the size of 
the nanocrystals was continuously reduced in the mesoscopic size range between 
several 100 and 10 nm due to the smaller (In,Ga)As island size at higher strain66. 
The spacing of the (Al,Ga)As nanocrystals and (In,Ga)As discs has been controlled 
by the (In,Ga)As layer thickness. The average distance of the nanocrystals 
decreases with increasing (In,Ga)As layer thickness, while the average base width 
and height remain almost unchanged. The fact that the In composition did not have 
any influence on the average distance of the nanocrystals allowed independent 
control of the size (by the In composition) and distance (by the (In,Ga)As layer 
thickness) without changes in shape.  
 
 

 
 
 
 
 

 

Figure 2.5: AFM image of AlGaAs nanocrystals formed by 10 nm of InGaAs on a 
GaAs (311)B substrate by MOVPE. 
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2.4 Self-Organized Anisotropic Strain 
Engineering 

The position control of QD sites is mainly pursued by selective overgrowth of 
artificially patterned substrates as discussed in the previous section. Defining QD 
arrays by patterning however, is strongly limited by the spatial resolution and 
accuracy of lithography and pattern transfer. It also introduces additional defects due 
to the various processing steps and is time consuming. However, as already shown 
in the previous section (2.3.3) it is possible to overcome these problems by self-
organization. In the last five years our research group has developed a concept for 
self-organized QD ordering by MBE growth. The concept is based on self-organized 
anisotropic strain engineering of strained template layers. This is demonstrated for 
(In,Ga)As/GaAs superlattice (SL) structures on GaAs (100) and strain induced 
(In,Ga)As growth instability on GaAs (311)B. On top of the strain modulated 
networks formed by the SL template the QD ordering is governed by local strain 
recognition. Hence, this self-organized ordering process does not introduce any 
defects in the QDs due to fabrication processes.  

 
 

 

Figure 2.6: Schematic illustration of (In,Ga)As QWR template formation. The various 
steps occurring in the growth sequence are described in the text.  
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On GaAs (100) substrates, during the MBE growth of a strained (In,Ga)As/GaAs 
SL, elongated (In,Ga)As QDs develop into uniform and long QWR arrays with well-
defined lateral periodicity67. The QWR formation relies on the anisotropic adatom 
surface migration, strain accumulation and indium desorption during annealing of the 
layers of elongated QDs after capping. The crucial steps for template formation and 
QD ordering are schematically illustrated in Figure 2.6. For details see Ref. [68]. To 
start the template formation, (In,Ga)As is supplied at elevated temperature to form 
randomly positioned, elongated (In,Ga)As QDs in the SK growth mode69, see Figure 
2.6(a). This is followed by the growth of a thin GaAs capping layer (Figure 2.6(b)), 
which does not planarize the surface as judged from the reflection high-energy 
electron diffraction (RHEED) pattern70. Subsequently, the QDs further elongate 
during an annealing step at higher temperatures, see Figure 2.6(c). The QDs 
become connected due to anisotropic adatom surface migration and In desorption. 
The latter is controlled by the thin GaAs cap layer of the previous step to reduce the 
strain for a uniform QD connection67 and formation of QWRs. The RHEED pattern 
during the annealing step becomes streaky, indicating planarization of the surface. 
On top of the planar surface a GaAs separation layer is grown, see Figure 2.6(e). 
The thickness is chosen to preserve the lateral strain field modulation from the 
buried QWR structures due to vertical strain mediation41. The deposition of a new 
(In,Ga)As layer leads to QD nucleation on top of the buried QWRs due to the lateral 
strain field minima on the GaAs surface induced by the QWRs which reduce the 
lattice mismatch and induce strain gradient driven In adatom migration, see Figure 
2.6(f). By repeating these steps in (In,Ga)As SL growth, the length of the QWRs 
increases and their lateral ordering improves due to vertical, strain correlated 
stacking. For more than ten SL periods, the length of the QWRs exceeds several 
microns and a well-defined lateral periodicity of the order of 100 nm is developed67. 

 

 

 

Figure 2.7: AFM image of the QD array on QWR template. The scan field is 1 x 1 µm2. 
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On GaAs (311)B, (In,Ga)As templates for the ordering of QDs by strain-induced 
growth instability on high-index planes is established. Strain-induced growth 
instability of (In,Ga)As layers on GaAs (311)B substrates develops a two-
dimensional matrix of closely packed cells71,72. This matrix provides full control of the 
nucleation and growth of InAs QDs in a connected network73. A precise distinction 
between strain-induced growth instability and QD formation in the SK growth mode 
is first considered. Growth instability is characterized by nucleation-less evolution of 
surface undulations with periodicity mainly given by the lattice mismatch74. On the 
contrary, the SK growth mode involves formation of a two-dimensional wetting layer 
followed by random island nucleation. Quantum dot nucleation on GaAs (100) 
generally follows the SK mode, while growth instability has been reported 
experimentally for the GaAs (311)A surface75 to produce an undulated surface with 
nanometer-scale wire-like structures. On GaAs (311)B, the undulation of the surface 
morphology is two-dimensional, in the form of a matrix of closely packed cells.  Due 
to the well defined nature of evolution with constant periodicity, the related two-
dimensional strain modulation generates a uniform template, which continuously 
increases in height with increasing layer thickness; see Figure 2.8(a-c)73.  

This enables full control of the InAs QD nucleation, which is evident in the AFM 
image in Figure 2.8(d) indicated by the arrows and is in clear contrast with SK grown 
InAs QDs directly on GaAs (e). The nucleation control of the QDs on the template is 
assigned to the lateral strain field modulation at the surface of the matrix. The partial 
strain relief in the center of each cell, generates the local strain field minima where 
QD nucleation occurs41, together with the directed strain-gradient driven In surface 
migration. In addition, the corresponding strain maxima at the border of each cell 
provide barriers for In migration, limiting the diameter of the collection area below 
the In adatom diffusion length. This correlates the QD size uniformity to that of the 
cell area. Hence the template governs the nucleation site and collection area plus 
the directed adatom migration, thereby suppressing the random nature of the QD 
nucleation process. The QD density is directly determined by the amount of 
deposited InAs to a maximum of the cell density, which is much larger than the QD 
density achieved directly on GaAs.  
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Figure 2.8: AFM images of the 1.7 nm (a) and 2.1 nm-thick (b) (In,Ga)As layer on GaAs 
(311)B73. AFM line scans along the [0-11] for different (In,Ga)As thickness (c). 
AFM images of the InAs QDs formed on an (In,Ga)As template (d) and InAs QDs on 
GaAs (e). 
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2.5 Summary 

The science of QD-growth is still in evolution. Even for the well-studied  
(In,Ga)As/GaAs system a lot of work remains to be done using crystal growth 
kinetics and energetics to achieve a better control over the QD nucleation, size, 
composition, and uniformity. A brief overview has been given for the position control 
and lateral ordering of QDs, which will be an important factor for future device 
applications of QDs. The most widely chosen strategy for QD ordering involves 
methods which are based on the prepatterning of the surface prior to growth. The 
low dimensional structures are subsequently fabricated by growth of conventional 
QWs, which are strongly modified by the influence of the fabricated mesas on the 
substrates. Utilizing the SK mode, to achieve lateral positioning of QDs on 
prepatterned substrates is another option. The QDs form at pre-defined positions 
defined by the pattern arrangement. However, these processes easily introduce 
defects in the samples containing QDs and hardly use the profitable property of 
strain engineering.  

To overcome these problems a new concept has been developed in our group 
which is based on self-organized anisotropic strain engineering. The structures 
realized by self-organized anisotropic strain engineering are one-dimensional (100) 
and two-dimensional (311)B nanoscale QD networks. The concept benefits from the 
inherent smoothness of the strain field modulations generated on the template 
surface on the nanometer scale. The ordered InAs QD arrays and two-dimensional 
QD network, exhibit excellent structural perfection and optical properties with 
efficient carrier transfer from the template into the QDs and within the QD arrays. 
This concept can be used to create semiconductor building blocks for quantum 
functional devices that require high quality QDs in well-defined arrangements.  
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Chapter 3  
The Formation of a Lattice of 
Lateral Quantum Dot Molecules by 
Self-Organization* 

 An ordered lattice of lateral InAs quantum dot molecules is created by self-
organized anisotropic strain engineering of an (In,Ga)As/GaAs superlattice template 
on GaAs (311)B by molecular beam epitaxy; constituting a Turing pattern in solid 
state. The superlattice template and InAs quantum dot growth conditions like 
number of superlattice periods, growth temperatures, amount and composition of 
deposited (In,Ga)As, and insertion of Al-containing layers are studied in detail for 
optimized quantum dot ordering within and among the InAs quantum dot molecules 
on the superlattice template nodes, which is evaluated by atomic force microscopy. 
The average number of InAs quantum dots within the molecules is controlled by the 
thickness of the upper GaAs separation layer on the superlattice template, and the 
(In,Ga)As growth temperature in the superlattice. The strain correlated growth in 
superlattice template formation and quantum dot ordering is directly confirmed by 
high-resolution X-ray diffraction. Ordered arrays of single InAs quantum dots on the 
SL template nodes are realized for elevated superlattice template and InAs quantum 
dot growth temperatures together with the insertion of a second InAs quantum dot 
layer. Furthermore the influence of steps on the formation of two-dimensional 
ordered quantum dot groups on shallow-patterned GaAs (311)B is investigated.  
 
 

                                                      
* Based on Appl. Phys. Lett. 85, 118 (2004)  and J. Appl. Phys. 97, 044301 (2005) 
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3.1 Introduction 

In this chapter, we present a systematic growth study of the formation of ordered 
and well-separated groups of densely packed InAs QDs, lateral QDMs on GaAs 
(311)B substrates by MBE76,77. By self-organized anisotropic strain engineering of 
vertically stacked (In,Ga)As/GaAs layers, a superlattice (SL) template is formed 
which governs the nucleation sites of the InAs QDs in the next layer. This concept is 
based on the results gained from the previous studies of the strain engineered one-
dimensional QD arrays on GaAs (100) and the two-dimensional QD network on 
GaAs (311)B. Together with results in the literature, for example for the Si/Ge 
material system78,  this concept is further developed during the course of this study.  

The general growth details for the formation of clustered InAs QDs on top of a SL 
template are listed in section 3.2. The evolution of the SL template against number 
of SL periods and its stability against growth and annealing temperatures is 
discussed in section 3.3. The formation process and optimization process of the 
structural quality of the InAs QDs on top of SL is examined in section 0.  In section 
3.5 the template properties are further investigated. The InAs QDs grown under the 
optimized conditions of the previous section are used as a probe to explore the 
creation and development of the template upon variation of the SL template growth 
details, in order to optimize SL template formation. The optimized template is 
subsequently used to enhance the control over the number of QDs per molecule 
(3.6). The structural quality of the InAs QDs and SL templates throughout this work 
is analyzed by AFM under ambient conditions. The significance of strain correlation 
is evaluated by XRD measurements and is compared with the AFM results in 
section 3.7 The profitable potential of the strain engineering is further exploited, 
resulting in the formation of the lateral positioning of single InAs QDs. In order to 
extend this concept for formation of more complex architectures of lateral QD arrays, 
section 3.9 introduces guided self-organized QD ordering by combining self-
organized anisotropic strain engineering with step engineering on shallow mesa-
patterned substrates. This already showed promising results for the linear QD arrays 
on GaAs (100)79. 
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3.2 Experimental Details 

The samples were grown by solid source MBE on GaAs (311)B substrates. If not 
mentioned otherwise, each SL period comprised 3.2 nm In0.37Ga0.63As grown at   
500 °C, thin capping by 0.7 nm GaAs at 500 °C, annealing for 2 min at 580 °C, and 
growth of a 5.5 nm GaAs spacer layer at 580 °C. The number of SL periods is varied 
between 1 and 15 in different samples. The growth rates of GaAs and In0.37Ga0.63As 
were 0.073 and 0.116 nm/s. In further experiments, the In composition of the 
(In,Ga)As SL template layers was varied between 25 and 45%, and the (In,Ga)As 
thickness between 3.0 and 5.0 nm. For InAs QD formation on the 10-period SL 
template, the growth temperature was varied between 450 and 520 °C, and the 
upper GaAs separation layer thickness from 5.5 to 20 nm. InAs was deposited to a 
nominal thickness of 0.5-0.6 nm at a growth rate of 0.0013 nm/s. For the PL studies, 
described in the next chapters the QDs were capped by 200 nm GaAs (20 nm at the 
InAs QD growth temperature plus 180 nm at 580 oC without annealing).  

3.3 Superlattice Template Evolution and 
Stability 

The AFM images in Figure 3.1(a-c) depict the 3.2 nm In0.37Ga0.63As layers on the 
(In,Ga)As/GaAs SL templates with 1, 5, and 10 periods. Upon stacking, the 
nanoscale two-dimensional (In,Ga)As surface modulation for the first SL period75 
evolves into the distinct mesoscopic mesa-like arrangement when the number of SL 
periods is increased from 5 to 10 due to anisotropic surface migration during 
annealing (smoothening the mesas to form mesoscopic nodes) and strain correlated 
(In,Ga)As stacking (governed by preferential (In,Ga)As accumulation on the nodes 
due to strain-gradient driven In adatom migration).  

The different steps in formation of the 11th SL period are shown in Figure 3.1(d) 
and (e). After thin (0.7 nm) GaAs capping of the (In,Ga)As layer and annealing 
(Figure 3.1(d)), a two-dimensional surface modulation with reduced height 
modulation of 3-4 nm is observed. The nodes are smooth with a lateral periodicity of 
300 nm. After 5.5 nm GaAs spacer layer growth (Figure 3.1(e)) the overall surface 
becomes very smooth maintaining a similar modulation height. Thus the formation 
mechanism of the SL template is described as follows. The nanoscale two-
dimensional surface modulation of the first (In,Ga)As layer already shows a 
preferential ordering along the directions ± 45o off [0-11], most probably due to 
lateral strain coupling through the substrate and/or preferential anisotropic surface 
migration in these directions. After thin GaAs capping and annealing this 
morphology is smoothened and, again due to lateral strain coupling and anisotropic 
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surface migration the mesoscopic ordering builds up. It organizes itself into the well-
defined mesa-like structure during SL growth due to preferential (In,Ga)As growth on 
its nodes (indicated by the larger mesa height of 8-10 nm  after (In,Ga)As deposition 
(Figure 3.1(c)) compared to that of the GaAs spacer layer of 3-4 nm in (Figure 
3.1(e)), mediated by vertical strain correlation41.  

