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I. Chapter
Basic Information about Low Dimensional
Semiconductors: Properties and
Applications

Abstract
Semiconductor quantum dots are very small three-dimensional
structures whose dimensions range from several nanometers to tens of nanometers.
Their size is smaller than the de Broglie wavelength of electrons, therefore
quantum effects are manifested in the quantum dots. As a result of quantum
confinement, the energy states of electrons, holes, as well as excitons are discrete,
like electron states in atoms, depending on the size of the quantum dots. In this
chapter, we will provide a brief introduction to size quantization of group III/V
semiconductors as a result of reduced dimensionality. After introducing the
quantum dot formation by epitaxy of strained layers, the optical properties of
quantum dots will be presented. Moreover, information regarding the application
of heterostructures containing quantum dots in the active layer will be given.
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Basic Information about Low Dimensional Semiconductors:
Properties and Applications

1.1. Introduction
Semiconductor materials have been extensively used in the last
century mainly as bulk compounds for conventional devices developed in
the modern electronics industry [1-3]. The physical limitations of the
downsizing of electronic devices require the scientists, however, to develop
new micro- and nanoscale structures where the dimensionality of the
structure plays the key role for its functionality. In the new era of
nanotechnology, quantum wells, quantum wires, and quantum dots,
confining carriers in one-, two-, and three-dimensions, respectively, have
been explored as the basic units exhibiting quantum properties of the
materials. This requires excellence in material processing, i.e, crystal growth
of heterostructures formed by elemental or compound semiconductors in
ultra clean environment. Epitaxial growth techniques such as molecular
beam epitaxy, metal organic vapor phase epitaxy, and chemical beam
epitaxy have been developed, employing ultra pure and/or ultra high vacuum
(UHV) growth environments to fabricate these high quality quantum
structures.
Semiconductor heterostructures composed of group III/V elements
are widely used in telecommunication applications. Their opto-electronic
properties [4-7] make them ideal candidates for quantum functional devices
based on size quantization. Quantum wells (QWs), which are used in lasing
and sensing applications, were the first quantum structures developed by
inserting a small band gap material, for instance GaAs, in a large band gap
material such as AlAs, where the thickness of the former is comparable to
or less than the de Broglie wavelength of the charge carriers in the bulk
(order of 10 nm for electrons in GaAs) [4, 5, and 8]. The charge carriers are
confined, in this case, in one dimension with only discrete energy levels in
this direction, but are free to move in the other two directions. Based on this
principle quantum wires (QWRs) and quantum dots (QDs) are developed
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representing one- and zero-dimensional quantum structures where the charge
carriers are confined in two- and three- dimensions, respectively, causing
different density of states and, thus, quantum mechanical properties of the
structures. The properties such as electron-hole interactions, spins of
electron/holes, light particles (photons), and lattice vibrations (phonons),
hence, can be manipulated in the material composed of single or ensembles
of nanostructures.
It is natural that the number of quantum states per available energy
interval for each quantum mechanical system will change by changing the
system’s dimensionality. Therefore, the density of states for electrons in
bulk, QW, QWR, and QD structures are expressed quantitatively as:

g

bulk
(E)

g

QWell
(E)

g

1 ⎛ 2m
⎜
=
2π 2 ⎜⎝ h 2

QWire
(E)

*

⎞
⎟⎟
⎠

3

2

E,

m*
= 2 ∑ σ ( E − En ),
πh n

1
m*
=
σ ( E − En ),
∑
πh n 2( E − En )

g (QD
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where m* is the effective mass of the electron, E is the energy with respect
to the bottom of the conduction band, h is reduced Planck’s constant, En is
the energy of the quantized state, σ ( E − En ) is the step function and δ ( E − En )
is the δ − function. A schematic drawing of these quantum structures and the
corresponding density of states with allowed energy levels are shown in
Figure 1.1. Due to the fact that the electron energy is quantized when
confined in small structures like QDs, it possesses discrete energy states. As
a result, a major enhancement of the intensity of opto-electronic transitions
and hence, improvements in the performance is achieved for devices
involving QDs in the active layer [9].
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Figure 1.1: Schematic of low-dimensional semiconductor structures and
the corresponding energy dependence of the density of states.

The lattice constant of semiconductor materials plays a major role in
the fabrication mechanisms of QDs. Figure 1.2 shows the band gap energy
versus lattice constant diagram of the most common III/Vs compounds used
in opto-electronics applications. The most frequent technique for QD
fabrication is the growth of a material with larger lattice constant and
smaller band gap energy on top of a material with smaller lattice constant
and higher band gap energy. Due to the lattice mismatch, hence, strain,
three-dimensional (3-D) islands, namely QDs develop after a certain critical
thickness is reached, e.g., 1.7 ML for InAs on GaAs. InAs QD islands on
GaAs substrates have typical heights of 4 – 7 nm and base diameters of 20 30 nm with the number of atoms in the range of 103 - 105. The typical
densities are between 108 – 1011 per cm². Usually the 3-D islands are capped
by large band gap material to form buried QDs. However, QDs even on the
surface can function like buried QDs.
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Figure 1.2: Bandgap energy versus lattice constant of various III-V
semiconductors at room temperature (adopted from Tien, 1988).

Despite the fact that the characteristics of bulk compound
semiconductors provide certain physical properties, i.e. specific emission
wavelengths granted by the band gap energy, one can modify these
properties by altering the energy gap through either strain engineering or
combining several elements of different properties in the QD fabrication.
The GaAs and InP based materials and their compounds (InAs, InGaAs,
InGaAsP, GaInNAs, etc.) are the most common materials used for this
purpose covering the telecom wavelength range of the 1.3 µm - 1.55 µm
region. The size, composition, shape and density of the QDs are controlled
by the growth conditions such as growth temperature, deposition rates and
III/V ratio, annealing steps and growth interruptions, influencing the
wavelength range and efficiencies. As a result, band gap engineering of
these direct band gap materials is a powerful technique that allows creation
of different nanostructures employing quantum effects in their performance.
Figure 1.3 presents the (a) atomic force microscopy (AFM) and (b) high
resolution cross-section TEM image [10] of InAs QDs revealing the QD
density with random distribution on the GaAs substrate surface, and the QD
shape after growing a GaAs cap on top.
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Figure 1.3: (a) AFM image of surface InAs QDs and (b) high resolution
cross-sectional TEM image of a buried single InAs QD [10]

1.2. Optical properties of quantum dots
A standard characterization technique for the investigation of the
optical properties of QDs is photoluminescence (PL) spectroscopy where the
light beam of a laser is incident on the QD sample creating electron-hole
pairs (excitation of electrons from the valance to the conduction band),
followed by luminescence due to recombination of the pairs (falling of the
excited electrons back to the valance band) [11, 12]. The (micro- and/or
macro-) PL spectrum provides important information such as emission
energy of the dots for the ground as well as excited states, and the emission
linewidth as a measure of the dot uniformity (inhomogeneous broadening).
Figure 1.4 demonstrates the PL spectra of InAs QDs buried in GaAs, and a
schematic overview of the QD energy structure with the ground and excited
state energy levels [13]. For low incident power densities, only emission
from the lowest energy (ground state) transition is observed (dashed line).
The value of the emission energy at a fixed temperature (10 K in this figure)
depends on the size of the QDs. With conventional optical spectroscopy, the
focused laser beam has a typical diameter of about 100 µm, which, for dot
densities of about 1010 per cm², results in the simultaneous excitation of
about 106 QDs. As a consequence, the resulting spectra are
inhomogeneously broadened owing to unavoidable fluctuations in the size,
shape, and composition of the dots. Typical inhomogeneous line widths are
larger than 20 meV, which prevents the study of processes that occur on an
energy scale differing by a few meV or less. Despite this limitation, studies
of dot ensembles are capable of providing considerable information
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concerning the electronic structure. In addition, by raising the incident
power, the ground state (degeneracy of two) becomes fully occupied, and
carriers are forced to occupy excited states, due to the Pauli exclusion
principle, from which recombination may occur (the lowest energy peak is
the ground state and the higher energy peaks are the excited state transitions
in the excitation power dependent spectra shown in Fig. 1.4) providing the
possibility for new functionalities [13-15].

Figure 1.4: PL spectra of the QD structures measured at T = 10 K for 0.5 mW
(dashed line), 500 mW (dotted line) and 800 mW (solid line) excitation power
[13].

Despite frequent studies of QDs buried in wide band gap materials, the
interest in the investigation of QDs very close to the surface or exposed to
air has increased in order to examine the influences of the strain relaxation
and surface states on the opto-electronic properties. The emission
wavelength of buried InGaAs QDs is typically between 1.0 and 1.2 µm [16]
while that of surface QDs is red shifted up to 1.53 µm. This shift in the
emission wavelength of surface (or near surface) QDs is due to strain
relaxation and the absence of shape and composition changes occurring due
to capping, resulting in the decrease of the energy gap. This means that, a
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broad wavelength range between 1.00 and 1.53 µm can be made accessible
by manipulation of the strain, shape and composition within the QDs [17]. In
addition, the coupling of surface states with confined states in surface QDs
and the surface potential strongly influence the PL properties [18-23]. The
PL linewidth is broadened due to coupling of QD and surface states and the
intensity is decreased as a result of nonradiative recombination at the surface
[24].

1.3. Applications of quantum dots
The unique properties of QD structures allow the emergence of new
semiconductor applications with increased performance as well as new
device functionalities. Most of the expected improvements in device
performance originate from the change of the density of states, presented in
section [1.1]. Based on these physical properties, various device applications
have been attempted using QDs in the active layer. Because of the δfunction-like density of states and the strong electron-hole confinement in
QDs, they offer a lower threshold current density for lasing with less
temperature sensitivity, and higher gain compared to QWs. As a result
semiconductor lasers using QDs exhibit better performance compared to
QW lasers [25]. Figure 1.5 compares the advancements in the reduction of
the threshold current density of bulk, QW, and QD lasers. Another
application area is quantum computing with QD transistors or using QDs as
single photon sources/detectors for quantum communication [26-28]. Other
areas of QD applications include mid-infrared detectors [29], quantum
cryptography for high security network communications [30],
semiconductor optical amplifiers [31], and memory devices [32].
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Figure 1.5: Development of heterostructure lasers [25].

Moreover, 2-D photonic crystals (PCs) using QDs in order to create
active nanocavities [33-35] coupled to ultra compact optical waveguides is
another achievement in semiconductor physics. In such QD-nanocavities the
charge carriers and light particles are both confined in 3-D structures
enabling the development of integrated optical systems and employing the
optical properties of single QDs [36, 37]. Therefore, PCs with QDs are
promising candidates for the development of high-speed and low-power,
temperature-insensitive optical devices. From a more fundamental point,
such structures are also of interest for studies of the modification of the QD
spontaneous emission rate through the Purcell effect, and the study of
quantum optics [38].
In order to develop such novel applications, high-quality QD structures
showing distinct opto-electronic properties, i.e., PL emission with narrow
linewidths and distinct energies from single QDs as well as QD ensembles,
have to be developed. This can be accomplished by improving the structural
properties, such as density, size, shape and composition which have
substantial influences on the QD optical properties. In addition, the lateral
positioning of QDs is still another challenge for device fabrication regarding
applications of single QDs. Therefore, techniques and growth conditions
which are essential for the control of the lateral ordering, density as well as
structure of the QDs must be identified.
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1.4. Scope of this thesis
In this thesis, a study of InAs QD fabrication regarding the lateral
ordering control and (single) QD formation by molecular beam epitaxy is
presented. The ordering is based on self-organized anisotropic strain
engineering of InGaAs/GaAs superlattice (SL) templates on artificially
patterned GaAs (311) B substrates of different pattern designs and depths
where the pattern sizes are much larger than the characteristic adatom
diffusion lengths. As a result of combining self-organized anisotropic strain
engineering with engineering of steps and facets in different orientations and
heights on the patterned substrate, guided and deterministic self organization
of QDs is introduced; complex, laterally ordered QDs by the former (guided
self organization), and the absolute position control of QDs by the latter
(deterministic self organization) are demonstrated. Before that, a study of SL
template evolution in dependence on the growth temperature and the
development of InGaAs and InAs QDs on planar substrates is perfomed,
being the base for our further study of guided and deterministic selforganization for QDs lateral ordering. The formation of ordered QD arrays,
and well separated groups, and finally single QDs is demonstrated.
Moreover, investigations of the optical properties, such as temperature
dependent macro- and micro-PL of QDs on patterned as well as planar
substrates are also presented to reveal the optical qualities and pattern
dependencies. The results of SL template evolution are reported in chapter 3
together with the QD development as well as lateral ordering on planar
substrates. In chapter 4, 5, and 6 complex and directed QD ordering by
guided and deterministic self organization are presented, whereas chapter 7
discusses the optical properties of these QDs.
After providing a general background in chapter 2, as well as in the
present chapter, a study of the development of ten periods InGaAs/GaAs SL
templates on planar GaAs (311)B substrates is presented in chapter 3. Here,
the results of the formation of InGaAs QD arrays, InAs QD molecules and
single QDs, which are laterally ordered by self organized anisotropic strain
engineering of the InGaAs/GaAs SL templates, are discussed. Stacking and
annealing in each of the ten SL periods produces a strain modulated surface
with 2-D nodes due to lateral and vertical strain field coupling which acts as
a template at optimum growth parameters for QD formation and positioning.
Studies of the growth- and annealing- temperature dependent SL template
development are provided to give a systematic understanding of the SL
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template formation as well as QD ordering on top. Subsequently, the control
of the size and the density of the QD molecules is demonstrated upon
changing the InAs growth temperature and introducing an annealing step.
Finally, the formation of single QDs as a consequence of coalescence of the
QD molecules due to increased InAs growth temperature is presented. The
structural quality of the single QDs is improved by annealing and reducing
the QD layer thickness which is analyzed in situ by reflection high energy
electron diffraction during growth.
In chapter 4, a study of guided self-organized anisotropic strain
engineering for formation of complex laterally ordered InGaAs QD arrays
and InAs QD molecules grown on shallow-patterned GaAs (311) B
substrates is presented. The self-organized anisotropic strain engineering is
guided by the steps and terraces generated along the shallow-pattern
sidewalls. Here, we show that the spot-like arrangement of ordered QD
molecules on planar, unpatterned substrates is transformed into a zigzag
arrangement of periodic stripes which become straight, well ordered, and
connected over macroscopic distances on zigzag mesa-patterned substrates
providing a route for the formation of complex arrangements of QD arrays
for future quantum functional device applications.
In chapter 5, we demonstrate the complex, lateral arrangement of
InGaAs and InAs QDs on deep etched patterns, introducing also round holes
as a new design, where facetted mesa sidewalls guide the self organization
process. Due to the formation of slow- and fast-growing sidewalls, QD-free
regions are formed as well as arrays of (single) QD stripes along the
sidewalls. The InGaAs QD arrays and InAs QD molecules and single QDs
form on the GaAs (311) B top and bottom planes with arrangements
modified only close to the sidewalls. As a result, the creation of highly
ordered complex QD architectures with QD -free and –rich areas along the
pattern sidewalls as well as mesa- top and bottom areas, on micro- and
macroscopic scales, is demonstrated.
We have extended guided self organization to deterministic self
organization, discussed in chapter 6, where patterns with 100 nm mesa
heights direct the self-organized anisotropic strain engineering of
InGaAs/GaAs superlattice templates on GaAs (311) B substrates for InAs
QD ordering. Here rows of densely packed QD molecules and single QDs
develop along the pattern sidewalls and corners. The isolated QD molecules
and single QDs in the neighborhood are spatially locked to these QD rows,
hence, pattern sidewalls and corners which direct the lateral ordering with
unchanged natural periodicities. On the other hand, by rotating the pattern
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orientation counter clockwise by 90º, we show that these arrangements
depend on the orientation of sidewalls, which reveals also that the (In)GaAs
diffusion is anisotropic in the [-233] direction. Therefore, the concepts of
guided self organization and deterministic self organization with absolute
position control of the QDs without one-to-one pattern definition are
demonstrated as routes for the lateral arrangement control of QDs.
Finally, the results of the photoluminescence measurements of capped
and uncapped ordered InAs QD molecules and single QDs grown on
patterned GaAs (311)B substrates are presented in chapter 7. Clear
influences of the pattern designs on the PL intensities and emission energies
are shown by temperature dependent macro-PL of InAs QD molecules on
shallow- and deep- etched samples. In addition, micro-PL of capped and
uncapped single QDs exhibit distinct emission lines which are broadened for
uncapped QDs revealing strong interaction with surface states. On the other
hand, intense sharp peaks from capped single QD samples are observed at
low temperatures by high resolution micro-PL revealing distinct emission
lines from single QDs.
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II. Chapter
Quantum Dot Fabrication and Lateral
Positioning: a Brief Overview for Epitaxial
Growth of Quantum Dots

Abstract
As potential structures for realization of novel devices, low
dimensional semiconductor quantum dots have been extensively investigated in
recent decades. Due to the fact that their characteristics depend on the structural
properties such as lateral ordering and density, size, shape, and composition,
various methods have been suggested for the fabrication of high-quality
nanostructures. In this chapter, a brief overview of the historical development of
the fabrication methods of epitaxial quantum dots is presented. After describing the
initial methods based on the substrate patterning, more recent developments of the
quantum dot growth techniques regarding control of the structural properties and
lateral ordering are demonstrated. These growth techniques contain mainly the self
organization methods that are based on the Stranski-Krastanow growth mode,
multistacking of strained layers, and anisotropic strain engineering by superlattice
template growth on planar as well as patterned substrates.