The most important result here is the stability of the mesoscopic surface pattern 
after 10 SL periods, as evidenced in Figure 3.2(a) for the (In,Ga)As layer on the 15-
period SL template with mesas of ~ 200 nm width, 300 nm lateral periodicity, and 8-
10 nm average height. The morphology in Figure 3.2(a,b) constitutes the Turing 
pattern40 of buried (In,Ga)As quantum disks obtained by metal organic vapor-phase 
epitaxy (MOVPE)39. In contrast to MOVPE, where the strain driven materials reorga-
nization is completed for the first (In,Ga)As layer due to the higher growth 
temperature, the development of the SL template in MBE provides snapshots of the 
pattern evolution, which have been rarely observed experimentally80. Within the 
general description of reaction-diffusion systems81, in the present case, the reaction 
term may be associated with strain induced island formation during (In,Ga)As growth 
and the diffusion term with adatom surface migration during annealing guided by the 
lateral strain field modulation. This is supported by altering the balance between 

 

Figure 3.1: AFM images of 3.2 nm (In,Ga)As on the 1 (a), 5 (b), and 10 (c) SL 
templates. AFM images of the 0.7 nm GaAs cap layer after annealing (d), and of the 
subsequent 5.5 nm layer of the 11th SL layer period (e). The scan field is 2 x 2 µm2 for 
all images. The height contrast is 15 nm for (a-c), and 4 nm for (d,e). 
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reaction and diffusion when the temperature for (In,Ga)As growth and thin GaAs 
capping is increased to 550 °C and the temperature for annealing and GaAs spacer 
layer growth to 610 °C. This reduces the strain due to enhanced In desorption68 and 
increases the adatom surface migration length. As a result, the mesa-like pattern 
aligned plus and minus 45o off [0-11] transforms into a zigzag or stripe-like pattern 
oriented preferentially along the directions ∼ 70° off [0-11], as shown in Figure 
3.2(b). A quantitative analysis of the pattern formation and transition80 as a function 
of growth conditions is however, beyond the scope of the present study.  

 

Figure 3.2: AFM image of 3.2 nm (In,Ga)As on the 15-period SL template (a).  AFM image 
where the growth temperature of the (In,Ga)As and thin GaAs cap layers in the 10-
period SL template is increased to 550 °C, and the temperature for annealing and GaAs 
spacer layer growth to 610 °C (b). The scan field is 2 x 2 µm2 and the height contrast is 
15 nm.  
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3.4 InAs Quantum Dot Molecules 

InAs QDs form on top of the SL template (i.e., on the upper GaAs layer) in dense 
and well separated groups, as shown in Figure 3.3(a) when depositing 0.6 nm InAs 
at 500 oC on the 10-period SL template. The QDs arrange on the nodes of the SL 
template where the underlying (In,Ga)As accumulation establishes tensile strain field 
minima and the related strain-gradient driven In adatom migration for strain 
correlated stacking76. The ordering and size uniformity of the QDs within the groups 
are significantly improved by lowering the InAs growth temperature to 470 oC (see 
the 0.5 nm InAs QD molecules in Figure 3.3(b)). When the temperature is lowered 
further to 450 oC the QD ordering decreases for too small In adatom migration 
length (Figure 3.3 (c)). For an InAs growth temperature of 520 oC large, elongated 
mounds are observed in Figure 3.3(d), indicating coalescence of the QDs, which is 
already recognized in Figure 3.3(a) for the QDs grown at 500 oC in the center of the 
nodes. Hence, a growth temperature of 470 oC is identified for optimum InAs QD 

 

Figure 3.3: AFM images of the InAs QDs grown at 500 °C (a), 470 °C (b), 450 °C (b) and 
520 °C (d) on the 10-period SL template. The scan field is 1 x 1 µm2 for all images and 
the height contrast is 10 nm for (a-c) and 20 nm for (d). X-STM image of (b), width x 
height is approximately 200 x 100 nm2 (e), courtesy of P. Offermans. 



 
 

The Formation of a Lattice of Lateral Quantum Dot Molecules by Self-Organization 
 

 39

ordering within the molecules while the ordering is decreased at higher temperature 
due to QD coalescence and at lower temperature due to too small In adatom 
migration length. 

3.5 Template Properties 

The In composition and thickness of the (In,Ga)As layers in the 10-period SL 
template are varied and Al-containing layers are inserted in the GaAs spacer layers 
to elucidate the SL template evolution for QD ordering. The two-dimensional strain 
field modulation and, hence, (In,Ga)As distribution is probed by the location of the 
optimized InAs QDs grown at 470 °C on top. The scan field of the AFM images is 
enlarged to provide the best overview on the ordering among the QD molecules. 
Regarding In composition, the highest degree of ordering of the QD molecules in 
well separated and ordered groups is observed in a window between 37 and 29 %, 
when adjusting the respective (In,Ga)As layer thickness to 3.2 and 4.0 nm to keep 
the total amount of In constant (see Figure 3.4 (a) and (c), respectively).  

 

Figure 3.4: AFM images of the InAs QDs grown at 470 °C on the 10-period SL template 
with (In,Ga)As layers of  37 % - 3.2 nm (a), 37 % - 4.0 nm (b), 29 % -  4.0 nm (c), 4 5 % -
3.0 nm (d) and 25% - 5.0 nm (e) In composition and thickness. The scan field is 2 x 2 
µm2 and the height contrast is 15 nm for all images. 
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Increasing the (In,Ga)As layer thickness to 4.0 nm for In composition of 37% 
(Figure 3.4(b)), or increasing the In composition to 45 % for a layer thickness of 3.0 
nm (Figure 3.4(d)) leads to less separated QD molecules with more and smaller 
disordered QDs per group. Also for the low In composition of 25 % and 5.0 nm 
(In,Ga)As layer thickness, disorderly connected QD groups are produced together 
with larger InAs clusters (Figure 3.4(e)). Therefore, the highest degree of ordering of 
the QD molecules is achieved at medium total strain, i.e. In composition and 
thickness of the (In,Ga)As layers in the SL template. Too large total strain opposes 
the build up of sufficient (In,Ga)As accumulation on the SL template nodes and, 
hence, magnitude of the strain field modulation, leading to less separated QD 
groups with more and smaller QDs of low internal ordering. Similarly, for too low 
total strain, a more homogeneous (In,Ga)As layer is maintained and the strain 
correlated stacking for formation of well-defined SL nodes and strain field 
modulation is not supported.  

 

Figure 3.5: AFM images of InAs grown at 470 °C on the 10-period SL template with Al-
containing GaAs spacer layers. InAs QDs directly grown on 2 MLs AlAs on the SL 
template (a). The height contrast is 5 nm. InAs grown on the SL template with 2 MLs 
AlAs covered by 1.0 nm GaAs underneath each (In,Ga)As layer in the SL template and 
the InAs layer on top (b). The height contrast is 10 nm. InAs grown on the SL template 
with 2 MLs AlAs on each thin GaAs cap layer after annealing (c). The height contrast 
is 10 nm. InAs grown on the SL template with Al0.24Ga0.76As spacer layers (d). The 
height contrast is 20 nm. The total spacer layer thickness in the SL template is 5.5 nm 
for all samples. The scan field is 2 x 2 µm2 for all images. 
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Inserting AlAs at various locations in the GaAs layers of the SL template 
significantly alters its formation and the QD ordering. The total spacer layer 
thickness is kept at 5.5 nm. Depositing 2 monolayers (MLs) AlAs on top of the SL 
template directly underneath the InAs QD layer leads to more and smaller QDs per 
group with less ordering and a significant number in-between (Figure 3.5(a)). This is 
attributed to a decrease of the In adatom migration length on AlAs, as is the case for 
lower growth temperature (see Figure 3.3(c) for comparison). When 2 MLs AlAs 
covered by 1.0 nm GaAs are introduced beneath each (In,Ga)As layer of the SL 
template and the InAs QDs on top, a rather smooth mesa-like morphology is 
observed, superimposed by shallow elongated QDs (Figure 3.5 (b)). The mesa 
diameter and periodicity are slightly larger compared to those of the SL template 
without AlAs. Incorporation of 2 MLs AlAs on top of the thin GaAs cap layer after 
annealing in each SL period results in mesas with slightly smaller diameter and 
periodicity, covered with shallow InAs QDs and a small number of large InAs 
clusters (Figure 3.5(c)). Replacing the entire GaAs spacer layer by Al0.24Ga0.76As 
produces a low density of InAs QDs together with large InAs clusters, which are 
randomly distributed on the sample surface (Figure 3.5(d)). 

The diminished InAs QD ordering in the presence of AlAs in the SL template 
indicates that a well-defined (In,Ga)As- and strain field modulation is not 
established. This is attributed to the low surface migration length of Al and the 
reduced surface migration lengths of In (revealed in Figure 3.5(a)) and Ga on AlAs, 
hindering the strain induced materials reorganization. The result of Figure 3.5 (b) 
with 2 MLs AlAs covered by 1.0 nm GaAs beneath the (In,Ga)As SL template layers 
indicates that a considerable lateral mass transport of GaAs underneath the 
(In,Ga)As layers is involved in the formation of the strain modulated (In,Ga)As/GaAs 
SL template of Figure 3.1, which is hindered by the 2 MLs AlAs layer. The result of 
Figure 3.5(c) with the 2 MLs AlAs deposited on the thin GaAs cap after annealing 
furthermore indicates that also significant lateral mass transport during GaAs spacer 
layer growth is essential for building up the strain modulated SL template nodes, 
which is likewise hindered on AlAs. Finally, for (Al,Ga)As spacer layers (Figure 
3.5(d)) a two-dimensional mesoscopic ordering is entirely suppressed due to the 
small surface migration length of Al. It is interesting to note that despite of the 
insertion of thin AlAs layers a two-dimensional mesa-like surface morphology is still 
observed in Figure 3.5(b,c), though with a reduced height, whereas InAs QD 
ordering is strongly degraded. This underlines the lateral strain field modulation 
established in Al-free (In,Ga)As/GaAs SL templates to fully govern QD ordering 
independent of morphological features. 
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3.6 Controlling the Number of Quantum 
Dots per Molecules 

To control the average number of InAs QDs within the molecules, a reduction of the 
amount of InAs rather reduces the QD height, leaving the QD number unchanged. 
On the other hand, the average number of QDs is controlled by the upper GaAs 
separation layer thickness on the SL template. The number is reduced from 11 for 
the 5.5 nm thick separation layer (Figure 3.6(a)) to 8.5 for a thickness of 9.5 nm, and 
to 7.5 for a thickness of 15 nm, depicted in Figure 3.6(b). The InAs growth 
temperature is 470 oC for optimized QD ordering within the molecules on the 10-
period SL template. The reduction of the average number of QDs per molecule with 
increasing upper GaAs separation layer thickness on the SL template is attributed to 
a decrease of the tensile strain field minima, shrinking the effective area for 
preferred QD formation. When, however, the upper GaAs separation layer thickness 
is increased to 20 nm, the QD ordering degrades for too shallow strain field minima, 
shown in Figure 3.6(c).  

 

Figure 3.6: AFM images of the InAs QD molecules grown at 470 oC on the 10-period 
SL template with upper GaAs separation layer thickness of 5.5 (a), 15 (b) and 20 nm 
(c). In (d) the growth temperature of the (In,Ga)As and thin GaAs cap layers in the 10-
period SL template with 15 nm upper GaAs separation layer thickness is increased to 
520 °C. The scan field is 1 x 1 µm2 and the height contrast is 10 nm for all images. 
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The effective area for QD formation and, thus, the average number of QDs per 
molecule is further decreased by increasing the (In,Ga)As growth temperature in the 
SL template, which is attributed to enhanced In migration and In accumulation on 
the nodes. Figure 3.6(d) shows the InAs QD molecules deposited at 470 oC on the 
SL template with the (In,Ga)As layers grown at 520 oC and a 15 nm thick upper 
GaAs separation layer. The average number of QDs per molecule is 4. Hence, by 
adjusting the thickness of the upper GaAs separation layer and the (In,Ga)As growth 
temperature in the SL template, well-separated groups of ordered InAs QDs with 
adjustable number are realized, which are themselves self-organized into an 
ordered lattice. 
 

3.7 Proof of Strain Correlation 

High-resolution XRD performed in various scattering geometries consistently 
confirms the lateral strain field modulation and strain correlated growth in SL 
template formation and QD ordering. The XRD spectra of the QDM structures were 
recorded by using a computer-controlled high-resolution double-crystal X-ray 
diffractometer. A 2.2 kW Bede D200 generator with a Cu anode, using the Cu Kα1 
line, was used as the X-ray source. To narrow the angle and wavelength spread of 
the beam, a channel cut collimator and monochromator with Si (111) as reference is 
used as a beam conditioner. The diffraction patterns are recorded by rotating the 
sample and detector measuring the rocking-curve or the so-called θ-2θ-scan. The 
detector is a “wide open” NaI scintillation counter with a slit in front of it to increase 
the angular resolution. In this case the X-ray radiation scattered by the sample at 
certain angles is measured. Under these conditions a scan is measuring the 
momentum transfer both normal and parallel to the crystal surface. Hence, the X-ray 
scattering is not only sensitive to the structural parameters that are modulated 
normal to the crystal surface, but is also sensitive to the modulation parallel to the 
crystal surface82.   

The XRD spectra of the optimized 10-period SL template of Figure 3.1(c) (without 
the (In,Ga)As layer on top) are recorded in the vicinity of the symmetric (311) 
reflection with the X-ray beam 45o off [0-11] and along [0-11], see Figure 3.7(a). 
Both spectra reveal clear satellite peaks close to the substrate reflection whose 
spacing provides the periodicity of the lateral strain field modulation of the SL 
template in the respective direction83.The angular distance between the satellite 
peaks is related to the periodicity of the lateral strain field modulation Lp by  
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where l is the X-ray wavelength, Θc is the angle between the scattered X-ray beam 
and the crystal surface, Θb is the kinematic Bragg angle and Ω the angular distance 
between the satellite peaks. The experimental determined satellite peak spacing 
yields a lateral periodicity along the direction 45° off [0-11] of 350 nm and of 420 nm 
along [0-11]. For completeness, grazing exit XRD spectra recorded in the vicinity of 
the asymmetric (004) reflection reveal a lateral periodicity along [0-11] of 400 nm. 
These values are in good agreement with the lateral periodicity of the InAs QD 
molecules on the SL template along the direction 45o off [0-11] of 300 nm, which is 
derived from the two-dimensional fast-Fourier transform analysis of the AFM images 
in Figure 3.3(b), shown in Figure 3.7(b). 

3.8 Single InAs quantum dots 

In order to realize single InAs QDs on the nodes of the 10-period SL template, not 
only the growth temperature of the (In,Ga)As layers in the SL template is increased 
but also the temperatures for annealing and GaAs spacer layer growth, and that for 
InAs QD deposition. Figure 3.8(a) shows the AFM image of the InAs QDs grown at 
500 °C on the SL template with (In,Ga)As and thin GaAs cap growth temperature of 
530 °C, and annealing and GaAs spacer layer growth at 610 °C. The upper GaAs 

 

Figure 3.7: XRD spectra recorded in the vicinity of the symmetric (311) reflection of the 
10-period SL template of Figure 3.1(c) without upper (In,Ga)As layer with the X-ray 
beam 45° off (solid line) and along (dashed line) [0-11] (a). AFM two-dimensional fast-
Fourier transform analysis of the InAs QD molecules on the 10-period SL template (b). 
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separation layer thickness is 15 nm. The number of QDs on the nodes, however, 
does not change compared to that in Figure 3.6(d) where only the growth of the 
(In,Ga)As layers is at higher temperature. The QD groups are less separated and 
ordered due to enhanced In desorption in SL growth and a more stripe-like pattern 
with less defined nodes discussed for the SL template in Figure 3.1(e). 