21

Chapter 2

22

Quantum Dot Fabrication and Lateral Positioning: a Brief Overview
for Epitaxial Growth of Quantum Dots

2.1. Introduction
Quantum dots (QDs) are often randomly formed on the substrate
surface and have fluctuations in size, shape and composition. However, most
applications require QDs with high lateral position control and structural
homogeneities due to the fact that variations in such properties will create
inefficiency and inhomogeneous broadening of the optical emission, leading
to failures of opto-electronic devices. To overcome such problems, many
intelligent techniques have been suggested. These techniques are mainly
based on the substrate pre-processing prior to growth and growth condition
adjustment, i.e., optimizing the growth temperatures and III/V ratios, and
applying various as-growth processes such as growth interruptions and
annealing. Particularly, after the emergence of epitaxial growth techniques,
such as molecular beam epitaxy (MBE) [39-41], metal organic vapor phase
epitaxy (MOVPE) [42, 43], and chemical beam epitaxy (CBE) [44, 45]
considerable improvements have been recorded recently for the structural
control as well as positional arrangements of QDs [46, 47]. The combination
of lithographic patterning techniques with self-organized growth such as the
Stranski-Krastanow (SK) mode, and stacking of strained layers for template
formation brought great advancement of the QD fabrication methods. In this
chapter, we will review some of the most common methods suggested for
QD fabrication.
In section 2.2, following the introductory information of initial QD
fabrication based on QW patterning, the formation of self-assembled islands
in the SK growth mode is presented. The modes of QD and QWR formation
based on substrate patterning and sidewall creation are presented in section
2.3. These substrates are processed by micro- and nanolithography and
chemical etching for pattern creation. The self-organized QD formation
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based on the SK growth mode is presented in section 2.4 where figures of
self-organized InP QDs and AlGaAs microcrystals are also shown.
Moreover, in this section, multistacking of strained layers and the analysis of
the strained layer influences on the In diffusion, hence QD formation, during
deposition of subsequent layers is presented. In section 2.5, the recent
studies of our group in Eindhoven, such as self-organized anisotropic strain
engineering of superlattice templates for QD ordering and its combination
with patterns on GaAs (100) substrates are demonstrated. Finally, selforganized anisotropic strain engineering of superlattice templates on planar
GaAs (311)B substrates is presented in section 2.6 where the formation of
nicely arranged InGaAs QD mesas as template and well isolated InAs QD
groups on top are shown. The technique given in this section constitutes the
base for our study. Therefore, a brief overview of our main issue is also
presented at the end. Section 2.7 summarizes the chapter.

2.2. Quantum dot fabrication
Initially, techniques like lithographic patterning followed by etching
[48-50] of QW structures have been employed for fabrication of QDs. Prepatterning has several advantages and still attracts much attention because
QD size and spatial arrangement can be controlled, in particular through the
advanced lithography techniques [51-56] providing high spatial resolutions.
In addition, owing to the degrees of growth selectivity for different species
of adatoms for the different surface orientations/facets, well defined
composition variations and positioning can take place. Based on this, several
patterning techniques have been recommended for QWR and QD lateral
positioning. In the meantime, the SK growth mode was suggested to
synthesize QDs in the advanced growth systems, i.e., MBE, MOVPE, and
CBE. This growth mode was originally described for dislocation-free island
formation of heteroepitaxial ionic crystals due to energy minimization [57].
In this mode, the deposition of a strained 2-D wetting layer is followed by
elastic strain relaxation through 3-D islanding above a given critical
thickness. This was observed for various III/V semiconductor compounds,
such as (In, Ga)As on GaAs [58-61], InP on GaInP [62, 63], or GaN on AlN
[64-66] having different lattice constants (see Fig. 1.2 the lattice constant
versus band gap energy diagram), where the QDs self organize randomly on
the substrate surface. The SK growth of InAs QDs on GaAs substrates is
schematically shown in Fig. 2.1 The self-organized 3-D QD formation
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occurs on the wetting layer, when the thickness of InAs is 1.7 monolayers
(ML) or more with the lattice mismatch of InAs ~7% compared to GaAs.
The QDs arrange randomly on the surface of the substrate (as shown in Fig.
1.3(a)) with unavoidable size fluctuations limiting the QD incorporation into
device applications. Therefore, the QDs grown in the SK growth mode
require additional techniques in order to improve the size, density and lateral
positioning which have influences on their electronic properties.

Figure 2.1: Schematic of three-dimensional island formation in the Stranski–
Krastanow growth mode.

Based on the SK growth mode, several new approaches have been
suggested as means of positional as well as structural control of selfassembled QDs. By using advanced micro- and nano-lithography techniques
the self organization process is combined with substrate patterning for
artificial alignment of QDs. Self-organized QDs and QWRs selectively grow
at preferential nucleation sites at or near the mesa edges which were created
during patterning. Methods such as strained layer stacking, self-organized
strain engineering by superlattice template growth prior to growth of QD
layer are further advanced techniques for QD fabrication. With or without
substrate patterning, these techniques show significant progresses in QD
fabrication.

2.3. Quantum dot fabrication on patterned
substrates
A non-SK method for 3-D confinement is demonstrated by T-shape,
V-groove, and sharp ridge patterning for QWR and QD fabrication. Cleaved
edge overgrowth has been used to fabricate T-shaped QWRs which develop
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at the junction of two QW planes. Following the growth of the first QW, the
substrate is cleaved exposing a (110) surface perpendicular to the (100)
plane. After that, the second QW is grown on the (110) surface forming the
T-shape QWRs. The electrons can be confined at the intersection due a local
minimum of the quantization energy [67, 68]. V-grooved substrates are
another way of lateral positioning QWRs. The substrates are commonly
patterned by optical lithography and wet chemical etching. The V-grooves,
oriented along [01-1] on (100) substrates are usually several micron wide
and several 100 nm in depth. During the growth of GaAs, because the
growth rate is larger on the (100) plane compared to the V-groove sidewall
facets, the bottom of the V-groove becomes thicker leading to QWR
formation [69, 70]. For GaAs/AlGaAs heterostructures, the carriers are
confined in the thicker GaAs regions with lateral extensions in the quantum
size regime [71, 72]. The ridge QWRs form by similar growth kinetics as Vgrooves. During growth, the width of the (100) facet is diminished due to
migration of Ga adatoms from the {111}B facets to the (100) plane resulting
in sharp ridges. After sharp ridges are formed, an AlAs/GaAs/AlAs QW
structure is deposited where the QW on top of the ridge is thicker than that
on the {111}B side facets due to Ga adatom migration from the {111}B
facets toward the (100) plane. As a result, electrons are confined in the GaAs
regions on top of the ridge forming a QWR [73]. Figure 2.2 shows the
schematic diagrams of these structures.

Figure 2.2: Schematic diagram of growth mechanisms for QWR fabrication: (a)
T-shape edge QWRs, (b) QWR formation along V-groove patterns, (c) sharp
ridge QWRs.
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Moreover, sidewall QD arrangement is demonstrated on stripe mesa
patterned GaAs (311)A substrates due to the fact that fast and slow growing
sidewalls are formed on the competing growth planes, originating from the
growth selectivity of GaAs on the etched mesa sidewalls. The experiments
in ref. 74 and 75 have evidenced for the stripe mesa patterned GaAs (311)A
substrates, aligned in the [01-1] direction, that fast growing sidewalls appear
along the sidewall towards the next (100) plane, while on the opposite
sidewall, towards the next (111) plane, a slow growing side facet is
observed. The fast growing sidewall shows a smooth and convex-curved
surface profile without faceting in contrast to the slow growing sidewalls.
The fast growing sidewall forms due to preferential migration of Ga adatoms
from the mesa top and bottom towards the sidewalls, while the slow growing
sidewall forms due to preferential adatoms migration away from the
sidewall. As a result, QWRs are fabricated using this characteristic growth
behavior of GaAs on patterned GaAs (311)A substrates. Figure 2.3
demonstrates the schematic diagram of this process.

Figure 2.3: Schematic diagram of growth mode on patterned GaAs (311)A
substrates with mesa stripes oriented perpendicular to [01-1] and [-233]
directions. The arrows indicate the preferential migration of Ga atoms
resulting in the selectivity of growth across the edges [74].
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The tendency of QDs to nucleate at or near step edges suggests that
their position can be controlled by an appropriately modified surface. As a
result, based on the SK growth mode, various attempts such as artificial
patterning have been taken to improve size and lateral alignment control of
self-organized QDs. Jeppesen et al. [76] reported the CBE growth of InAs
QDs aligned densely in chains at the bottom of trenches along the patterns
up to tens of microns. Moreover, the improvement in resolution of
lithography provides further progress in QD fabrication. Ishikawa et al.
demonstrated site control of QD structures [77]. In small pre-patterned hole
structures, prepared by electron beam lithography, the QDs selectively
develop while no QDs form in unpatterned areas. The dot density in each
hole is controlled by the hole depth, making possible of formation of a
single-QD array structure. Furthermore, the fabrication of site controlled
pyramidal QDs on substrates patterned with tetrahedral recesses in MOVPE
was also shown [78]. Nucleation site control for QD formation in MBE was
created by surface strain engineering due to pre-patterning [79]. In this
technique, the thermodynamics and diffusion kinetics of the In atoms during
growth are modified by introducing local sub-surface strain fields due to
insertion of an InGaAs layer below the surface. As a result InAs grows more
rapidly on the mesa tops which induces preferential growth of QDs.

2.4. Self-organized quantum dot fabrication
Based on the SK growth, various combinations of semiconductor
compounds such as InAs on GaAs or InP, InP on InGaAs have been shown
to develop as self-organized strained QD heterostructures on the substrates
with size and shape fluctuations. Different methods have been suggested to
improve such fluctuations as well as lateral positioning. Georgsson et al.
showed InP islands grown on InGaP/GaAs (100) using MOVPE. A GaP cap
of 4 ML thickness was grown on the top of the InGaP layer before InP
growth was started in order to increase the density of fully developed islands
and decrease the density of tiny InP islands (Fig. 2.4) [63]. Another method
was to create a lateral modulation of the band gap energy of a QW by local
strain. The strain field has been introduced by forming stressors on the
surface of the sample in the form of nanoscale islands. Tulkki et al. [80]
theoretically and Sopanen et al. [81] experimentally, reported 3-D
confinement of carriers in InGaAs/GaAs QW dots created by InP QD
stressors.
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Figure 2.4: High-resolution cross-sectional micrograph of the uncapped
SK islands along the (a) [110] and (b) [-1-10] direction [63].

Nötzel et al. reported the phenomena of self-organized formation of
box-like microstructures on GaAs (311)B surfaces during epitaxial growth
by MOVPE [82-84]. In the growth of strained InGaAs/AlGaAs
heterostructures, they found that InGaAs films naturally arrange into
homogeneous nanoscale disks directly covered with AlGaAs during growth
interruption. Unlike islanding on conventional (100) substrates, the system
produces well-ordered, high density arrays of AlGaAs microcrystals
containing disk-shaped InGaAs box structures. Due to the absence of any
artificial patterning procedure, hence, low density of defects as compared to
that usually introduced during lithographic methods, the disks exhibit very
high uniformity and structural perfection that manifest themselves in wellresolved exciton resonances in PL excitation spectra and in the smaller PL
linewidth compared to that of conventional (100) QWs. Moreover, the
microcrystals were found to show a faceted surface as shown in Figure 2.5.
It seems that the alignment is mainly associated with the appearance of
crystal facets bounding the AlGaAs microcrystals which provide strong
anisotropy of adatom surface migration during the formation process, rather
than arising from the specific microscopic structure of the initial surface.
The size of the AlGaAs microcrystals as well as that of InGaAs discs can be
directly controlled by the In composition where the increase of the In
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composition results in reduction of the microcrystals’ size due to the smaller
InGaAs island size for higher strain. Moreover, the space between the
AlGaAs microcrystals can be controlled by the InGaAs layer thickness. The
average distance of the microcrystals decreases with increasing InGaAs
thickness, while the average microcrystal base width and height remain
almost unchanged.

Figure 2.5: Three-dimensional AFM image of (a) the AlGaAs microcrystals
with 220 nm base width formed by nominal 10-nm-thick In0.2Ga0.8As (311)B,
and (b) the AlGaAs microcrystals with 70 nm base width formed by nominal
3.5-nm-thick In0.4Ga0.6As (311)B. The inset in (a) shows the schematic of the
InGaAs-containing structure [84].

Vertical stacking of layers containing QDs is an important method for
QD self-alignment. Figure.2.6 (a-c) shows the cross-sectional transmission
electron microscopy (TEM) images of samples having two and five sets of
InAs QD layers separated by GaAs spacers of ~10 nm thickness. As clearly
depicted, the upper QD islands tend to form on top of the lower islands due
to the strain field induced by the bottom QD layer. Owing to the tensile
stress in the capping layer above the QD region and little or no stress
between the QDs, preferential In adatom migration occurs to drive QD
formation in the regions of lowest mismatch.
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Figure 2.6: TEM images taken along [011] for the samples with two, and five
sets of islands separated by (a) 46, (b) 92, (c) 36 ML spacer layers. (d) schematic
of the two major processes for the In adatom migration on the stressed surface:
(1) directional diffusion under mechanochemical potential gradient contributing
toward vertical self-organization and (2) largely symmetric thermal migration in
regions from the islands contributing to initiations of new islands not vertically
aligned with islands below [85].

The kinetic process giving rise to the vertically self-organized growth
behavior, proposed phenomenologically by Xie et al.[85], is depicted in Fig.
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2.6 (d). Islands in the first layer produce tensile stress in the GaAs above the
islands shown as region I. In region II between the islands there is little or no
stress depending on the distance, l , between the islands in the first layer, and
the range of the surface strain fields, d, which depends on the GaAs spacer
layer thickness. As a result, vertically self-organized growth occurs, when
the spacer layer thickness is chosen reasonably (2 l s > l ). Island formation is
suppressed in region II due to the strain field driving In adatoms to
accumulate on top of the lower islands as a result of the lower lattice
mismatch of InAs with the tensile strained GaAs.
Another effect of multistacking is enhanced islanding which occurs
due to the accumulated strain induced by repeated InGaAs/GaAs growth.
The strain induced by lower-layer islands as well as In atom segregation
from these islands affect subsequent island formation [95]. Based on this
principle, self-organized anisotropic strain engineering of an InGaAs/GaAs
superlattice template was developed in our group, during recent years, as a
new concept for lateral QD ordering.

2.5. Self-organized anisotropic strain
engineering for quantum dot ordering
One-dimensional QWR formation was reported by Mano et al. [86]
during the MBE growth of InGaAs/GaAs superlattice (SL) templates on
GaAs (100) substrates. Figure 2.7 illustrates the SL template growth process.
The SL template forms as follows: an InGaAs QD layer is deposited on the
buffer layer to form random QDs in the SK growth mode; a thin GaAs cap is
deposited on the QD layer balancing the In desorption and reducing the
strain enabling a uniform QD connection; annealing at higher temperature
results in QDs which are further elongated and become connected [87, 88]
due to anisotropic adatom surface migration; growth of the GaAs separation
layer of appropriate thickness preserves the lateral strain field modulation
from the buried QWRs at the surface due to vertical strain mediation [85,
89] and it smoothens the modulated surface; the growth of a subsequent
InGaAs layer ends QD preferential nucleation at the center above the
QWRs; finally, one-dimensional QD arrays form on top as a result of
repeating this process in up to 15 SL periods. [90].
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Figure 2.7: Schematic illustration of InGaAs QWR template formation and
QD ordering. (a) random formation of elongated InGaAs QDs, (b) growth of
the thin GaAs cap layer, (c) annealing at higher temperature, (d) growth of the
GaAs separation layer, and (e) growth of the subsequent InGaAs QD layer
[90].

Figure 2.8 demonstrates the AFM images of the QDs on GaAs (100)
with and without SL template. Randomly distributed (a) QDs grown directly
on the substrate without SL template transform into well-isolated (b) QD
arrays when a SL template with 15 periods is inserted between the substrate
and the QD layer. The SL template is optimized for formation of uniform
single QD arrays by adjusting the InGaAs amount as well as the GaAs
separation layer thickness [90].
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Figure 2.8: AFM images of (a) 2.1 ML InAs QDs grown on 1 period, and
(b) 1.5 ML InAs QDs grown on 15 periods SL template with 0.037 nm/s and
0.0007 nm/s growth rates, respectively. The height contrast is (a) 7 nm and
(b) 15 nm while the scan size is 500 nm X 500 nm for both images [86].