Single InAs QDs on the SL template nodes are realized at the elevated growth 
and annealing temperatures when an additional 0.5 nm InAs QD layer is inserted on 
the SL template with 15 nm upper GaAs separation layer and overgrown by 15 nm 
GaAs. The additional inserted InAs QD layer is capped with a  thin GaAs layer and 
annealed, as the (In,Ga)As layers in the SL template. Due to the fact that the InAs 
QDs in this interlayer solely form on the SL nodes, the lateral strain field modulation 
most effectively concentrates after thin GaAs capping and annealing. Together with 
the enhanced In adatom migration length at elevated temperature, supported by the 
tendency for QD coalescence (discussed for the case of Figure 3.3(a)), the resulting 
shrinkage of the effective area of the tensile strain field minima for preferred QD 
formation produces single InAs QDs in the center of the nodes, as shown in Figure 
3.8(b). Only the combination of elevated temperatures for SL template formation and 
InAs QD growth and the insertion of an additional InAs QD layer realizes single 
QDs. Applied separately, the average QD number per group is not changed 
significantly.  

 

Figure 3.8: AFM images of the InAs QDs grown at 500 °C on the 10-period SL template 
with growth temperature of 530 °C of the (In,Ga)As and thin GaAs cap layers, and 610 
°C for annealing and the GaAs spacer layers.  InAs QDs without (a) and with (b) 
additional InAs QD layer, a thin GaAs cap layer and subsequent annealing, on the SL 
template with 15 nm upper GaAs separation layer and overgrown by 15 nm GaAs. The 
scan field is 1 x 1 µm2 and the height contrast is 20 nm for both images.  
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3.9 Shallow Patterning 

To establish the relation between self-organized anisotropic strain engineering and 
step engineering on shallow patterned substrates for QD ordering, stripe- and zigzag 
patterned substrates were prepared by optical lithography and wet chemical etching 
in the H2SO4:H2O2:H2O (1:8:1000) solution. The width and separation of the periodic 
stripes, oriented along the [01-1] direction, were 2 µm, while those of the periodic 
zigzag patterns were 10 µm with the mesa sidewalls alternately rotated by plus and 
minus 60o off [01-1]. The etched mesa depth was 30 nm. The samples were cleaned 
in concentrated H2SO4 and rinsed in ultra-pure water before loading into the growth 
chamber. The growth commenced with a 200 nm thick GaAs (500 nm for 
unpatterned substrates) buffer layer grown at 580 ºC. 

The arrangement of the (In,Ga)As QDs distinctly changes on the shallow stripe-
patterned substrate, depicted in Figure 3.9(a-c) with different magnification. The QD 
arrangement becomes more stripe-like with the stripes assuming a distinct zigzag 
pattern. For such shallow patterns, the surface consists of terraces and monolayer 
high steps after buffer layer growth rather than of facets which form for deep-etched 
mesas84. Hence, the formation of the zigzag stripe-like QD arrangement is attributed 
to the presence of steps on the non-equivalent mesa sidewalls. 

The stripes of InGaAs QDs follow the direction of the typical triangular contour of 
macroscopic defects for the (311)B surface orientation as well as the macroscopic 
triangular kink structure of deeper etched mesa sidewalls towards [-233] (towards 

 

Figure 3.9: AFM images of the zigzag stripe-like periodic arrangement on [01-1] shallow 
stripe-patterned GaAs (311)B with different magnification. The height contrast is 45 (a),  
35 (b), and 20 nm(c). 
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the next (111) plane) with acute angle pointing towards [2-3-3]85. Hence, the 
underlying kink structure of the steps induced on the shallow mesa sidewalls 
towards [-233] is assigned to govern the direction of In and Ga adatom surface 
migration during annealing in SL template formation and, thus, the direction of the 
lateral strain field modulation leading to the zigzag stripe-like QD arrangement on 
the shallow stripe-patterned substrate.  

The natural zigzag stripe-like arrangement of the QD arrays on the stepped mesa 
sidewalls is very well ordered over macroscopic distances when the SL template 
develops on the zigzag-patterned substrate, shown in Figure 3.10(a) and (b). The 
zigzag pattern, though much larger than the characteristic length scale of self 
organization supports the uniform natural kink structure of the steps on the inclined 
sidewalls leading to almost perfectly periodic stripes of QDs following the entire 
mesa sidewalls and covering the whole triangular pattern. The average periodicity of 
the stripes is 100 – 120 nm, their width is between 120 and 140 nm, and each stripe 
contains on average three lines of QD with 45 – 50 nm center to center distance. 
From the unchanged lateral periodicity of the QD arrays on unpatterned and 

shallow-patterned substrates it is evident that the role of the steps is to modify the 
self-organized SL template formation, i.e., the direction of In and Ga adatom surface 
migration during annealing, while the lateral QD ordering is strain related. This is 
thus a clear example of guided self-organization where step engineering on shallow-
patterned substrates of proper design and macroscopic dimensions combined with 
nanoscale self-organized anisotropic strain engineering produces QD arrays with 
complex architecture and a high degree of lateral ordering over macroscopic 
distances.  

 

Figure 3.10: AFM images of the zigzag stripe-like periodic arrangement of ordered 
InGaAs QD arrays on shallow zigzag-patterned GaAs (311)B with different 
magnification. The height contrast is 35 nm (a) and 20 nm (b).  
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3.10 Summary 

In conclusion, we have studied the formation of ordered lateral InAs QDMs by self-
organized anisotropic strain engineering of an (In,Ga)As/GaAs superlattice (SL) 
template on GaAs (311)B substrates by MBE. Starting from the nanoscale 
modulated (In,Ga)As layer, subsequent thin GaAs capping, annealing, GaAs 
overgrowth, and repetition in SL growth produces a highly ordered, two-dimensional 
(In,Ga)As- and, thus, strain field modulation on a mesoscopic length scale. It 
constitutes a Turing pattern in solid state, which is stable after 10 SL periods. This 
two-dimensionally strain modulated network is utilized as a template for InAs QD 
growth. On top of its nodes, preferential formation of ordered groups of laterally 
closely spaced InAs QDs occurs to form an ordered lattice of isolated QDMs.  The 
QDMs formed on the nodes of the SL template exhibit the highest degree of 
ordering for slightly reduced InAs growth temperature and medium total strain, i.e. In 
composition and thickness of the (In,Ga)As layers in the SL template, as evaluated 
by AFM. Insertion of Al-containing layers in the SL template inhibits the evolution of 
strain modulation and InAs QD ordering. The average number of QDs within the 
molecules is controlled by the thickness of the upper GaAs separation layer on the 
SL template and the growth temperature of the (In,Ga)As and thin GaAs cap layers 
in the SL. For optimised SL template formation and QD ordering the strain correlated 
growth is consistently confirmed by high resolution X-ray diffraction (XRD) in various 
scattering geometries. Furthermore, ordered arrays of single InAs QDs on the SL 
template nodes are realized at elevated temperatures for SL template formation and 
InAs QD growth together with the insertion of a second InAs QD layer. In addition, 
complex laterally ordered architectures of QD arrays have been created by 
combining self-organized anisotropic strain engineering with step engineering on 
shallow mesa-patterned substrates. These findings provide a route for the formation 
of complex arrangements of QD arrays which establish the building blocks for future 
quantum functional devices. 
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Chapter 4  
Optical Properties: 
Macro-Photoluminescence 

The InAs quantum dot molecules are studied by excitation power density and 
temperature dependent macro-photoluminescence. An unusual asymmetric 
broadening together with a continuous shift towards higher energies of the 
photoluminescence peak position, most prominent for p-type modulation-doped 
quantum dot molecules, is observed with increasing excitation power density. The n-
type modulation-doped quantum dot molecules exhibit a square-shaped 
photoluminescence spectrum, resembling that of modulation-doped quantum wells. 
In temperature dependent macro-photoluminescence, two distinct minima of the full-
width at half-maximum are observed, indicating thermally activated carrier 
redistribution within the quantum dot molecules through two different channels. The 
observed results are in strong contrast with spectra observed from isolated quantum 
dots. These results are explained by state filling in the presence of extended 
electron states formed due to lateral electronic coupling of the quantum dots within 
the quantum dot molecules. 
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4.1 Introduction 

To assess the optical quality of the QDMs the structures are investigated for a first 
characterization by macro-PL. Optical absorption creates an electron and a hole in 
the GaAs barriers; they diffuse towards the SL template and the QDMs where they 
are captured. When the electron and hole wave unctions in either the SL or QDMs 
have a strong overlap, recombination takes place under emission of a photon. A 
controlled population of the QD energy levels can be obtained by varying the laser 
excitation power. When probing the emitted photon from the SL and/or QDMs, 
information about the confinement behavior of the carriers in the SL and QDMs can 
be obtained. The effects of thermally activated excitation of carriers in the QDMs can 
be investigated via temperature dependent photoluminescence. In this way carrier 
escape, redistribution and retrapping, inhomogeneous broadening, population 
distribution, and saturation effects can be evaluated. Although the detected photons 
originate from a huge number of QD(M)s, important information can be obtained 
about the internal electronic structure of the QD(M)s. The focus will lie on the QDMs, 
containing either 8 or 4 QDs per molecule and the n- and p-type modulation doped 
samples with 4 QDs per molecule. This allows us to get a better understanding of 
the differences of the behavior of electrons and holes, respectively, providing deeper 
insight into the QDM opto-electronic properties. The relevant contributions of 
different processes studied by the excitation power density and temperature 
dependent PL experiments will be discussed in this chapter. 

In section 4.2, the experimental details concerning the optical set-up are 
described together with additional growth details for the samples used for the PL 
investigations. A typical PL spectrum of the QDM sample is shown and discussed to 
distinguish the contributions from the QDMs and SL. The results of the excitation 
power density dependent PL measurements of different QDM samples and 
reference samples are presented in sections 4.3.1 and 4.3.2. Detailed temperature 
dependent measurements of the QDM samples are presented in section 4.4. The 
obtained experimental results of the excitation power density and temperature 
dependent measurements are discussed in sections 4.5.1 and 0, respectively. 
Finally, the key results of the macro-PL measurements are summarized in section 
4.6. 
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4.2 Experimental Details 

For the PL studies, the InAs QDMs were capped by 200 nm GaAs. The n- and p-
type modulation-doped QDMs were obtained by inserting 30 nm of either Si or Be 
doped (1 x 1018 cm-3) GaAs separated by 8 nm undoped GaAs above the QDMs, 
respectively. The two-dimensional carrier density obtained by Hall measurements for 
reference modulation-doped QWs is 4  and 2 x 1011 cm-2  for Si and Be doping, 
respectively. The macro-PL measurements were performed by photo-exciting the 
samples above the GaAs band gap, while the samples were positioned in a He-flow 
cryostat. The diameter of the excited area on the sample surface was about 50 µm, 
probing around 20000 QDMs The excitation power density was varied from 0.01 
W/cm2 to 10 kW/cm2 (with P0 = 1 kW/cm2). Each QD is occupied with approximately 
1 electron-hole pair for the excitation density of P0, deduced from time-resolved 
differential reflection spectroscopy86. The PL signal was dispersed by a single 
monochromator and recorded by a cooled InGaAs charge coupled device (CCD) 
camera. 

Figure 4.1 shows the PL spectra taken at 5 K and RT of the capped InAs QDMs 
containing 8 QDs (see AFM image in Figure 3.3(b)). At 5 K the peak at 1.18 eV with 
a width of 71 meV originates from the InAs QDMs and that at 1.32 eV (line width 52 

 

Figure 4.1: PL spectra taken at 5 K (solid black line) and RT (dotted blue line) of the 
capped InAs QDMs with average 8 QDs (see AFM image of Figure 3.6(b)) .The PL at 
5K from the 10-period SL alone (dashed red line) is shown for reference.  
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meV) from the SL template. This assignment follows from the PL peak energy at 
1.28 eV of the SL template alone, shown for reference. The PL of the SL and QDMs 
is well separated. The blue shift of the PL from the SL template is governed by In 
desorption and flattening of the (In,Ga)As layers during annealing68 (unannealed 
(In,Ga)As layers exhibit a peak wavelength of 1.19 eV) and varies slightly from 
sample to sample. At RT the PL of the QDMs is centered at 1.10 eV with a line width 
of 71 meV and a three orders of magnitude reduced peak efficiency. The absence of 
RT PL from the template indicates efficient carrier transfer to the QDMs. Most 
important, the PL efficiency of the QDMs is not degraded compared to that of InAs 
QDs directly grown on GaAs with comparable line width.  

4.3 Excitation Density Dependent 
Photoluminescence 

4.3.1 Quantum Dot Molecules 
Figure 4.2 shows the evolution of the PL spectra taken at 5 K of the QDMs with 
average 8 QDs (a), average 4 QDs (b), and the p- and n-type modulation-doped 
QDMs with average 4 QDs (c,d) upon increasing the excitation power density. The 
PL band at lower energy originates from the QDMs while that at higher energy 
stems from the SL template as follows from the assignment in the previous section. 
The corresponding AFM images of the uncapped QDMs are shown in the insets. 
With increasing excitation power density, an asymmetric broadening and a 
continuous shift of the PL peak towards higher energies are observed for the QDMs 
as well as for the SLs. The dependences of the FWHM and the PL peak position on 
the excitation power density are summarized in Figure 4.3. 

The asymmetric broadening of the undoped QDMs with average 4 and 8 QDs 
becomes strong above an onset at about 0.1 P0, as can be seen in Figure 4.3(a). At 
the same excitation power density the accompanying shift of the PL peak towards 
higher energies takes effect as well; see Figure 4.3(b). The asymmetric broadening 
is larger for the QDMs with 8 QDs while the shift of the PL peak towards higher 
energies is slightly smaller. The low-energy side of the PL spectra remains 
unchanged upon increase of the excitation power density with the PL spectra 
approaching a square shape. The p-type modulation-doped QDMs (Figure 4.2 (c)) 
exhibit a more pronounced asymmetric broadening compared to that of the 
corresponding undoped QDMs. Simultaneously, the shift of the PL peak towards 
higher energies is larger as well. Moreover, the onset of pronounced asymmetric 
broadening and of the PL peak shift towards higher energies is at one order of 
magnitude lower excitation power density compared to that for the undoped QDMs 
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(0.01 P0 for the p-doped QDMs instead of 0.1 P0 undoped QDMs). The n-type 
modulation-doped QDMs (Figure 4.2(d)) exhibit a characteristic square-shaped PL  
spectrum from the lowest excitation power density onwards. The additional 
asymmetric broadening and shift of the PL peak towards higher energies with 
increase of the excitation power density are similar to those of the undoped QDMs 
with comparable onset at 0.1 P0.  
 