Moreover, they established the relationship of self-organized
anisotropic strain engineering with step engineering on vicinal and shallow
mesa-patterned GaAs (100) substrates for the realization of advanced,
complex QD arrays and networks. It was shown that type-A and -B steps
which are generated on the shallow [0−11] and [011] stripe-patterned
substrates, respectively, after GaAs buffer layer growth differently affect the
adatom surface migration process during QWR SL template development
(Figure 2.9 (a-d and e-h). While type-A steps along [0−11] have no
significant effect on the strain-gradient driven In adatom migration along
[011], type-B steps along [011] strongly hinder the surface-reconstructioninduced Ga/In adatom migration along [0−11] during annealing to prevent
QWR formation and QD ordering [91]. Therefore, the lateral periodicity of
the QD arrays in the top, bottom, and slope areas are similar on the [0-11]
mesas (type-A) while for the perpendicular [011] mesas (type-B) the
arrangement of the QDs in the slope areas becomes random. As a result,
there is no QWR development during SL template formation in the presence
of type-B steps.
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Figure 2.9: AFM images of (In,Ga)As QD arrays on (a-d) type-A [0−11] and
(e-h) type-B stripe patterned GaAs (100) with magnified images of the top,
bottom, and slope areas. The black-to-white height contrast is 15 nm [91].

On the other hand, by growth of the SL template and QD layer
(including buffer layer under the SL template) on zigzag-patterned substrates
with mesas oriented by +30º and -30º off [0-11], a clear observation of onedimensional QD arrays on the slopes rotated +16º and -16º off [0-11] was
reported. The smaller rotation angles of the QD arrays, compared to those of
the slopes, and the unchanged lateral periodicity, confirm that the direction
of the QD arrays is determined by the rotation of the surface migration
during annealing in QWR SL template formation due to the presence of both
type-A and -B steps, while the QD nucleation sites are controlled by the
strain field. Therefore, on shallow zigzag patterned substrates, this leads to
complex QD arrays and networks with well-positioned bends formed at the
slope intersections, and periodic arrangements of branches generated at the
intersections of the slopes and the planar areas, as depicted in Figure 2.10.
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Figure 2.10: (a) AFM image of the (In,Ga)As QD arrays on zigzagpatterned GaAs (100). (b) Magnified image of the slope intersections. The
black-to white height contrasts are (a) 40 nm and (b) 20 nm [91].

2.6. Self-organized anisotropic strain
engineering for quantum dot ordering on
GaAs (311)B
Based on the strain-driven growth instability, creation of a strain
modulated InGaAs template on high index-planes is suggested to control the
nucleation and growth of InAs QDs. Growth instability is characterized by
nucleation-free evolution of surface undulations with the periodicity mainly
given by the lattice mismatch. During growth the undulation height
continuously increases while its periodicity is kept constant. On the contrary,
the SK growth mode involves formation of a 2-D wetting layer followed by
random island nucleation, where the island height increases and saturates
very abruptly and further growth mainly increases the island density. The
growth instability has been reported recently on the GaAs (311)A surface
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(as well as on Si (001) for SiGe islanding) [92] to produce an undulated
surface with nanometer-scale wire-like structures. QD nucleation then
occurs preferentially on top of the wires but is random along their length. On
GaAs (311) B, the undulation of the surface morphology is two dimensional,
in the form of a matrix of closely packed cells [93]. Due to the well defined
nature of evolution with constant periodicity, the related 2-D strain
modulation generates a uniform template for control of the nucleation of
InAs QDs. In Fig. 2.11, the AFM images and line scans of the InGaAs layer
on GaAs (311) B with different layer thicknesses, and InAs QD formation
with and without InGaAs underneath are shown (images of the InGaAs
layers with different thickness (a – d) and corresponding line scans (e); InAs
QDs with (f) and without (g) InGaAs underneath, and corresponding line
scans (h)). With increased InGaAs layer thickness, the height of the cells
(the cells are the tiny bright spots observed in (b – d) characterizing the
modulated InGaAs layer) increases gradually while the areal density remains
unchanged as identified by the line scan peaks in (e). In the following, this
surface is explored as a template for InAs QD nucleation. The QDs on the
InGaAs template (three of them are marked by arrows in the lower left
corner of (f) for clarity) are formed exclusively on top, in the center of the
cells, and are visible by the bright height contrast and peaks in the line scan.
In contrast, the dots without InGaAs underneath randomly arrange and have
large fluctuations in size and low areal density. This is due to the InGaAs
template predetermining the nucleation sites of the InAs QDs and favoring
isolated QDs of higher density and size uniformity. The nucleation of the
QDs on the template is assigned to a lateral strain modulation on the surface
of the matrix of cells. Partial strain relief in the center of each cell is
expected to generate local strain minima surrounded by a lateral strain field
that increases towards the borders of each cell. These local strain minima are
known to be preferential QD nucleation sites [85, 94-96] and act as In
adatom attractors due to reduced lattice mismatch. Moreover, the strain
maxima at the borders of each cell (dark areas between spots) provide
barriers for In migration that limit the diameter of the effective collection
area below the In adatom diffusion length, which relates the QD uniformity
to that of the cell area. Thus, the template governs the nucleation site and
collection area plus directed migration thereby suppressing the random
nature of the nucleation process and controlling the QD growth to produce a
uniform array of isolated InAs QDs. The QD density is directly determined
by the InAs coverage to a maximum of the cell density which is much larger
than that achieved on the GaAs surface. This is an important additional
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aspect of the template.

Figure 2.11: AFM images of (left column) (a) 1.3, (b) 1.5, (c) 1.7, and (d) 2.1
nm thick In0.35Ga0.65As deposited on GaAs (311)B, and of (right column) QDs
formed at low growth rate by (f) 0.23 nm thick InAs on a 1.4 nm In0.35Ga0.65As
template and by (g) 0.46 nm InAs on GaAs. The height scale is 5 nm for all
images. AFM line scans along [01-1] for (a – d) and (f – g) are shown in (e) and
(h), respectively [93].

Finally, strain engineered lateral QD molecules formed on GaAs
(311)B substrates following the growth of InGaAs/GaAs SL templates is
shown very recently by Lippen et. al. [97, 98]. During the MBE of the SL
template, 2-D surface modulations due to strain driven growth instability,
rather than nucleation of QDs in the SK mode, are formed for 1, 5, and 10
periods, presented in Figure 2.12 (a-c), respectively. The connected QDs
formed due to the nucleationless continuous increase of the modulation
height with a constant lateral periodicity, revealed after the first period,
develop into a distinct 2-D mesoscopic mesalike arrangement when the
number of SL periods is increased to 5 and 10. For a larger number of
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periods the template formation saturates with periodic mesas of 8-10 nm
height. When InAs is grown on the 10-period SL template following a GaAs
spacer layer, well-separated, ordered QDs preferentially form in dense
groups (Fig. 2.12 (d)) on top of the nodes due to local strain field
recognition. The number, size and ordering can be controlled by the GaAs
spacer layer thickness, InAs amount and growth temperature, respectively.
There is no influence of the InAs amount on the QD density within the
groups. This indicates that the growth of the InAs QDs on the SL template
follows strain-induced growth instability (increase of the QD size only)
rather than nucleation in the SK mode (which results in increase of the QD
density after saturation), assigned to the reduced lattice mismatch on the
nodes.

Figure 2.12: AFM images of 3.2 nm InGaAs on the (a) 1-, (b) 5-, (c) 10-period
SL templates, and (d) InAs QDs grown on the 10-period SL template with 15 nm
GaAs upper separation layer. The scan field is 2 x 2 µm² with 15 nm height
contrast for (a-c) and 1x 1 µm² with 10 nm height contrast for (d) [97].

Based on this study we present, in this dissertation, the self-organized
anisotropic strain engineering of InGaAs/GaAs SL templates, and step and
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facet engineering on artificially patterned GaAs (311) B substrates in order
to create complex and directed QD ordering. Due to formation of stepped
and facetted sidewalls guiding the self-organized anisotropic strain
engineering, QD-free and –dense regions are created (as a result of fast and
slow growing sidewalls). QD arrays form in periodic stripes of QD
molecules and single QDs over large areas on the substrate surface,
depending on the pattern depth and orientation. Moreover, on patterns such
as round holes and deep etched zigzags, self-organized QDs are spatially
locked to the pattern sidewalls and corners providing absolute position
control of QDs without one-to-one patterning. In addition, after revising and
optimizing the growth conditions for the SL template and InAs QD molecule
formation (mainly by growth temperature- and annealing conditions), a new
way for single QD formation has been demonstrated on planar substrates
before being transferred to patterned substrates. These QDs have shown
excellent optical properties including pattern influences on the emission
energies, and single QD spectra with narrow linewidths, thus, highlighting
guided and deterministic self organization as a new concept for QD lateral
position control.

2.7. Summary
In summary, we have presented the various suggested growth
methods for QD fabrication regarding the challenges for lateral QD
arrangement control, and reduction of size, shape and composition
fluctuations. The basic information about QD formation in the SK growth
mode as well as non-SK based fabrication methods employing substrate
patterning was presented. The SK growth mode based methods, such as selforganized QD formation, and self-organized anisotropic strain engineering
of SL templates on planar and patterned GaAs (100) substrates for lateral
QD ordering, which is a recent finding of our group, was presented.
Moreover, the formation of SL templates on GaAs (311) B substrates and
the lateral positioning of QD molecules in ordered, periodic, and wellseparated groups was demonstrated. These methods of self-organized
anisotropic strain engineering of SL templates constitute the basis of our
study presented in this thesis.
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III. Chapter
Influence of Temperature and Annealing
on Superlattice Template Evolution and
Quantum Dot Formation on Planar GaAs
(311)B Substrates

Abstract
Laterally ordered InGaAs and InAs quantum dots (QD) are grown by
self-organized anisotropic strain engineering of InGaAs/GaAs superlattice (SL)
templates on GaAs (311) B substrates. Studies of the growth- and annealingtemperature dependent SL template evolution reveal the self organization process
with increasing number of SL periods. Growth of InGaAs on top without annealing
results in two-dimensional QD array formation. Well-isolated and periodically
ordered QD groups, namely QD molecules, with controllable size and density are
obtained when the top InGaAs layer is replaced by InAs. Moreover, these QD
molecules are transformed into single QDs by increased growth temperature for the
SL template and InAs QD layer and 30 s annealing. The formation of single QDs is
improved by reducing the InAs layer thickness, which is monitored in real time by
reflection high-energy electron diffraction.
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3.1 Introduction
In this chapter, we study the formation of laterally ordered InGaAs
and InAs QDs in two-dimensional (2-D) QD arrays, well-isolated QD
molecules (group of QDs which may have electronic interaction/coupling),
and single QDs (isolated QDs without interaction/coupling) by MBE. The
ordering is based on self organized anisotropic strain engineering of
InGaAs/GaAs SL templates on GaAs (311) B substrates. Stacking and
annealing in each InGaAs/GaAs SL template period creates a strain
modulated surface with 2-D nodes, which develops fully after ten periods,
due to lateral and vertical strain coupling during SL template growth [85, 87,
92, 93, and 99]. The QDs nucleate on top of these nodes due to the local
strain field minima. Study of the growth- and annealing- temperature
dependence of the SL template evolution leads to a significant improvement
of the formation of the QD molecules as a result of a well defined strain
modulation at increased temperature. These QD molecules are converted
into single QDs at high growth temperature, reduced InAs amount and an
annealing step for 30 s.
The growth details of the SL template and QD layer are given in
section 3.2. The SL template development and the InGaAs as well as InAs
QD formation for optimized growth conditions are presented in section 3.3.
The most favorable QDs regarding the lateral ordering and structural quality
are revealed by AFM. The influence of growth and annealing temperature in
each SL period is presented in section 3.4. In section 3.5, the InAs QD size
and density control is studied for different growth temperatures. Annealing
of the InAs QD layer is examined towards single QD formation. Finally, the
creation of well-defined single QDs by growth and annealing at high
temperature of the SL template and InAs layer is presented in section 3.6. A
major improvement of the isolation of single QDs positioned on the nodes of
SL template is achieved due to reduction of the InAs amount as well as
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annealing, which is monitored in real time by reflection high-energy electron
diffraction. The chapter is summarized in section 3.7.

3.2 Experimental details
The samples were grown by solid source MBE on planar GaAs
(311)B substrates. After oxide removal, the growth commenced with a 200
nm thick GaAs buffer layer grown at 580 ºC, followed by a ten periods
InGaAs/GaAs SL template. Each of the ten SL periods comprised, unless
otherwise mentioned, 3.3 nm InGaAs grown at 500 ºC, 10 seconds growth
interruption, thin capping by 0.5 (or 0.7) nm GaAs at 500 ºC, annealing for 2
minutes at 600 ºC under As4 flux, and growth of a 5.5 (or 5.3) nm GaAs
spacer layer at 600 ºC. The In composition was maintained between 40%
and 45%. On top of the SL template, either the 3.3 nm InGaAs layer was
repeated without annealing for formation of InGaAs QD arrays; or an InAs
layer was deposited at low growth rate after a 15 nm GaAs spacer layer for
formation of QD molecules. Single QDs were grown at increased SL
template and InAs growth temperature. Moreover, the InAs layer thickness
was reduced to a value less than the critical thickness and an annealing step
of 30 s was added for enhancement of single QD formation [see section 3.6
for details]. The growth rates of GaAs and InGaAs were 0.073 and 0.132
nm/s, respectively, whereas that of InAs was 0.00135 nm/s. The As4 beam
flux equivalent pressure was maintained between 1.8 x 10-6 and 2.4 x 10-6
Torr. The structural properties of the samples were characterized by tappingmode AFM in air. The InAs QD samples were capped by 100 nm GaAs for
study of the photoluminescence properties at low and room temperature. The
experimental details as well as the discussion regarding the optical
properties are presented in chapter 7.

3.3 Superlattice template evolution and
quantum dot formation on planar GaAs
(311) B substrates
A significant step forward for the lateral arrangement control of the
QDs is demonstrated by growing a stacked multilayer heterostructure, a SL
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template, prior to the top QD layers as reported in [86, 97]. The repetition of
the SL template periods, under optimized conditions, including (i) growth of
InGaAs QD layer, (ii) thin capping with GaAs, (iii) annealing for 2 minutes,
(iv) growth of a GaAs spacer layer, creates a 2-D mesoscopic strain
modulation on the surface. This is due to the fact that in each period during
SL template growth, (i) strain induced nanoscale, 2-D surface modulations
are generated, (ii) In desorption is reduced during heating up, (iii) the QDs
elongate and connect, and (iv) the surface is smoothened and the strain is
mediated to the upper layer. The growth of the subsequent SL template
periods produces a modulated surface of 2-D nodes with increasing size as
the number of SL template periods increases, due to strain-gradient driven In
adatom migration toward the strain-reducing (for InGaAs deposition)
mounded regions. The SL template formation is optimized after ten periods
where perfectly ordered 2-D InGaAs QD arrays form when additional
InGaAs is deposited on top without annealing following the 6 nm GaAs
spacer layer. The QD arrays are naturally oriented plus and minus 45º off the
[0-11] direction as demonstrated in Fig.3.1 (a). This is along the projection
of the <010> directions which are the elastically soft directions minimizing
the strain energy. Therefore, the spot-like arrangement of InGaAs QD arrays
is established by strain-induced anisotropic In and Ga adatom surface
migration together with lateral and vertical strain field correlation which
produces a 2-D modulated surface on a mesoscopic length scale. The QD
arrays form on top of the nodes of this modulated surface due to local strain
recognition [98, 100].
For InAs QD formation, the top InGaAs layer is substituted by a layer
of InAs (in addition to increased top GaAs spacer layer thickness to 15 nm)
so that an arrangement of ordered, well-isolated InAs QD groups, forming
QD molecules, is produced after further optimization of the SL template
growth conditions in order to optimize the InAs QD arrangement. Figure 3.1
(b) shows the InAs QD molecules aligned plus and minus 45º off [0-11],
similar to the arrangement of the InGaAs QD arrays, which are ordered by
self organized anisotropic strain engineering of the SL template. The
molecules are precisely located on top of the 2-D strain-reducing nodes
(bright areas visible in the image) developed by stacking and annealing in
each period during SL template formation. The average base diameter of the
InAs QDs within the groups is 35 nm and their number varies between 5 and
7 [98, 101]. The number, size and density as well as alignment can be altered
by changing the growth parameters of the SL template and of the top InAs
layer which is discussed in section 3.5.
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Figure 3.1 : (a) 3.3 nm InGaAs QD arrays formed on top of the SL template after 6.0
nm GaAs spacer layer. (b) 0.6 nm InAs layer grown at 485 ºC for QD molecules
formation. (c) InAs single QDs grown at increased substrate temperature with a
reduced InAs amount (~ 0.45 nm). (d) Fast Fourier Transform showing the single QD
periodicity. (e) AFM line scans of (from 1 to 3) (a), (b), and (c). The SL template
(similar for (a, b, and c)) has ten periods of InGaAs/GaAs with 3.3/6.0 nm thicknesses
and 500 ºC / 600 ºC growth and annealing temperatures, respectively, except ~ 20/25
ºC increase for (c). The QDs in all samples arrange in 2-D arrays oriented plus and
minus 45º off [0-11]. The height contrast is 15 nm. (d) has the same scale and
orientation of AFM images,