 

Figure 4.2: Excitation power density dependent macro-PL spectra taken at 5 K of the 
QDMs with average 8 (a) and 4 (b) QDs, and of the p-type (c) and n-type (d) 
modulation-doped QDMs with average 4 QDs, P0 = 1 kW/cm2. The dotted lines 
connect the peak intensities as a guide for the eye.  
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The integrated PL intensities versus excitation power density of the different 
QDM samples up to 10P0 show a linear behavior up to P0, as shown in Figure 4.4.  
After this excitation power density a deviation from the linear dependence starts to 
become significant demonstrating saturation of the PL intensity. This implies that the 
probed QDM states become fully occupied. A saturation of the asymmetric 
broadening of the FWHM and the shift in the PL peak position is also observed 
above 1P0 for the QDM samples. 

 

Figure 4.3: Excitation power density dependence at 5 K of the macro-PL FWHM (a) 
and peak positions (b) of the QDMs.  

 

Figure 4.4: Integrated PL intensity versus excitation density for the four different 
QDM samples. The solid and dashed lines are a guide for the eye. 
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4.3.2 Reference Samples 
In order to clearly understand the evolution observed in the excitation power density 
dependent measurements of the QDMs the results are compared with those from 
relevant reference samples. One of the reference samples is a high-density QD 
sample while the other reference sample contains isolated QDs, thus representing 
the limiting cases of QDMs with a locally high QD density. In section 2.4, a two-
dimensional matrix of closely packed QDs due to strain-induced growth instability of 
(In,Ga)As layers on GaAs (311)B substrates was already introduced. These high 
density, ordered QDs allow to examine the modifications of the exciton properties 
induced by the 2-dimensional periodic potential modulation in the presence of 
electronic coupling. Electronic coupling, i.e., the formation of extended states, or 
minibands, in such QD superlattices has been confirmed by other groups29,30. In 
addition, by utilizing the 2-dimensional (In,Ga)As QD matrix as a template for InAs 
QD nucleation and carefully choosing the amount of deposited InAs, isolated InAs 
QDs can be realized on top, as discussed in section 2.4, see Figure 2.8(d). The 
evolution of the PL spectra taken at 5 K of the 2-dimensional high-density (In,Ga)As 
QD sample and of the sample with isolated InAs QDs is examined upon increasing 
the excitation power density, see Figure 4.5. With increasing excitation power 
density, an asymmetric broadening and a relatively small continuous shift of the PL 
peak towards higher energies are observed for the high-density (In,Ga)As QD 
sample. On the other hand, there is no peak shift observed for the isolated InAs QDs 
and the PL broadening is symmetric rather than asymmetric, which is in good 
agreement with the behavior of isolated QDs reported in literature91. The integrated 
PL intensities of the two reference samples again show saturation at P0, which is 
accompanied by a saturation of the (a)symmetric broadening of the FWHM as well 
as of the shift of the PL peak position for the high-density (In,Ga)As QD sample.  

 

Figure 4.5: Excitation power density dependent macro-PL spectra taken at 5 K 2-D 
network sample (a) and of a sample with isolated QDs on top of the 2-D network (b).
P0 = 1kW/cm2. The dotted lines connect the peak intensities as a guide for the eye. 
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4.4 Temperature Dependent 
Photoluminescence 

Figure 4.6 (a-d) shows the temperature dependence of the FWHM measured in 
macro-PL of the undoped and modulation-doped QDMs. The excitation power 
density is 0.02 P0, which is well below the excitation power density where the 
broadening of the FWHM saturates. The FWHM of the PL undergoes two minima, 
the first one between 30 and 70 K, and the second one between 140 and 230 K. The 
minima are accompanied by an enhanced low-energy shift of the PL peak. For the 
undoped QDMs the minimum at lower temperature is less pronounced than the 
minimum at higher temperature, revealing only a small decreases of the FWHM 
(Figure 4.6(a,b)). The minimum at lower temperature is most noticeable for the p- 
and n-type modulation-doped QDMs (Figure 4.6(c,d)) and of equal depth as the 
minimum at higher temperature. 

A remarkable steep increase of the FWHM is observed above 150 K for the 
QDMs with 8 QDs, which is followed by a very weak increase above 190 K to a 
value of 70 meV at RT, shown in Figure 4.6(a). The minimum of the FWHM arises 
from thermally activated carrier redistribution between QDs in inhomogeneous 
ensembles, as will be discussed in detail in section 0. The weak increase after the 
distinct inflection point at 190 K, resembles the broadening of the FWHM of isolated 
QDs87,88, indicating that the QDMs are electronically isolated, i.e. the carrier 
redistribution takes place only within the QDMs. A clear inflection point for the 
undoped and modulation doped QDMs containing 4 QDs is not observed, although 
the FWHM of the undoped QDMs with 4 QDs per molecule tends to deviate from a 
continuous increase with temperature, indicating a similar behavior as that observed 
for the 8 QDs per molecule. The inflection point is clearly absent in the case of the 
modulation-doped QDMs. For these samples the behavior is most probably affected 
by the significant band bending due to the relatively high doping concentration, 
facilitating carrier redistribution. An inflection point is also never observed for the 
capped (In,Ga)As QD layer of Figure 3.1(c) and for the capped SL template of 
Figure 3.1(e). After the high temperature minimum of the FWHM and enhanced low-
energy shift of the PL peak position, the FWHM continuously increases with 
temperature, which is attributed to a continuous increase of the carrier spread over 
areas fully covered with QDs. 
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Figure 4.6: Temperature dependence of the macro-PL FWHM of the QDMs with average 
8 (a) and 4 (b) QDs, and of the p-type (c) and n-type (d) modulation-doped  QDMs with 
average 4 QDs. The excitation power density is 0.02 P0. 
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For the QDMs at high temperature (above 150 K), the PL intensities start to 
quench quickly.  Thermal activation energies for the different samples are obtained 
by presenting the integrated PL intensities in a so-called Arrhenius plot89, see Figure 
4.7, and fitting them with the following equation: 

)/exp(1/()( TkEcTI BAPL −+= α ,   (Eq) 4-1 

where kB is the Boltzmann constant, EA is the thermal activation energy and c and α 
are normalization constants. EA, c and α are obtained from the fitting procedure. For 
an overview of the deduced activation energies observed in the structures 
containing the different QDMs and the structure containing only the SL, see Table 
4-1.  

 

Figure 4.7: Normalized integrated PL intensity of the QDM sample containing 4 QDs 
versus temperature. The solid black squares are the measured data points and the 
solid red line is the fit. 

Table 4-1: Overview of the experimentally obtained activation energies of the 
structures containing the different QDMs and the structure containing only the SL. 

Sample Activation energy (meV) 
8 QDs per molecule 135 
4 QDs per molecule 150 
p-type modulation doped (4QDs) 60 
n-type modulation doped (4QDs) 98 
SL template 75 



 
 

Optical Properties: Macro-Photoluminescence 
 

 59

4.5 Discussions 

4.5.1 Excitation Density Dependent 
Photoluminescence 
The asymmetric broadening together with the shift of the PL peak towards higher 
energies are first indications for the formation of extended states in the QDMs due to 
tunnel coupling. Tunnel coupling of the QD ground states creates extended states 
with a distinct energy separation determined by the coupling strength. Taking into 
account size fluctuations of the QDs within and among the QDMs, this results in an 
apparent quasi-two-dimensional density of states when probing the ensemble of 
QDMs in macro-PL. State filling with increase of the excitation power density then 
accounts for the asymmetric broadening of the PL spectrum with unchanged low-
energy side. This is supported by the similar behavior obtained for the high-density 
(In,Ga)As QD reference sample, observed before by other groups too and attributed 
to lateral electronic coupling in these two-dimensional layers of closely spaced 
QDs29,90. The asymmetric broadening is also similar to that typical for QWs, with the 
PL spectrum approaching a square shape for high excitation power density 
according to the two-dimensional density of states. The asymmetric broadening 
initiates a shift of the PL peak position towards higher energies. However, a larger 
asymmetric broadening does not automatically result in a larger shift towards higher 
energies since the shift is also determined by the energy separation of the extended 
states given by the coupling strength, as can be seen when comparing the undoped 
QDMs with different number of QDs. The larger asymmetric broadening for the 
QDMs with 8 QDs than that for the QDMs with 4 QDs at high excitation power 
density is explained by the larger total energy spread of the extended states. 
Increasing the number of QDs in the QDMs makes the quasi-two-dimensional 
density of states wider in energy due to tunnel splitting associated with each QD 
state. Also with increasing number of QDs in the QDMs, there are more states 
available within a certain energy range due to the increased average mutual 
distance, i.e., reduced average mutual coupling between the QDs, and, 
consequently, the shift of the PL peak towards higher energies due to state filling is 
less. This explains the smaller shift of the PL peak towards higher energies with 
excitation power density for the QDMs with 8 QDs compared to that for the QDMs 
with 4 QDs.  

For the excitation power density P0 each QD is approximately occupied by 1 
electron-hole pair, as is deduced from time-resolved differential reflection 
spectroscopy measurements86 and is supported by the saturation of the integrated 
PL intensity (Figure 4.4). The appearance of excited state emission with increasing 
excitation power density from the QDMs is likely blurred by the asymmetric 
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broadening and high-energy shift of the PL peak. Hence, the behavior of the QDMs 
is in marked contrast to that of ensembles of isolated QDs. There, with increasing 
excitation power density, the PL line shape and peak energy of the QD ground state 
emission remain unchanged, as can be seen for the reference sample with isolated 
InAs QDs, or even slightly shifts to lower energy due to Coulomb interaction and 
emission peaks from excited states appear at higher energies due to state filling91. 
Our experimental data from the QDMs are in agreement with the presence of 
extended states90, resembling earlier observations of a continuous shift of the 
absorption spectra when varying the QD density in layers of randomly positioned 
QDs92.  The continuous shift was caused by high density QD clusters, without any 
control over the cluster size and position. This is in big contrast to our case, where 
we have a limited number of QDs in well-defined areas.  

For QDs coupled through phonon assisted tunneling, also a broadening and shift 
of the PL spectrum towards higher energies would be expected with increase of the 
excitation power density, when the lower-energy QDs become saturated and higher-
energy QDs populated. However, in this case, the shape of the PL spectrum would 
remain Gaussian for all excitation power densities, reflecting the unperturbed energy 
distribution of the QD ground states according to the statistic QD size distribution.  
No fundamental separation of the energy states is present in this case to constitute 
a quasi-two-dimensional density of states of the ensemble of QDMs. A contribution 
to the observed asymmetric broadening and accompanying shift of the PL peak 
towards higher energies of the QDMs, stemming from the saturation of localized 
states, coupled through phonon assisted tunneling, however, cannot be excluded. 
Such localized states or QDs which do not contribute to extended states, form when 
the unperturbed QD ground state energies deviate by more than the tunnel coupling 
splitting due to QD size fluctuations and variations of the QD distances, see Figure 
4.8.  

Below the excitation power density of 0.1Po, which marks the onset of 
pronounced asymmetric broadening together with the onset of the shift of the PL 
peak towards higher energies of the QDMs, the QDMs with 8 QDs already reveal a 
weak gradual broadening. At these low excitation power densities the broadening 
can not arise from state filling. In the case of layers of high-density (In,Ga)As QDs 
on GaAs (311)B such broadening has been attributed to the redistribution of carriers 
in the extended states, forming a miniband, due to carrier-carrier scattering29,30. For 
the QDMs, this mechanism is more efficient for 8 QDs per QDM than for 4 QDs due 
to the smaller energy separation of the extended states, causing the gradual 
broadening at low excitation power density, which might also contribute to the larger 
broadening at high excitation power density above 0.1Po due to state filling.  

The stronger asymmetric broadening and shift of the PL peak towards higher 
energies of the p-type modulation-doped QDMs with an onset already at 0.01Po 
compared to those of the undoped QDMs suggests the formation of extended states 
only for electrons while the holes are localized due to their larger effective mass. For 
undoped QDMs at low excitation power density, when only a few electron-hole pairs 
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are optically excited, the localization of the holes leads to a localization of the 
electrons as well by Coulomb attraction within the electron-hole Bohr radius of 
several 10 nm. In this case, the emission spectra of the QDMs resemble those of 
ensembles of isolated QDs, where the PL intensity increases with excitation power 
density while the shape of the PL spectrum remains unchanged. Only when all QDs 
within the QDMs are filled with holes for increasing, excitation power density, the 
electron states become delocalized and a continuous asymmetric broadening and 
high-energy shift occurs due to state filling in the presence of the quasi-two-
dimensional density of states of the QDM ensemble. On the other hand, for the p-
type modulation-doped QDMs all QDs are initially filled with several holes, favoring 
delocalized exciton states already for low excitation power densities. The 
asymmetric broadening and high-energy shift of the PL peak, therefore, are more 
pronounced with lower onset.  

The existence of extended electron states is confirmed by the n-type modulation-
doped QDMs. The square-shaped PL spectrum observed at low excitation power 
density resembles that of modulation-doped quantum wells93, where all electrons up 
to the Fermi energy contribute in the emission. From the width of the square-shaped 
spectrum, a Fermi energy of ~ 50 meV is extracted. The Fermi energy can be 
calculated according to: 

DF n
m

E 2*

2

⋅=
πh

,     (Eq) 4-2 

where ħ Planck’s constant, m* is the effective electron mass, and n2D is the two-
dimensional carrier concentration. This results in a Fermi energy of 44 meV taking 
into account the effective electron mass of InAs (0.022m0) and the 2-D carrier 
concentration of the QW reference sample. Keeping in mind the uncertainty of 
electron transfer efficiency from the doped layer into the QDMs this is in good 
agreement with the experimentally obtained value from the PL spectra. The 
additional broadening and high-energy shift of the PL spectrum with excitation power 
density are comparable to those of the undoped QDMs with onset at 0.1Po due to 
electron localization by holes at lower excitation power density. 

The shift of the PL peak position towards higher energies due to filling of 
extended electrons states can have a contribution from piezo-electric effects in the 
strained QDMs. Piezo-electric effects have been widely studied for quantum wires, 
and QDs on high-index surfaces94,95. They lead to a shift of the PL peak towards 
higher energies as a function of excitation power density due to screening of the 
internal piezo-electric field by optically excited carriers. This may be accompanied by 
a reduction of the FWHM due to a shift of the maxima of the wave function moduli 
away from the interfaces to the center of the nanostructures, reducing the influence 
of interface or size fluctuations on the inhomogeneous PL FWHM. The observed 
magnitude of the high-energy shift of the PL peak of about 50 meV for the QDMs is, 
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however, by far larger than the energy shift due to piezo-electric effects occurring in 
isolated QDs on GaAs (311)B of 5 – 10 meV95. Hence, a significant contribution to 
the large shift of the PL peak position towards higher energies for the QDMs due to 
piezo-electric effects can only be explained in the presence of extended states. This 
strongly enhances the influence of the lateral component of the piezo-electric field 
as the potential change across the QDMs is directly proportional to the extension of 
the wave function94. 

4.5.2 Temperature Dependent Photoluminescence 
The observation of minima of the FWHM in temperature dependent macro-PL 
measurements of QD arrays generally reveals thermally activated redistribution of 
carriers between QDs of different size and energy. For the QDMs, the unusual 
observation of two distinct minima of the FWHM indicates two different carrier 
redistribution channels at lower and higher energies. The minimum at higher 
temperature is observed for all kinds of QD arrays and attributed to thermally 

 

Figure 4.8: Schematic illustration of the band diagram of the QDMs. The two 
independent carrier redistribution channels are illustrated and labelled as low 
temperature redistribution (LTR) and high temperature redistribution (HTR). 
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activated carrier redistribution (high temperature redistribution (HTR)), through the 
QD wetting layer and barriers96. The minimum is due to preferential carrier transfer 
from smaller (higher energy) to larger (lower energy) QDs97 with temperature rise 
which is followed by equilibration of the carrier distribution in the larger and smaller 
QDs when the probability of carrier escape becomes comparable. For the QDMs this 
translates into thermally activated carrier redistribution through the wetting layer and 
GaAs barriers between localized states of different energy which arise due to QD 
size fluctuations and variations of the QD distances98. 

The minimum at lower temperature, not observed in ensembles of isolated QDs, 
can not be explained by carrier redistribution through the wetting layer and barriers 
between the QDMs. This minimum indicates a carrier redistribution channel which is 
much closer in energy to the localized states, (low temperature redistribution (LTR)) 
see Figure 4.8. This carrier redistribution channel evidences the presence of the 
extended states which are formed for electrons. The minimum is most noticeable for 
the modulation-doped QDMs, especially for the p-doped QDMs, where the formation 
of delocalized exciton states is favored. This is in agreement with the larger 
asymmetric broadening and shift of the PL peak towards higher energies in the 
excitation power density dependent macro-PL measurements. For the n-type 
modulation-doped QDMs, carrier transfer may be facilitated due to the initial 
occupation of localized and extended electron states up to the Fermi level.  

The experimentally obtained activation energies for the quenching of the 
integrated PL intensities of the undoped QDMs are close to the energy splitting 
between the SL and the QDM peaks. This indicates thermally activated escape of 
carriers from the QDMs to the SL, although there is no direct redistribution channel 
from the QDMs into the SL with the GaAs barrier in between. However, even though 
this energy barrier is twice as large as the activation energy, there is a significant 
probability of carrier activation into the GaAs barrier state which accounts for the 
quenching of the PL peak of the QDMs. In addition, the existence of an InAs wetting 
layer underneath the QDMs might facilitate the carrier activation and escape, 
enhancing the quenching of the PL intensity of the QDMs.  

A remarkable aspect, which confirms the validity of the value of the Fermi energy, 
is the activation energy of the n-type modulation-doped sample. The difference in 
thermal activation energy between the undoped and n-type modulation doped QDMs 
containing 4 QDs is the Fermi energy, which is in good agreement with our 
observations (150 - 50 ≈ 98 meV), see Figure 4.8. 
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4.6 Summary 

The excitation power density dependent PL was studied for ensembles of ordered 
lateral QDMs containing on average 4 and 8 QDs. Asymmetric broadening of the PL 
spectra with increasing excitation power density is stronger for 8 QDs per molecule 
than for 4 QDs. In addition, a shift of the PL peak to higher energies is observed. 
The asymmetric broadening is also observed for a two-dimensional layer of high-
density QDs, where the existence of extended states has been demonstrated by 
other groups29,30 and is in strong contrast to the behavior of isolated QDs. The p-
type modulation-doped QDMs reveal an enhanced asymmetric broadening and 
high-energy shift while n-type modulation-doped QDMs exhibit a square-shaped PL 
spectrum, which is also observed for the undoped QDMs at high excitation power 
densities, resembling that of modulation-doped quantum wells.  

The FWHM of the PL as a function of temperature shows two minima, the first 
one between 30 and 70 K, and the second one between 140 and 230 K. The 
minimum at lower temperature, which is not observed in ensembles of isolated QDs  
and which is much lower in energy. This lower temperature minimum is due to 
carrier redistribution through extended states within the QDMs. These observations 
are consistently explained by state filling in the presence of extended electron states 
due to lateral electronic coupling of the QDs in the molecules forming a quasi two-
dimensional density of states.  
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Chapter 5  
Optical Properties:  
Micro-Photoluminescence 

The InAs quantum dot molecules are studied by excitation power density and 
temperature dependent micro-photoluminescence. Despite the small excitation spot 
size and the confocal detection arrangement, emission from single quantum dot 
molecules can not be probed adequately. To enable single quantum dot molecule 
spectroscopy, aluminum masks with 1 x 1 µm2 square openings are fabricated by 
electron beam lithography and lift-off. A low number of quantum dot molecules is 
selected through these apertures. Micro-photoluminescence spectra of the p-type 
modulation-doped QDMs exhibit discrete sets of sharp photoluminescence peaks on 
top of broad photoluminescence bands. The number and intensity of the sharp 
peaks increase with excitation power density. When raising the temperature, the 
number and intensity of the sharp peaks decrease while the intensity of the broad 
photoluminescence bands increases, in agreement with the carrier redistribution at 
lower temperature observed in macro-photoluminescence. For the n-type 
modulation-doped quantum dot molecules only broad photoluminescence bands are 
observed with similar behavior. These results confirm the state filling in the presence 
of extended electron states formed due to lateral electronic coupling of the quantum 
dots within the quantum dot molecules. 
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5.1 Introduction 

Despite the ongoing improvements of the control of the formation of QDs, there are 
unavoidable, fabrication-inherent variations of the QD properties such as 
composition, size and shape leading to inhomogeneous broadening of the PL 
emission when probing a large ensemble of QDs. Several experimental techniques 
have been developed which allow single QD spectroscopy. This allows us to study 
the optical properties of single QDs and/or coupled QDs. The optical transitions of 
single electron-hole pairs occupying the QD ground state energy usually exhibit 
spectrally narrow emission lines. Interaction of carriers (e.g. by Coulomb and/or 
exchange interactions) as well as tunnel coupling of QDs distinctly affect the 
emission properties. Unraveling the optical properties at the single and multiple 
exciton level can therefore provide a unique proof of the coherent coupling of 
electronic states of coupled QDs, which is the goal of this chapter.  

Section 5.2 introduces the concepts of confocal microscopy. The micro-PL set-
up, the relevant optical components, and the detection equipment are discussed in 
section 5.2.1. In addition, possible options for the set-up are indicated. The 
possibilities/limitations of the confocal arrangement are identified in section 5.2.2. 
The aluminum masking procedure to enhance the spatial resolution to adequately 
isolate single QDMs is described in detail in section 5.3. In section 5.4 the increased 
spatial resolution obtained by the aluminum masking is verified by excitation power 
density dependent micro-PL measurements of the undoped QDM sample containing 
4 QDs. Subsequently, the excitation power density and temperature dependent 
micro-PL spectra of the p- and n-type modulation-doped QDM samples containing 4 
QDs are presented. The discussion of the obtained results is given in section 5.5. 
Section 5.6 summarizes the main conclusions regarding the micro-PL 
measurements.  

5.2 Experimental Details 

5.2.1 Experimental Set-up 
A schematic layout of the experimental set-up, which is used for the micro-PL 
measurements, is depicted in Figure 5.1. A continuous-wave (CW) Ti:sapphire ring 
laser, which is optically pumped by an Ar+ laser, is used as the excitation source. 
The CW Ti:sapphire laser is tunable between 750 – 980 nm. For the experiments 
discussed in this chapter however, the laser is fixed at the wavelength of 800 nm 
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(1.554 eV), with excitation power densities ranging from 0.01 to 50 P0. Hence, the 
excitation energy is above the GaAs band gap energy for all temperatures up to RT. 
The excitation laser beam is coupled into a beam expander which enlarges the 
beam diameter in order to optimize the optical power transferred by the lenses and 
microscope objective in excitation and detection paths. After the beam expander the 
excitation beam is guided via mirrors and focused on the sample by a Mitutoyo 100 
x microscope objective. The sample is placed in an Oxford instruments He-flow 
cryostat with a pillared cold-finger, which can be inserted in a magnet, as 
schematically depicted in Figure 5.1(a). 

The microscope objective has a large numerical aperture (0.70), a long working 
distance (10 mm) and a spot size of 0.7 µm according to the specifications. To 
determine the actual spot size diameter, artificially patterned substrates were used, 
which provided a spot size of approximately 1 µm. The collection of the emitted PL 
was performed by the same objective. A micrometer sized pinhole accompanied by 
two lenses on each side can be incorporated in the detection path to enhance the 
spatial resolution of the detected signal. In order to obtain a high spectral resolution 
for the collected PL, a Jobin-Yvon triple spectrometer was used to disperse the light. 
The monochromator can be used as a triple spectrometer with the double pre-
monochromator usable as a subtractive filter or as a double additive dispersive 
system for ultimate resolution. The signal is coupled into the entrance slit of the triple 
spectrometer by adjustable mirrors and an adjustable lens to align the detection 
beam along the optical axis, which is a key issue for obtaining high resolution and 
detection efficiency. The triple spectrometer is equipped with two detection mounts, 
which are used for multi-channel - (CCD) and single channel - (photomultiplier tube) 
detection in the measurements discussed here a cooled (In,Ga)As CCD camera was 
used as detector and most measurements were performed in the subtractive mode 
with a spectral resolution of 60 µeV 

For a more detailed overview of the excitation and detection system an artist 
impression is shown in Figure 5.1(b). The thick (red) line represents the excitation 
path, while the detection path is represented by the thinner (green) line. When a 
semi-transparent mirror is placed into the excitation path, the sample can be 
illuminated with a white light source to image the sample surface. Together with the 
reflection of the excitation spot this is used to monitor the position of the excitation 
spot on the sample surface by a CCD video camera module. The excitation beam is 
reflected into another beam expander by a 1 µm thick pellicle beam splitter with 
transmittance/reflection ratio of 10/90. The beam expander is implemented to match 
the excitation beam diameter with the opening of the objective. The beam expander 
and objective are mounted on the same stage, which can be adjusted either 
manually or via a controller for high precision. This enables us to scan the excitation 
spot in all three directions with a precision of 0.1 µm and a maximum distance of 
150 µm.  
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Figure 5.1: Schematic overview of the micro-PL set-up (a). Artist impression of 
the final part of the excitation path and initial part of the detection path (b).  
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5.2.2 Micro-Photoluminescence Measurements 
Figure 5.2 shows the evolution of the micro-PL spectra taken at 3.6 K of the 
undoped QDMs containing 4 QDs upon increasing the excitation power density. The 
measurements are performed with a pinhole of 50 µm diameter. The PL spectrum 
shows a large number of peaks, which are closely spaced and sometimes combined 
in small groups indicated by circles in Figure 5.2. The width of the individual peaks is 
a few hundred µeV with an energy separation of neighboring peaks of the order of a 
few meV. With increasing excitation power density the number of peaks increases 
and a continuous background with a Gaussian envelope develops.  

In order to increase the resolution of the detection system, the triple spectrometer 
is operated in additive mode to focus on individual sets of peaks in different 
measurements. However, the number of peaks remains too large to gain additional 
information. To gain deeper insight on the origin of the groups of peaks, micro-PL 
measurements in magnetic field were performed. However, due to spatial instability 
of the excitation spot for magnetic fields above 1 Tesla, clear peak shifts or splittings 
could not be observed. 

Although the micro-PL measurements are performed with an excitation spot 
diameter of approximately 1 µm the spatial resolution is not adequate to study the 
emission of a single QDM. This is mainly due to the large pinhole diameter of 50 µm 
and the large working distance and high numerical aperture of the microscope 
objective, resulting in a relatively large collection area (≈ 5µm diameter). Reduction 
of the pinhole diameter is not possible due to a drastic reduction of the collection 
efficiency. To overcome these problems the samples are masked with aluminum 
containing micrometer sized apertures, as will be discussed in the next section.  

 

Figure 5.2: Micro-PL spectra for the undoped QDMs containing 4 QDs for different 
excitation densities measured in confocal microscopy. 
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5.3 Sample Preparation 

The QDM samples are masked by aluminum and a lift-off procedure to achieve 
(sub-) micrometer sized holes. Poly-methylmethacrylate (PMMA) with 7 % anisole is 
used as resist for e-beam lithography. The PMMA is used both as positive and 
negative resist and is spun on the samples for 45 seconds at 4500 rpm, leading to a 
thickness of approximately 400 nm. Subsequently the PMMA is pre-baked on in an 
over at 175 °C for one hour. Large areas are e-beam written with a relatively low 
dose, such that PMMA act as a positive resist. Within these large areas, small areas 
which are later becoming the holes in the aluminum mask, are written with high 
dose, turning PMMA into a negative resist due to creation of cross-linked molecules. 
The e-beam acceleration voltage is set to 20 kV with an aperture of 10 µm and a 
magnification of 1000 x and a total write field of 100 µm. The current used for 
exposing the resist is 50 pA. The dose used for the PMMA acting as a positive resist 
is 250 µC/cm2, whereas 15 mC/cm2 is used to turn PMMA into the negative resist. 
The overdosed small areas with diameters ranging from 400 nm to 2 µm are 
separated by 20 µm, in order to minimize the contribution from neighboring holes in 
the micro-PL measurements, see design in Figure 5.3.  

After e-beam exposure the PMMA resist is developed in a solution of methyl 
isobutyl ketone (MIBK) and isopropyl alcohol in the ratio 1:3 for 60 seconds and 
rinsed in isopropyl alcohol for another 60 seconds, leaving behind the unexposed 
and overdosed areas covered with PMMA, see the optical microscope image in 
Figure 5.4(a). The square shaped indents at the edges of the mask are used to mark 
the positions of the (sub-)micrometer sized holes in a grid for easy identification in 
the micro-PL set-up. Bigger indents mark the border between areas with holes of 
different sizes, see arrow in Figure 5.4(a).  

 

Figure 5.3: Schematic overview of mask design. 
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An aluminum layer of 100 nm is subsequently deposited by thermal evaporation. 
Aluminum lift-off in the unexposed areas is achieved by dissolving the PMMA in 
acetone, leaving behind the aluminum mask in the exposed area with the overdosed 
PMMA pillars covered with 100 nm aluminum. Aluminum lift-off in the overdosed 
areas is performed in an oxygen plasma (stripper) at 300 W for 10 minutes. The final 
cleaning of the masked sample is done in an ultrasonic bath in isopropyl alcohol for 
several minutes to remove the small aluminum pieces. Finally the masking 
procedure and opening of the (sub-)micrometer sized holes is confirmed by 
scanning electron microscopy (SEM) as can be seen in Figure 5.4(b).   
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 

Figure 5.4: Optical microscope image of the sample surface after the development of 
the exposed PMMA resist (a). SEM image of a 1x 1 µm2 hole after the masking 
procedure (b).  
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5.4 Micro-Photoluminescence on Masked 
Samples 

Figure 5.5 shows the evolution of the micro-PL spectra at 3.6 K collected from a      
1 x 1 µm2 opening of the undoped QDMs containing 4 QDs upon increasing the 
excitation power density. The openings can be easily found, when the white light 
source is used to image the sample surface. The beam splitters are taken out of the 
set-up, since the spatial filtering depends entirely on the size of the opening for the 
masked samples. The PL spectra typically show sets of sharp peaks, which are 
closely spaced within a band of approximately 20 meV width. The number of the 
sets of sharp peaks depends on the size of the holes. The width of the individual 
peaks is typically a few hundred µeV with a typical energy separation of neighboring 
peaks of the order of a few meV. The number of peaks increases with excitation 
power density while the intensity outside the spectral range of the sharp peaks 
hardly changes. When moving the excitation spot, the sets of peaks appear and/or 
disappear simultaneously. Moreover, the excitation spot can sometimes be 
displaced over several hundred nanometers without major changes in the observed 
PL spectrum. These are strong indications that the sets of sharp peaks originate 
from individual QDMs. Thus, masking of the samples enables us to study single 
QDMs via (sub-)micrometer sized holes.  