The InAs QD molecules are transformed into single QDs, shown in
Fig.3.1 (c), by increasing the growth temperature of the SL template and QD
layer. The InAs deposition time is reduced and the growth is terminated
when the onset of the reflection high-energy electron diffraction pattern
transition from streaky to spotty is observed. In addition, a 30 s annealing
step is added (discussed in detail in section 3.6). The QDs within the
molecules coalescence into single QDs due to the high temperature and,
thus, increased adatom mobility allowing the In diffusion towards the center
of the strain-reducing nodes during the 30 s annealing time. The lateral
periodicity of the single QDs is 350 nm on average, determined by the Fast
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Fourier Transform (FFT) analysis shown in Fig. 3.1 (d), which is very
similar to that of the InAs QD molecules. The base diameter of the single
QDs is 80 - 100 nm and the areal density is 8.5 µm-² [101]. Figure 3.1 (e)
depicts the line scan of (1) InGaAs QD arrays, (2) InAs QD molecules and
(3) single QDs aligned 45º off the [0-11] direction revealing information
about QDs size, density and periodicity over the substrate.

3.4 Influence of temperature on superlattice
template evolution
The AFM images in Fig. 3.2 show the SL template evolution in
dependence on the growth temperature of InGaAs and following GaAs thin
capping. The growth conditions such as the InGaAs amount, GaAs spacer
layer thickness, annealing conditions, and In composition are unchanged.
The growth of the InGaAs and following thin GaAs cap layer at 460 ºC,
shown in (a), results in a rough surface with clustering attributed to rapid
nucleation of InGaAs on the relatively cold surface. Although the sample is
annealed at the temperature of 600 ºC the surface does not rearrange due to
the fact that the strain driven adatom migration is hindered by the GaAs cap
layer grown at low temperature. However, the sample improves when the
growth temperature (of InGaAs and thin GaAs capping) is increased to 480
ºC, shown in (b), and 500 ºC where the 2-D mesa-like arrangement of the
InGaAs QD arrays is clearly visible (shown in Fig. 3.1 (a)). On the other
hand, this ordering of the QD arrays degrades again (the 2-D alignment
transforms into 1-D like alignment with decreased mesa height, as shown in
(c)) when the InGaAs and thin GaAs cap layer growth temperature is
increased too high.
The driving mechanism behind this process is as follows: assuming
that all conditions except growth and annealing temperatures of InGaAs and
GaAs thin cap are optimized and conserved, there is a competition between
nucleation and diffusion of In and Ga adatoms during growth and annealing
as a function of the surface temperature. This ends up in an equilibrium
condition at the respective growth and annealing temperatures of 500 ºC and
600 ºC for formation of mesoscopic surface structures of 2-D QD arrays due
to formation of a modulated surface, under the specified growth conditions.
According to this assumption, the equilibrium breaks down at low growth
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temperature dominating the nucleation process such that the diffusion
process does not take place effectively even if the temperature is increased to
the optimal value for annealing. This is indeed due to the decreased mobility
on a relatively cold surface hindering the formation of a periodic surface
modulation. Therefore, we obtain an abruptly developed surface with
clusters as shown in Fig. 3.2 (a, b). On the other hand, the equilibrium to
obtain 2-D mesoscopic ordering is also hindered when the growth
temperature is too high. This is because (i) too much In desorbs, hence the
strain is reduced, and (ii) the intermixing of InAs and GaAs takes place
favoring a planar-like surface. As a result, a degraded formation of InGaAs
QD arrays occurs on the surface as revealed in Fig. 3.2 (c).

Figure 3.2: All samples have similar growth conditions as the sample in Fig. 3.1
(a), except the growth temperature of InGaAs and following thin GaAs cap layer
to reveal the temperature dependence. During SL template growth all samples
are annealed at 600 ºC following the thin GaAs cap layer. The scan sizes are 2 x
2 µm² for all images. The black-to-white height contrast is 15 nm.

This is confirmed by keeping the growth temperature of the InGaAs
and thin GaAs cap layer at the optimal value and varying the annealing
temperature. Figure 3.3 shows the AFM images of the SL template
structures for different annealing temperatures. In (a), the sample with
InGaAs growth and GaAs capping at 500 ºC, and annealed at 560 ºC is
presented. Due to the fact that the annealing temperature is very low
compared to the optimum annealing temperature (of 600 ºC) under these
conditions, the adatom mobility is too low to develop the 2-D mesoscopic
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surface modulation. However, an improvement of the surface rearrangement
is already achieved when annealing is performed at a higher temperature of
580 ºC, as shown in (b). The best lateral ordering in 2-D mesoscopic QD
arrays oriented plus and minus 45º off [0-11] is achieved by increasing the
annealing temperature to 600 ºC (shown in Fig. 3.1(a)). This is due to the
increased mobility on the substrate surface at high temperature, as discussed
above. The surface rearranges as a result of the enhanced strain induced
In/Ga adatom diffusion, and a modulated surface morphology with
nanoscale mounds (2-D nodes) is established. The QD arrays self organize
on top of these nodes due to the local strain field minima. In contrast, at too
high annealing temperature the modulation of SL template and the mesa-like
formation of QD arrays are not developed, as shown in (c). The high
substrate temperature probably results in a high amount of In desorption
and/or intermixing of InAs and GaAs resulting in low strain, hence, a not
fully developed template formation.

Figure 3.3: All samples have similar growth conditions as the sample in Fig.
3.1 (a), except the InGaAs annealing and GaAs spacer growth temperature of
SL template to reveal the annealing temperature dependence. During SL
template growth, the InGaAs and thin GaAs cap layer are grown at 500 ºC. The
scan sizes are 2 x 2 µm² for all images. The black-to-white height contrast is
15-20 nm.
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3.5 Control of InAs quantum dot density and
size by temperature and annealing
The InAs growth temperature as well as that of the SL template has
significant influences on the formation of the QDs (within the groups) and
the QD molecules regarding the QD size, density, and lateral ordering. In
addition, a transformation of the QD molecules into single QDs is observed
for increased growth temperature of the SL template and the InAs QDs
followed by annealing under the same conditions.
Figure 3.4 (a – d) shows the QDs for different InAs growth
temperatures while the InGaAs/GaAs growth and annealing temperatures are
kept at 500 ºC and 600 ºC, respectively, during SL template development. A
dispersed configuration of QDs develops at 460 ºC as shown in Fig. 3.4(a).
Due to the low temperature and, hence, decreased adatom mobility on the
surface in each SL period, the strain induced In adatom diffusion is
suppressed resulting in tiny QDs located on the top of the SL template
nodes with a rough surface. Moreover, bunches of clusters conglomerate
non-uniformly on the nodes together with the QD molecules. A remarkable
improvement is, however, already obvious for the sample shown in Fig. 3.4
(b) which was grown at the substrate temperature of about 470 ºC. This is
due to the increased adatom mobility on the surface, as a result of the
increased growth temperature, where In adatoms more easily diffuse towards
the mounded regions of strain field minima. The tiny QDs join together
forming larger QDs with reduced number and almost no clustering is
observed. In addition, improved ordering of the QDs within the molecules as
well as that of the molecules is obtained. Furthermore, the increase of the
InAs growth temperature to 485 ºC gives the best results for otherwise
unchanged growth conditions, regarding the QD size distribution, and the
ordering as demonstrated in Fig. 3.4 (c). Well-separated and perfectly
ordered QDs (within the groups) and molecules aligned plus and minus 45º
off the [0-11] direction without clustering are obtained. The average size and
height of the QDs in the molecules are about 35 nm and 6 – 8 nm,
respectively. The lateral extension of the molecules is about 130 nm, and the
molecule-to-molecule distances are in the range of 220 – 250 nm. On the
other hand, an additional increase of the InAs growth temperature degrades
the structural quality as well as the homogeneity of the QDs as shown in Fig.
3.4 (d).
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Figure 3.4: 0.6 nm InAs QDs grown at different temperatures on top of the SL
template after a 15 nm GaAs separation layer. The black-to-white height contrast is
15-20 nm.