 

Figure 5.5: Excitation density dependent PL spectrum at 3.6 K obtained through a 1 x 1 
µm2 aperture of a QDM sample containing 4 QDs per molecule.  
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The macro-PL measurements have revealed unusual effects, i.e. the asymmetric 
broadening together with a shift of the PL peak position towards higher energies and 
two minima in the temperature dependence of the FWHM. These behaviors are 
distinctly different from those of isolated QDs91,96, as discussed in the previous 
chapters. Since these effects are most evident in the modulation-doped QDMs, we 
investigate the modulation-doped QDMs in more detail by micro-PL as function of 
excitation power density and temperature. Again, a low number of QDMs is selected 
through aluminum masks with 1 x 1 µm2 square openings as described in the 
previous section.  

In the excitation power density dependent micro-PL spectra of the p-type 
modulation-doped QDMs taken at 3.5 K (Figure 5.6(a)), two discrete sets of sharp (< 
1meV) peaks superimposed on top of broad (~ 15 meV) PL bands are observed. 
The number and intensity of the sharp peaks within each set and the intensity of the 
broad PL bands increase with excitation power density. The n-type modulation-
doped QDMs, on the other hand, only reveal broad PL bands of similar width without 
sharp peaks whose intensity similarly increases with excitation power density 
(Figure 5.6(b)). As a function of temperature, the number and intensity of the sharp 
peaks of the p-type modulation-doped QDMs decreases (Figure 5.6(c)). The sharp 
peaks vanish around 60 K and the intensity of the broad PL bands increases with a 
maximum in the temperature range of 80 – 110 K before it drops at higher 
temperatures. For the n-type modulation-doped QDMs (Figure 5.6(d)) the 
temperature dependence of the intensity of the broad PL bands is similar to that for 
the p-type modulation-doped QDMs. The width of the broad PL bands for both the n- 
and p-type modulation-doped QDMs is comparable with a small thermal broadening 
at elevated temperatures.  
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Figure 5.6:  (a,b) Excitation power density dependent micro-PL spectra taken at 3.5 K of 
the p-type (a) and n-type (b) modulation-doped QDMs with average 4 QDs. (c,d) 
Temperature dependent micro-PL spectra of the p-type (c) and n-type (d) modulation-
doped QDMs. The excitation power density is 5 P0 (c) and 10 P0 (d).  
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5.5 Discussion 

The presence of extended states in the QDMs manifests itself in the excitation 
power density and temperature dependent micro-PL measurements of the 
modulation-doped QDMs where the largest effects are already observed in macro-
PL. The discrete sets of sharp peaks superimposed on broad PL bands of the 
undoped and p-type modulation-doped QDMs are attributed to the emission of 
individual QDMs. Typically a low number of these discrete sets with sharp features 
are observed through a 1 x 1 µm2 aperture. The observation of the broad PL bands 
is a clear signature of the recombination of excitons in quasi-two-dimensional, 
extended states. The superimposed sharp features, on the other hand, originate 
from localized states within the extended states as has been observed for QWR99 
and laterally coupled QDs100,101. As the localized states in the QDMs arise from QD 
size fluctuations and variations of the QD distances, their energies can be 
distributed from below to above the energy range of the extended states. 
Interestingly almost all localized states fall in energy within the energy range of the 
extended states. For the lowest excitation power densities only a very small number 
of sharp peaks is observed in each set, smaller than the number of QDs per QDM. 
With increase of the excitation power density, the intensity of the broad PL bands 
increases and additional sharp peaks arise at higher and lower energies which are, 
similar to isolated QDs, attributed to localized bi-excitons and charged excitons. The 
width of the sharp peaks is in the order of a few hundred µeV. This is significantly 
broader than the width reported for isolated QDs65,102, indicating interaction of the 
localized states with the energetically overlapping extended states in the presence 
of relatively weak confinement or localization. 

With moderate increase of the temperature, the localized excitons redistribute 
through the extended states resulting in the observed gradual reduction of the 
number of sharp peaks. Further temperature rise then leads to an increase in the 
intensity of the broad PL bands due to thermally activated occupation of the 
extended states. The temperature of about 60 K where the sharp peaks vanish and 
the intensity of the broad PL bands rises coincides well with the lower temperature 
minimum of the FWHM in macro-PL confirming the carrier redistribution through 
extended states. Moreover, the temperature range of maximum intensity of the 
broad PL bands between 90 – 110 K, and the successive drop, approaching the 
range of the higher temperature minimum of the FWHM in macro PL, agrees with 
redistribution and loss of carriers within the wetting layer and barriers. The overall 
shift of the PL spectra to lower energy is caused by the dependence of the band gap 
energy on the temperature. 

The absence of sharp peaks for the n-type modulation-doped QDMs showing 
only broad PL bands, even for the lowest excitation power densities and 
temperatures is remarkable. This is attributed to the occupation of the localized 
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states as well as the extended electron states up to the Fermi energy, given by the 
doping level. As the localized states are distributed in energy over the range of the 
extended states, their sharp emission peaks are buried beneath the stronger 
emission due to the occupied extended electron states, and only the broad PL 
bands from individual QDMs are observed. As a function of excitation power density 
and temperature, the broad PL bands behave very similar to those of the p-type 
modulation-doped QDMs with comparable width, confirming the similar extended 
energy level structure in those QDMs with the same number of QDs.  

5.6 Summary 

In conclusion, we have studied excitation power density and temperature dependent 
micro-PL of ordered lateral QDMs, indicating the formation of extended electron 
states. The special resolution of confocal micro-PL spectroscopy was not sufficient 
to isolate single QDMs. Therefore, a masking procedure is developed to isolate 
single or a low number of QDMs by (sub)micrometer sized holes in aluminum 
masks. Micro-PL spectra obtained from 1 x 1 µm2 holes of the undoped and p-type 
modulation-doped QDMs exhibit discrete sets of sharp PL peaks on top of broad PL 
bands. The number and intensity of the sharp peaks increase with excitation power 
density. When raising the temperature the number and intensity of the sharp peaks 
decrease while the intensity of the broad PL bands increases, in accordance with 
the carrier redistribution at lower temperature observed in macro-PL. Only broad PL 
bands are observed for the n-type modulation-doped QDMs with similar width and 
behavior.  

These findings are consistently explained by state filling in the presence of 
extended electron states. They are formed due to lateral electronic coupling of the 
QDs within the QDMs and appear as a quasi two-dimensional density of states 
when probing a large ensemble, resulting in the asymmetric broadening and high-
energy shift of the macro-PL spectra as a function of excitation power density. They 
provide the lower energy carrier redistribution channel observed in the temperature 
dependent macro- and micro PL measurements and account for the broad PL bands 
in micro-PL. This opens a route for experimental investigations of the quantum 
behavior of carriers in artificial QDMs, with possible application in future quantum 
functional devices. 
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Chapter 6  
Carrier Dynamics of Lateral 
Quantum Dot Molecules 

The carrier decay and rise times of the quantum dot molecules containing 4 
quantum dots are evaluated by two-color time-resolved differential reflection 
spectroscopy at 5 K and room temperature. Changes in the transient reflection 
signal versus excitation pump density are observed for characteristic quantum dot 
molecule filling factors for the rise and decay time at 5 K and for the decay time at 
room temperature. Coherent excitation of the quasilongitudinal and quasitransverse 
acoustic phonon modes in the quantum dot molecules is monitored as well by the 
same technique. The observation of acoustic phonons is supported by 
photoluminescence up-conversion measurements. Carrier capture within the 
ordered quantum dot molecules initiates coherent acoustic phonon excitation, which 
induces a transient modulation of the local strain-induced piezo-electric field within 
the quantum dot molecules. The acoustic phonons modulate the optical properties of 
the quantum dot molecules though the quantum confined Stark effect, causing 
distinct oscillation in the differential reflection and photoluminescence signal.  
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6.1 Introduction 

The dynamics of electrons and holes in semiconductor nanostructures, which are 
governed by their radiative and non-radiative recombination, their mutual Coulomb 
attraction, and by their interaction with lattice vibrations (phonons) have been 
extensively studied and discussed in the literature. A powerful technique to study the 
carrier dynamics in nanostructures utilizes short optical pulses to photo-excite 
electrons from the valence to the conduction band (i.e. to create electron-hole pairs) 
that subsequently relax and recombine until the photon energy stored in the medium 
is dissipated and the system has returned to thermal equilibrium. 

Carrier dynamics in QD nanostructures can be studied by means of several 
experimental techniques. The most direct and perhaps simplest way is to use a fast 
detection unit (photomultiplier, photodetector or streak camera), which commonly is 
limited to a time resolution of approximately 1 ps. For achieving time resolutions 
comparable to the laser pulse width, techniques which use optical nonlinearities 
induced by the laser pulses allow subpicosecond resolution. PL-up conversion is an 
example of a technique which uses nonlinear optical properties, i.e. frequency 
mixing103 to achieve subpicosecond resolution. The luminescence excited by an 
ultrafast laser pulse is mixed with the laser pulse in a nonlinear crystal to generate 
radiation with the sum frequency. Since the mixing process only takes place during 
the presence of the laser pulses, a time resolution comparable to the laser pulse 
width104 is provided. As this method relies on the luminescence efficiency of the QD 
structures, which is not only sensitive to the optical quality of the sample but also 
strongly depends on the measurement temperature, the sensitivity can be low. To 
circumvent the temperature dependent luminescence efficiency, optical 
absorption105,106 and reflection107,108 can be used. In this chapter the carrier 
dynamics are investigated by two-color pump-probe time-resolved differential 
reflection spectroscopy (TRDR).  

Section 6.2 introduces the experimental details concerning the TRDR 
measurements.  In section 6.3 the carrier dynamics of the QDMs at 5 K and RT is 
presented. The results of the time-resolved investigations combined with the 
conclusions of chapters 4 and 5 are compared with results from the literature. 
Section 6.4 is dedicated to the observation of oscillations in the TRDR signal 
explained by the generation of coherent acoustic phonons, which is confirmed by 
PL-up conversion measurements. Finally, a summary of the carrier dynamics is 
given in section 6.5. 
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6.2 Experimental Details 

To determine the time resolved response of the QDMs upon optical excitation, the 
samples are investigated by TRDR spectroscopy.  As the pump source, a 76 MHz 
mode-locked Ti:sapphire laser is used at a wavelength of 800 nm, which is 
mechanically chopped with a frequency of 4 kHz. The pump beam is focused on the 
sample with a spot size of approximately 50 µm, exciting carriers in the GaAs barrier 
layers. The carriers diffuse towards the QDs, relax and are finally captured into the 
QDs. The carrier occupation in the QDs leads to bleaching of the QD transition, and 
hence, to a decrease of the probe pulse absorption and a change of the QD 
reflectivity. The pump induced changes within the QDs are probed by 2 ps probe 
pulses generated from an optical parametric oscillator, synchronously pumped by 
the Ti:sapphire laser, see Ref. [107] for more experimental details. Since the TRDR 
signal is directly related to changes of the occupation of the QD eigenstates, i.e., (R-
R0)/R0 = ∆R/R0 ∝  (fe + fh), where fe and fh are the electron and hole occupation 
probabilities, respectively. A change in reflectivity is also observed when a single 
electron or hole is occupying a QD state. The PL signal, on the contrary, is 
proportional to the product of the two probabilities, i.e. PL ∝ fefh108

, requiring 
electrons and holes to occupy the same QD. The probe energy is tuned in 
resonance with the peak energy of the QDMs emission. The probe pulses propagate 
perpendicular to the QDM plane and parallel to the [311] crystallographic direction. 
The time resolved measurements are performed on the QDMs containing 4 QDs on 
average at 5 K and RT.  

6.3 Carrier Dynamics of the Quantum Dot 
Molecules 

Figure 6.1 depicts the transient differential reflection signal (∆R/R0 (t)), measured at 
5 K for various excitation densities with P0 = 1 kW/cm2. From the rise time of the 
transient signal, the carrier capture and relaxation times are deduced. After the 
signal has reached its maximum value, the transient signal decays exponentially 
with a characteristic time (the carrier lifetime) due to carrier recombination.  The time 
evolution of the transient signal can be described by: 
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with τrise and τdecay the rise and decay time, respectively. In order to get a better 
insight in the relaxation mechanisms, the rise and decay times are analyzed as 
function of the excitation pump density.  

Figure 6.2(a) shows the extracted rise and decay times of the carriers in the 
QDMs at 5 K as function of excitation pump density. The experimentally obtained 
filling factor86 for the QDMs, i.e., the average number of carriers per QDM, at 5 K is 
shown in Figure 6.2(b). At low excitation densities the carrier lifetime in the QDMs is 
relatively long (2.5 ns), however decreases quite rapidly with increasing excitation 
density until a relative excitation density of 0.2P0. After this inflection point a much 
weaker reduction of the carrier lifetime is observed with increasing excitation 
density. At low excitation densities (< 0.2P0), the carrier lifetime is governed by the 
individual lifetimes of electrons or holes, occupying with high probability different 
QDMs, which results in long carrier decay times. For excitation density > 0.2P0 the 
experimentally obtained filling factor for the QDMs exceeds 1, meaning on average 
there is more than one electron-hole pair (exciton) inside the QDMs. When this is 
the case the probability for the delocalized electrons overlapping with a hole and 
forming an exciton increases. This leads to a sharp transition in the decay time from 
longer to shorter decay times. For uncoupled QDs, this sharp transition in decay 
time would only take place when each single QD would contain one electron-hole 
pair. This implies that the QDMs acts as a single units due to the presence of 
extended states resulting in a change in decay time already for one electron-hole 

 

Figure 6.1: TRDR signals of the QDMs containing 4 QDs measured at 5 K for various 
excitation densities in units of P0. 
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pair per molecule. With further increase of the excitation density, the number of 
electrons and holes increases and therefore the probability for a delocalized electron 
finding a localized hole becomes higher resulting in the further, but less steep 
reduction of the exciton decay time. This is in contrast with reported observations in 
literature109,110 for time-resolved luminescence measurements of coupled QDs. 
These techniques, however, require the direct spatial overlap of the electron and 
hole wave functions for the emission of a photon. The coupling of QDs leads to 
delocalized electron states and localized holes. Therefore the overlap of the carrier 
wave functions will be reduced in the presence of extended states, leading to longer 
luminescence decay times for coupled QDs than for isolated QDs where the wave 
functions are confined more strongly. In the case of TRDR however, changes in the 
signal are already noticeable when there is a single electron or hole present, or 
when the electron and hole do not have direct spatial overlap.  

In addition, the screening of the piezo-electric effect by the photogenerated 
carriers will become more efficient for higher excitation densities. The screening of 
the piezo-electric field by photogenerated carries in isolated QDs is negligible 
because of the limited number of electrons which can be stored in the discrete 
energy levels. In our QDMs however, the electronic coupling of the QDs forms a 
quasi continuous density of states, enabling more efficient screening of the piezo- 
electric effect because of the presence of extended states. This leads to an 
enhanced overlap of the delocalized electrons and holes which contributes to the 
decrease of the decay time.  

 

Figure 6.2: Carrier capture (blue circles) and decay (black squares)  times as function 
of the excitation pump density of the probe pulse for the QDMs containing 4 QDs at 5 
K (a). The experimentally obtained QDM filling factor as a function of excitation pump 
density 5 K (b).  
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The carrier relaxation and capture within the QDMs are characterized by the rise 
time of the transient signal. The rise time reveals a minimum versus excitation pump 
density. Noteworthy is that this minimum is at the same normalized pump density 
(0.2P0) where the change of the decay time is observed. The initial decrease of the 
capture time is usually interpreted being due to Auger scattering111. The subsequent 
increase is in strong contrast with the behavior observed in QWs and isolated QDs. 
It implies that the effect of carrier scattering on the relaxation is dramatically 
changed within the closely spaced extended states of our QDMs. The relaxation 
within the extended states is mainly governed by the exciton coherence length86. 
The rapid decrease of the coherence length with increasing excitation pump density, 
therefore, leads to the increasing rise time.  

At RT, the decay time changes from single exponential to bi-exponential above a 
threshold excitation pump density of 0.2P0, see Figure 6.3. The higher the excitation 
density, the faster and more efficient the initial fast decay mechanism and the longer 
the slow component becomes, as evidenced by the transient signal for P0 and 2P0.  
The initial fast decay for these high excitation densities reduces the reflectivity below 
the values for lower excitation densities. As a consequence of this initial fast decay 
mechanism, the remaining carriers have a lower probability of overlap, resulting in a 
longer decay time as is the case for low excitation densities. An overview of the 
extracted decay times of the carriers in the QDMs at RT as function of excitation 
pump density is shown in Figure 6.4. The experimentally obtained filling factor86 for 
the QDMs at RT is shown in Figure 6.4(b). 

 

Figure 6.3: TRDR signals of the QDMs containing 4 QDs measured at 293 K at various 
excitation densities in units of P0 
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At the inflection point the average number of carriers per QDM is approximately 
4, see Figure 6.4(a). The gradual decrease in lifetime up to the inflection point 
follows from an increasing number of delocalized electrons, leading to a higher 
probability of electron-hole overlap and therefore a decrease in carrier lifetime as 
observed from the carrier lifetime at 5 K. At the inflection point the onset of the bi-
exponential decay at RT becomes noticeably and becomes significant for higher 
excitation densities. An additional decay mechanism comes into play and manifests 
itself as an initial fast decay, which becomes faster and more efficient with 
increasing excitation density.   

Despite the lack of a full understanding of the physical mechanism which causes 
this change in decay at RT, enhanced or stimulated emission is a possible additional 
decay mechanism, which can cause the fast decay time. The fast decay can be 
explained by a simplified three-energy-level scheme, see Figure 6.5. Let us consider 
closely spaced energy states in which excitons can decay quickly to the ground 
state112. The existence of localized and extended states in the QDMs as confirmed 
by the micro-PL measurements causes such a situation. The photogenerated 
carriers which have relaxed to the extended states, subsequently relax rapidly into 
the lowest energy states (|1>), and then excitons are formed. For low excitation 
densities (i.e. below the onset of the bi-exponential decay) e-h pairs decay 
radiatively from the lowest energy (|1>), involving spontaneous emission.  The fast 
decay comes into play for high excitation densities (> 0.2P0 which corresponds to 
more than 4 e-h pairs in the QDMs). For these excitation densities, the probability of 
enhanced or stimulated emission, which needs population inversion, becomes likely. 

 

Figure 6.4: Carrier decay times as function of the excitation density of the probe 
pulse for the QDMs containing 4 QDs at 293 K (a). The experimental obtained QDM 
filling factor as a function of excitation pump density at 293 K (b).  
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The condition of population inversion is achieved by state filling of the closely 
spaced extended states (|2>), together with the rapid carrier relaxation from these 
extended states (|2>) to the lowest energy state (|1>). This provides fast re-filling of 
the lowest energy state (|1>), facilitating enhanced or stimulated emission. The 
unique density of states of the QDMs provides the condition for enhanced or 
stimulated emission which is in strong contrast to isolated QDs.  

The absence of the bi-exponential decay at 5 K is attributed to the fact that the 
QDM filling factor is too low to provide population inversion even for the highest 
excitation densities applied. In contrast, at RT, thermally activated carrier 
redistribution from the SL into the QDMs, as can be seen from the absence of SL PL 
at RT, leads to a higher QDM filling factor for the same excitation density. For a 
deeper insight into the behavior of the carriers dynamics, more detailed investi-
gations are however required.  

In addition, the screening of the piezo-electric effect as described before comes 
into play again as well. This process is more important at high temperature since the 
out-of-QDM screening is much more efficient than the in-QDM screening. At RT the 
thermal escape of carriers out of the QDMs is significant. As a consequence the 
screening by the out-of-QDM carriers is increased, enhancing the overlap of the 
delocalized electrons and holes, in analogy with quantum wells113.  

 

Figure 6.5: Schematic illustration of the relaxation model. 
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6.4 Coherent Acoustic Phonons* 

Pronounced oscillations in the TRDR signal are observed see upper panel of Figure 
6.6. This is emphasized by the residue obtained by the subtraction of the 
experimental fit from the original data, as depicted in the lower panel of Figure 6.6. 
Oscillations in temporal investigations have been reported for semiconductor QW 
structures114,115 and heterostructures116,117 based on strong piezo-electric materials. 
These oscillations have been identified to originate from coherent acoustic phonons 
generated by photoexcited carriers within strained layers. The carriers screen the 
piezo-electric field94,95 and subsequently induce a modulation of the refraction 
index114,116. Although, bulk InAs and GaAs have a low piezo-electric constant, it has 
been shown by many groups that self-assembled QDs do induce pronounced piezo-
electric fields118,119 as a result of the high strain and composition gradients. As a 
consequence the piezo-electric field affects the electro-optical properties of the 
structure94,119,120. Even though coherent acoustic phonon excitation in QDs has not 
been reported before, our strain engineered QDMs are good candidates to generate 
acoustic phonons coherently due to enhanced local strain, related to the high local 
QD density within the QDMs as compared to random QD layers. The oscillations in 
the TRDR signal are most prominent for the RT measurements. Nevertheless, 
oscillations are observed at 5 K when high excitation densities are used. Also at 
77 K similar oscillations are observed.  

From the Fast Fourier Transform (FFT) of the oscillating part of the TRDR signals 
for different excitation densities, the oscillation frequencies are determined and 
summarized in Figure 6.7. Form the FFT spectra, two frequencies with values of 
16.5 GHz (τosc= 60.5 ps) and 28.3 GHz (τosc= 35.3 ps) independent of the pump 
excitation density are deduced. As is reported by Wang et al.117, the period of 
oscillations in TRDR signals due to coherent acoustic phonons depends on the 
probe wavelength, and can be expressed by 

 .
)(2 λ

λτ
nVs

osc =     (Eq) 6-2 

Here, Vs is the velocity of the acoustic phonon mode and n(λ) is the index of 
refraction at the probe wavelength λ. Using this equation, the sound velocities 
belonging to the oscillation frequencies as deduced from the residue of Figure 6.6 
are calculated. For the two frequencies of 28.3 and 16.5 GHz the velocities of 5.02 
and 2.93 x 105 cm/s are obtained, respectively. The two velocities are in good 
agreement with the quasilongitudinal (QL) and quasitransverse (QT) acoustic 

                                                      
* Based on Appl. Phys. Lett. 88, 143210 (2006) 
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phonon phase velocity in GaAs propagating along the [311] crystal direction with 
velocities of 5.1 and 2.91 x 105 cm/s121,122.  

The initial and dominant changes of the QDM reflectivity are due to the carrier 
capture in the energy states107. However, the refractive index can also be changed 
by a modulated local strain field. That is, the QD reflectivity changes with the piezo-
electric field modulation in the QD as a linear response to the modulated strain116 
which is enhanced in the QDMs due to a locally high QD density. Hence, the 
amplitude of the oscillations in the differential reflection signal scales linearly with the 
periodic change of the refractive index107,116 at the probe energy. To locate the origin 
of the coherent acoustic phonons, the amplitude of the oscillations is measured as a 
function of excitation density, as shown in Figure 6.7(b). The amplitude of the 
oscillations in the TRDR signals due to the QL and QT acoustic phonons initially 
increases linearly with increasing pump intensity and saturates for high excitation 
density. The same effect is observed for the amplitude of the TRDR signal due to 
carrier-induced QD bleaching, see Figure 6.7(c). Dividing the oscillation amplitude 
by the total TRDR amplitude, the relative amplitudes as a function of the pump 
excitation density are obtained as can be seen in Figure 6.7(d).  

 

Figure 6.6: Normalized TRDR signals of the QDMs containing 4 QDs measured at 293 
K for various excitation pump densities in units of P0 (upper panel). The residue of 
the experimental fit for 0.02P0 (lower panel). 
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The relative amplitude decreases linearly with increasing pump intensity for both 
acoustic phonon modes. The linear dependence of the relative oscillation amplitude, 
and the agreement of the saturation point for the oscillation amplitude and the 
transient signal, indicates that the coherent phonons are generated within the 
strained QDMs and not the SL template. This result is supported by the PL 
measurement at RT, where the PL from the SL template is negligible with respect to 
the PL of the QDMs. This suggests that the carriers are mainly captured by the 
QDMs where the electron-hole pairs recombine. The oscillations are also confirmed 
by PL-up conversion measurements at RT for the p-type modulation doped QDMs, 
as can be seen in Figure 6.8. TRDR measurements performed on the QDMs 
containing 8 QDs confirmed the generation of coherent acoustic phonons as well. 
These measurements reveal reflectivity oscillations with corresponding phonon 
velocities of 4.98 and 2.87 x 105 cm/s, which is in good agreement with the 
experimental results of the QDMs containing 4 QDs and the values reported in 
literature121,122. In addition, the oscillation amplitude is decreased with respect to the 
oscillation amplitude observed for QDMs containing 4 QDs, which suggests a 
reduced local piezo-electric field as expected from the reduced local strain field for 
extended QD groups with random QD layers as the limiting case.  

 

Figure 6.7: Frequency of the TRDR signal deduced from the FFT spectra (a) and the 
amplitude of the oscillations (b), as a function of the pump excitation density in units of 
P0. The amplitude of the QDM bleaching signal (c) and the relative amplitude of the 
TRDR oscillations (d), as a function of the pump excitation density in units of P0. 
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The physical mechanism responsible for the oscillations in the TRDR signal can 
be described as follows. As the pump-generated carriers are captured within the 
QDs, the electron-hole pairs will be separated by the strain-induced piezo-electric 
field115. Subsequently, the electron-hole pairs partly screen the piezo-electric field. 
The screening of the piezo-electric field locally induces instantaneous strain relief, 
hereby initiating coherent acoustic phonons. The presence of the extended states 
allows a more effective screening of the piezo-electric field with respect to isolated 
QDs. The resultant transient strain pulses114,116 in turn, modulate the local piezo-
electric field in the QDMs, and change the index of refraction of the QDMs through 
the quantum-confined stark effect123. The modulation of the optical properties is 
detected by the probe pulses, in resonance with the QDM transition energy. This is 
far below the GaAs band gap and the SL template transition energy, excluding a 
related contribution of the GaAs barrier and/or SL which is also confirmed by the PL-
up conversion measurements.  

 
 
 
 

 

Figure 6.8: PL-up conversion signal of the QDMs containing 4 QDs measured at 293 K 
with delay steps of 0.7 ps. 
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6.5 Summary 

Characteristic changes in capture and life-times extracted from the TRDR signal of 
the QDMs containing 4 QDs are observed versus excitation pump density at both 5 
K and RT. The changes occur at typical excitation densities which correspond to 
characteristic values of the QDM filling factor. The decay time at 5 K exhibits an 
initial fast decrease, followed by a much weaker reduction in decay time. The rise 
time exhibits a minimum at the same excitation density where the change in decay 
time occurs. For the decay time at RT a change from single to bi- exponential decay 
is present. Initially the decay time decreases with increasing excitation pump density 
up to the cross-over to the bi-exponential decay. From there an initial fast decay 
which becomes faster with increasing excitation density and a slow decay which 
becomes slower with excitation density is present. The initial fast decay becomes 
more efficient with increasing excitation pump density as well. The change or the 
emergence of additional decay mechanisms, which cause the modified behaviour of 
the observed capture and/or life-times, can be explained by carrier state filling in the 
presence of extended states in our QDMs.  

In addition oscillations in the TRDR signal of the strain engineered QDMs are 
observed which are ascribed to the generation of coherent QL and QT acoustic 
phonons. PL-up conversion measurements of the p-type modulation doped QDM 
containing 4 QDs confirm the observation of oscillations in the temporal behavior of 
the QDMs. Not only has the enhanced local strain due to local high QD density 
within the QDMs permitted the observation of oscillations in the TRDR signal, but 
also the presence of extended states within the QDMs is essential. The latter allows 
a more effective screening of the piezo-electric field by the carriers with respect to 
isolated QDs. As a consequence of the screening of the piezo-electric field, carrier-
induced modulation of the locally strain-induced piezo-electric field in the QDMs, 
causes oscillations of the optical properties in the QDMs due to the quantum 
confined Stark effect.  
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Summary  

Strain Engineered Lateral Quantum Dot Molecules 
 
This dissertation demonstrates the creation of ordered and well-separated groups of 
densely packed InAs quantum dots (QDs), lateral QD molecules (QDMs), by self-
organized anisotropic strain engineering of a (In,Ga)As/GaAs superlattice (SL) 
template on GaAs (311)B during molecular beam epitaxy (MBE) and the coupling of 
the electron states in these lateral QDMs by excitation density and temperature 
dependent macro- and micro-photoluminescence (PL)  and time resolved 
spectroscopy.  
Semiconductor self assembled QDs have emerged as one of the most feasable 
means of exploring and exploiting the physics and device applications of three-
dimensionally quantum confined systems. Advances in epitaxial growth techniques 
have played an essential role in the realization of ever more ambitiously designed 
quantum heterostructures. With the progress in QD formation, it is now possible to 
control spatial positioning with high precision. Thus interest has moved toward the 
creation of artificial matter, based on ordered QDs that allow for new functionalities. 
The most widely chosen strategies for QD ordering are based on artificial patterning 
of the substrate surface. However, these patterning processes easily introduce 
defects in the QDs, strongly degrading the opto-electronic properties, detrimental for 
applications. To overcome these problems a new concept has been developed in 
our group which is based on self-organized anisotropic strain engineering. The 
concept is further developed in this study to create complex semiconductor 
architectures of lateral QDMs of high quality in well-defined arrangements.  
Starting from a nanoscale modulated (In,Ga)As layer, subsequent thin capping, 
annealing, GaAs overgrowth, and repetition in SL growth produces a highly ordered, 
two dimensional (In,Ga)As- and strain field modulation on a mesoscopic length 
scale. It constitutes a Turing pattern in solid state, which is stable after 10 SL 
periods. On top of the strained SL nodes, preferential formation of closely spaced 
InAs QDs occurs to form an ordered lattice of isolated QDMs. The average number 
of QDs within the molecules is controlled by the thickness of the upper GaAs 
separation layer on the SL template and the growth temperature of the (In,Ga)As 
and thin GaAs cap layers of the SL template. For optimized SL template formation 
and QD ordering the strain correlated growth is confirmed by high-resolution x-ray 
diffraction consistent with the structural analysis by atomic force microscopy. 
Furthermore, ordered arrays of single InAs QDs on the SL template nodes are 
realized at elevated temperatures for SL template formation and InAs QD growth 
together with the insertion of a second InAs QD layer. In addition, complex laterally 
ordered architectures of QD arrays have been created by combining self-organized 
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anisotropic strain engineering with step engineering on shallow mesa-patterned 
substrates. These findings provide a route for the formation of complex 
arrangements of QD arrays which establish the building blocks for future quantum 
functional devices. 
QDM samples containing, 8 and 4 QDs per molecule are studied by excitation power 
density and temperature dependent macro- and micro-PL. An unusual asymmetric 
broadening together with a continuous shift towards higher energies of the PL peak 
position, most prominent for p-type modulation-doped QDMs, is observed with 
increasing excitation power density. The n-type modulation-doped QDMs exhibit a 
square-shaped PL spectrum, resembling that of modulation-doped quantum wells. 
The asymmetric broadening is also observed for a two-dimensional layer of high-
density QDs, where the existence of extended states has been demonstrated by 
other groups and is in strong contrast to the behavior of isolated QDs. In 
temperature dependent macro-PL, two distinct minima of the full-width at half-
maximum are observed, indicating thermally activated carrier redistribution within 
the QDMs through two different channels. The lower temperature minimum 
manifests carrier redistribution through extended states within the QDMs. 
The excitation density and temperature dependent micro-PL measurements are 
carried out on both undoped, and modulation-doped QDMs consisting of 4 QDs. To 
enable single QDM spectroscopy, aluminium masks with 1 x 1 µm2 square openings 
are fabricated by electron beam lithography and lift-off. A low number of QDMs is 
selected through these apertures. At 4 K, we find discrete sets of sharp (< 1 meV) 
PL peaks superimposed on top of broad (15 meV) PL bands. The broad PL bands 
indicate recombination of excitons in extended electron states while the 
superimposed sharp features originate from excitons localized in local potential 
minima due to QD size fluctuations. When raising the sample temperature the 
number and intensity of the sharp peaks decrease while the intensity of the broad 
PL bands increases with a maximum intensity in the temperature range of 80 -100 K 
before the intensity drops at higher temperatures. This agrees with the carrier 
redistribution through extended states deduced from the temperature dependent full-
width at half-maximum in macro-PL. For the n-type modulation-doped QDMs only 
broad PL bands are observed with similar behavior. These observations are 
consistently explained by state filling in the presence of extended electron states 
due to lateral electronic coupling of the QDs in the molecules forming a quasi two-
dimensional density of states. 

The carrier decay and rise times of the QDMs containing 4 QDs are 
evaluated by two-color time-resolved differential reflection (TRDR) spectroscopy. 
Changes in the TRDR signal versus excitation pump density are observed for 
characteristic QDM filling factors for the rise and decay times at 5 K and for the 
decay time at room temperature. When increasing the excitation pump density, the 
decay time at 5 K initially exhibits a fast decrease, which is followed by a much 
weaker reduction in decay time. The rise time exhibits a minimum at the same 
excitation pump density where the change in the decay time occurs with increasing 
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excitation pump density. At RT, the decay time initially decreases with increasing 
excitation pump density and evolves into a bi-exponential behavior. The related 
change or the emergence of additional decay mechanisms, which cause the 
modified behavior of the observed capture and/or life-times additionally evidences 
state filling in the presence of extended states in our QDMs. Finally, distinct 
oscillations in the TRDR signal indicate the coherent excitation of quasilongitudinal 
and quasitransverse acoustic phonon modes in the QDMs, which is monitored as 
well by PL up-conversion measurements. Not only permits the enhanced local strain 
and, hence, internal piezo-electric field due to the local high QD density within the 
QDMs the observation of oscillations in the TRDR signal, but also the presence of 
extended states within the QDMs, which allows a more effective screening of the 
internal piezo-electric field by photogenerated carriers as compared to isolated QDs.  
In conclusion, we have succeeded in creating complex architectures of lateral QDs 
and QDMs of high quality by further developing the concept of self-organized 
anisotropic strain engineering. The structural and optical properties of the QDMs 
have been investigated in detail. The various optical techniques exhibit a behavior 
that is in strong contrast to isolated QDs. The findings are consistently explained by 
state filling in the presence of extended electron states due to electronic coupling of 
the QDs within the molecules.  
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Samenvatting 
Lateraal quantum dot molekulen gevormd door spanningsopbouwtechniek 

 
In dit proefschrift wordt de vorming van gerangschikte en goed-gescheiden goepen 
van dicht op elkaar gepakte InAs quantum dots (QDs), ook wel lateral QD molekulen 
(QDM) genaamd, door zelf-georganizeerde anisotrope spanningsopbouwtechniek 
van een (In,Ga)As/GaAs superrooster (SR) sjabloon op GaAs (311)B substraten en 
de koppeling van elektronentoestanden in deze laterale QDM met behulp van 
excitatie dichtheid - en temperatuursafhankelijke macro- en micro-
photoluminiscentie (PL) and tijdsopgeloste spectroscopie aangetoond.  

De spontane vorming van halfgeleider QD-strukturen tijdens epitaxiale groei 
is als een van de eenvoudigste manieren naar voren gekomen om fundamenteel 
onderzoek te doen aan deze nanostukturen, alsmede het benutten van deze 
strukturen in elekto-optische toepassingen. Omdat deze strukturen in alle richting 
volledige quantummechanische opsluiting ondervinden worden ze aan aangeduidt 
als quantum dots. Ontwikkelingen in epitaxiale groei-technieken hebben een 
cruciale rol gespeeld in de totstandbrenging van steeds ambitieuzere ontworpen 
quantum heterostukturen. Met de vooruitgang in QD formatie, is het nu mogelijk om 
de positionering van nanostukturen te controlleren met hoge precisie. Als gevolg 
hiervan is de interesse verschoven naar de verwezenlijking van kunstmatige 
materie, met gerangschikte QDs als bouwstenen, die nieuwe quantum mechanise 
functionalitiet ten toon spreid. De meest toegepaste strategie om QD positionering te 
realizeren gaat uit van kunstmatig aangeprachte patronen op het substraat 
oppervlak. Nochtans worden tijdens het aanbrengen van deze patronen defecten 
geintroduceert en wordt de voordelige eigenschap van spanningsopbouw nauwlijks 
aangewend. Om deze moeilijkheden te overwinnen, is er in onze onderzoeksgroep 
een nieuw concept ontwikkeld dat gebaseerd is op de contructie van zelf-
georganizeerde anisotrope spanningsopbouw. Het concept wordt verder in deze 
studie door ontwikkeld om complexe halfgeleiderarchitectuur van laterale QDMs van 
uitstekende kwaliteit in een duidelijke positionele rangschikking te formeren. 

Beginnend met een op een nanometerschaal gemoduleerde (In,Ga)As laag,  
het verder aanbrengen van een dun GaAs afdeklaag, verhitting, GaAs overgoei, en 
de herhaling van deze stappen in een superrooster groei, vervaardigt een zeer 
geordend, twee-dimensionaal (In,Ga)As- en spanningsveld modulatie op een 
mesoscopische lengteschaal. Het vertegenwoordigt een “Turing” patroon in de vaste 
stof, dat stabiel is na 10 periodes in de superrooster groei. De formatie van dicht op 
elkaar gepakte InAs QDs vind voornamelijke plaats op de knooppunten van het 
superrooster geconstueerde spanningsnetwerk, waardoor er een geordend rooster 
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ontstaat van geisoleerde QDMs. Het gemiddelde aantal QDs per molekuul wordt 
gecontroleerd door de dikte van de bovenste GaAs scheidingslaag op het 
superrooster sjabloon en door de groei temperatuur van de (In,Ga)As en de dunne 
GaAs afdeklagen in het superrooster sjabloon. Voor de geoptimalizeerde SL 
sjabloon formatie en QD positionele rangschikking, is de spanning gecorreleerde 
groei geverifieerd met behulp van hoge resolutie röntgen-straling diffractie dat 
consistent is met de struktuuranalyse uitgevoerd door een atomic force microscopy 
(AFM). Voorts, wordt een gerangschikte matrix met slechts één InAs QD op de 
knooppunten van het  superrooster geconstueerde spanningsnetwerk gerealizeerd 
door het superrosster op hogere temperaturen te groeien en tegelijkertijd het 
toevoegen van een tweede InAs QD laag. Bovendien zijn complexe lateraal 
gerangschikte architectuur van QD matrices geformeerd door de zelf-
georganizeerde anisotrope spanningsopbouwtechniek en de epitaxiale groei op 
ondiep geëtste mesa-strukturen te combineren. Deze bevindingen verstrekken een 
route voor de vorming van complexe positionele rangschikking van QD matrices, die 
de bouwstenen voor toekomstige quantum functionele toepassingen herbergt.  

Quantum dot molekuul preparaten die 8 en 4 QDs per molekuul bevatten, 
zijn bestudeerd met excitatie dichtheid - en temperatuursafhankelijke macro- en 
micro-photoluminiscentie. Een ongebruikelijke verbreding samen met een 
gelijktijdige ononderbroken verschuiving naar hogere energieën van de PL piek 
positie, die het meest opvallend is voor de p-type modulatie gedoteerde QDMs, is 
waargenomen voor toenemende excitatie dichtheid. De n-type modulatie 
gedoteerde QDM vertonen een vierkantige PL spectrum, refererend aan het gedrag 
van modulatie gedoteerde quantum wells.  De ongebruikelijke verbreding is ook 
waargenomen voor twee-dimensionale QD lagen met hoge dichtheid, waar het 
bestaan van uitgestrekte toestanden is aangetoond door andere groepen, dat in 
scherp contrast staat met geisoleerde QDs. In temperatuursafhankelijke macro-PL, 
twee afzonderlijke minima van de volledig-breedte bij halve-intensiteit (FWHM) zijn 
waargenomen, wijzend op thermische geactiveerde ladingsdrager herdistributie 
binnen QDMs door twee afzonderlijke kanalen. Het lagere temperatuurminimum 
vertoont ladingsdrager-herdistributie door uitgestrekte elektonentoestanden binnen 
de QDMs.  

De excitatie dichtheid- en temperatuursafhankelijke micro-PL metingen zijn 
uitgevoerd op zowel ongedoteerde als de modulatie gedoteerde QDM bestaande uit 
4 QDs per molekuul. Voor de observatie van afzonderlijke QDM was het 
noodzakelijk om aluminium masker met  1 x 1 µm2 openingen te fabriceerd met 
elektronenbundel lithograpie gecombineerd met “lift-off”.  Een klein aantal QDMs 
wordt geselecteerd door deze kleine openingen. Op 4 K,  vinden we afzonderlijke 
verzamelingen van scherpe ( <1 meV) PL pieken boven op een brede (15 meV) PL 
banden. De brede PL banden wijzen op recombinatie van excitons in de uitgestrekte 
elektronenstaten terwijl de scherpe pieken  toe te schrijven aan excitons die worden 
gelokaliseerd in lokale potentiaal minima. Deze minima worder gevormd door  
schommelingen in de afmetingen van de individuele QDs. Met het ophogen van de 
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preparaat temperatuur, vermindert het aantal en de intensiteit van de scherpe 
pieken terwijl de intensiteit van  de brede PL band sterker wordt met een 
maximumintensiteit in het temperatuur gebied tussen 80 en 100 K, voordat de 
intensiteitsdalingen bij hogere temperaturen plaatsvindt. Dit komt overeen met de 
ladingsdragerherdistributie via the uitgestrekte elektronentoestanden die is afgeleid 
uit de FWHM in the macro-PL metingen. Enkel brede PL banden zijn waargenomen 
voor  de n-type modulatie gedoteerde QDMs met gelijkwaardig gedrag. Deze 
waarnemingen zijn samenhangend verklaart via toestandsvulling in de 
aanwezigheid van uitgestrekte elektronentoestanden, die toe te schrijven zijn aan de 
elektronische koppeling van de QDs binnen de QDMs waardoor ze een quasi twee-
dimensionale toestandsdichtheid vormen.  

De ladingsdragers verval- en invangsttijd van de QDMs bestaande uit vier 
QDs per molekuul is geevalueerd door middel van tijdopgeloste reflectie metingen. 
Veranderingen in de kortstondige reflectie signaal ten opzichte van de excitatie 
dichtheid van het pompsignaal van de verval- en invangsttijd op 5 K en voor de 
vervaltijd op kamer temperatuur, zijn waargenomen voor karakteristieke vullingen 
van de QDMs. De vervaltijd vertoont een een initieel snel afname, gevolgd door een 
veel mindere sterke afname met toenemende excitatie pomp dichthied op 5 K. De 
invangsttijd laat een minimum zien, dat plaatsvindt op dezelfde excitatie pomp 
dichtheid waar de verandering in vervaltijd is waargenomen. De vervaltijd neemt 
initieel af met toenemende excitatie pomp dichtheid en gaat over in een bi-
exponentieel gedrag op kamer temperatuur. De verandering in en opkomende extra 
verval mechanismes, die het gewijzigde gedrag van de waargenomen invangst en/of 
vervaltijden veroorzaakt,  is aanvullend bewijs van het toestandsvullen  in 
aanwezigheid van uitgestrekte elektronentoestanden in onze QDMs. Tenslotte wordt 
de coherente excitatie van quasilongitudinal en quasitransverse akoestische 
fononmode in QDMs waargenomen door de zelfde techniek alsmede door metingen 
van photoluminescenie up-conversion. Niet alleen laat de sterk toegenomen lokale 
spanning, toe te schrijven aan de lokale hoge QD dichtheid binnen QDMs, de 
observatie van schommelingen in het reflectie signaal toe, maar ook dank zij  de 
aanwezigheid van uitgestrekte elektronentoestanden binnen de QDMs, die een 
efficiënter maskering van het interne piezo-elektische veld toestaat dragers in 
vergelijking tot geïsoleerde QDs. 
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