The samples shown in Fig. 3.5 (a, b) are grown under conditions
comparable to those of the sample presented in Fig. 3.4 (d), except the
increase of the SL template growth and annealing temperatures as well as
the annealing of the InAs QD layer. Due to the increased InGaAs/GaAs
growth and annealing temperatures to 510 and 610 ºC, respectively, a
remarkable decrease of the QD density within the molecules and of the size
fluctuations is observed, as demonstrated in Fig. 3.5 (a). This is due to the
rearrangement of the strain induced surface modulation, as a result of the
high mobility during annealing at increased temperature, producing smaller
nodes with more uniform surface where the QDs form [in section 3.4 the
detailed discussion of the SL template development is presented]. The
annealing of the top InAs layer favors a low density of QD structures to
produce single QDs and/or QD pairs, as demonstrated in Fig. 3.5 (b), due to
coalescence of the QDs within the molecules. During the annealing, the In
adatoms diffuse to the top/center of the nodes, in order to decrease the strain,
where the QD coalescence occurs. Therefore, we obtain single QDs and QD
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pairs as demonstrated in the figure. However, partial desorption of In and/or
intermixing with GaAs should also be considered at high growth
temperature.

Figure 3.5 : InAs QDs on top of the SL template grown and annealed at 510 ºC and
610 ºC, respectively. (a) was not annealed while (b) was annealed for 60 s for single
QD evolution. The black-to-white height contrast is 15-20 nm.

Keeping in mind the enhancement of single QD formation at high SL
template growth and annealing temperature as well as that of the InAs layer,
we have grown several samples at various increased temperatures. At high
temperatures such as 525/625 ºC and above for SL template growth and
annealing, and 515 ºC and above for growth of the InAs layer a degradation
in the QD formation occurs. The QDs either do not form or deform at high
growth and annealing temperature. We attribute this result to the high
surface mobility and In desorption. However, the sample with 520/620 ºC
growth and annealing temperatures for the SL template, and 510 ºC for InAs
layer growth give the best result in terms of structural and lateral ordering,
as well as isolation of single QDs placed on the SL template nodes. The
optimal value of the InAs layer thickness as well as annealing time has to be
established, together with the growth temperature, in order to realize the
most favorable QDs. This is achieved through in-situ analysis of single QD
formation by reflection high-energy electron diffraction (RHEED) [102104].
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3.6 In-situ analysis of single QD formation
After establishing the optimal growth and annealing temperatures for
the SL template and the InAs top layer of 520/620 ºC and 510 ºC,
respectively, the thickness and the annealing time of the InAs QD layer is
changed to study the effect on the enhancement of single QDs. Growth of
too much InAs above the critical thickness (on the SL template) results in
multiple QD formation on the SL template nodes which can lead to
clustering depending on the amount deposited on top. Likewise, too long
annealing will also cause a degradation of the 3-D QD structures due to In
desorption and/or intermixing with GaAs which results in a decrease of the
local strain and flattening of the QDs on the nodes. Therefore, an
equilibrium condition between them has to be set for optimal single QD
development, which we have accomplished through real time analysis of the
samples by RHEED during growth in the MBE chamber.
Figure 3.6 presents AFM images of samples with different InAs
amount and annealing time determined, at the above mentioned nominal
growth temperatures, according to the RHEED pattern transition from
streaky to spotty. In sample (a) 0.41 nm InAs was grown without annealing
while in (b) and (c) 0.45 nm and 0.51 nm InAs was deposited, respectively,
followed by 30 s annealing for QD formation. Regarding the single QD
formation, (b) reveals the best structures and lateral ordering, where single
QDs are nicely isolated and equally spaced over the surface of the SL
template. On the other hand, too long annealing of the samples degrades the
structural quality as demonstrated in (d, e, f). Therefore, the enhancement of
single QD formation is accomplished by growing the InAs QD layer, under
these conditions, to a nominal thickness of 0.45 nm, determined when the
RHEED pattern transition from streaky to spotty occurs, followed by 30
annealing.
Figure 3.7 demonstrates the RHEED pattern changes [105] during
InAs QD development on the SL template. In (a) a streaky pattern in the [233] azimuth is shown (though it is not fully streaky due to the modulated
surface developed during SL template growth). The QD formation starts
after about 5 min. of InAs growth (b) for above mentioned InAs growth rate.
At this stage, InAs develops on the surface as single and groups of QDs
which contain three or less QDs per group (Fig. 3.6 (a)) with fluctuations in
size. On the other hand, well isolated, periodically ordered single QDs are
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formed after 30 s annealing of the InAs QD layer which is grown 30 s
longer following the onset of the RHEED pattern transition (shown in Fig.

Figure 3.6: (a) 0.41 nm , (b) 0.45 nm, and (c) 0.51 nm InAs QDs followed by (b, c)
30 s annealing. The nominal thicknesses of the InAs are assumed referencing to the
RHEED pattern images as (a) onset, (b) streaky/spotty transition and (c) spotty as
compared to the fully spotty pattern observed during growth of QD molecules in
Fig. 3.4 (c). Samples (d - f) show the results of the same samples, respectively, after
annealing for 90 s. The growth rate for InAs is calculated as 0.00135 nm/s. The As4
beam flux equivalent pressure and the oxide removal temperature determined by
RHEED may have variations of ± 5%. The scan sizes are 2 x 2 µm² for all samples
while the height contrast ranges in 15-20 nm.

3.7.(b)). During annealing the In adatoms diffuse toward the center of
the nodes and the groups of dots coalesce into single QDs as a result of
increased mobility [section 3.3]. Figure 3.7 (c) demonstrates the RHEED
pattern corresponding to single QDs. Here, although the InAs amount is
increased, the RHEED image is very similar to that corresponding to the
onset (in (b)) and has streaky-like spots. This is attributed to the coalescence

54

Influence of Temperature and Annealing on Superlattice Template Evolution and
Quantum Dot Formation on Planar GaAs (311)B Substrates

of the small dots on top of the nodes, forming larger but single QDs, which
are attained by annealing. However, further annealing of these dots result in
elongation of the streaky lines due to flattening of the QDs caused by In
desorption and/or intermixing with GaAs. On the other hand, InAs QD
molecules form by continuing the growth for ~ 2 min. beyond the onset of
the RHEED pattern transition. Inset (d) demonstrates the RHEED pattern
corresponding to InAs QD molecules grown at 485 ºC without annealing
[under growth conditions presented in section 3.3]. No elongated streakylike spots but a fully spotty pattern is observed due to denser QD structures
covering the surface.

Figure 3.7: RHEED pattern changes during QD formation: (a) streaky lines after
SL template and 15 nm GaAs spacer layer growth, (b) onset of QD formation after
~ 5 min. of InAs growth on the SL template and GaAs spacer, (c) single QD
formation due to 30 s of annealing following the 5 min. plus 30 s InAs growth, and
(d) QD molecules formed by 2 min. of InAs growth following the onset. All images
are taken in the [-233] azimuth.

55

Chapter 3

3.7 Conclusion
To conclude, we have studied the growth of InGaAs and InAs QDs
which are laterally ordered by self-organized anisotropic strain engineering
of InGaAs/GaAs SL templates on GaAs (311)B substrates in MBE. The
stacking and annealing in each InGaAs/GaAs SL template period produce a
strain modulated surface with 2-D nodes due to lateral and vertical strain
field coupling which serves as a template for QD positioning when the
number of SL template periods is increased to ten. The InGaAs QD arrays
and InAs QD molecules locate preferentially on the top of the nodes due to
strain-field recognition. The study of the growth- and annealing- temperature
dependent SL template evolution has provided a systematic understanding of
the SL template development as well as QD formation on top. The size and
the density of the QD molecules have been controlled by changing the InAs
growth temperature followed by annealing. The QD molecules were
transformed into single QDs at high InAs and SL template growth
temperatures, whose structural quality was enhanced by annealing and
reducing the QD layer thickness which was analyzed in situ by RHEED
during growth.
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IV. Chapter
Complex Quantum Dot Ordering by
Guided Self-organized Anisotropic Strain
Engineering on Shallow Patterned GaAs
(311) B Substrates

Abstract
Self-organized anisotropic strain engineering of InGaAs/GaAs SL
templates is combined with step engineering on shallow patterned substrates for
formation of complex, laterally ordered architectures of InGaAs and InAs QD
arrays and molecules by molecular beam epitaxy. The formation of monolayer
steps and terraces guides the self organization process during buffer layer and SL
template growth to transform the spot-like arrangement of the QD arrays and
molecules (on planar substrates) into connected, well arranged stripes of (InGaAs)
QDs and isolated (InAs) QD molecules on stripe patterned substrates which
extend over macroscopic areas on zigzag mesa patterned substrates. Therefore,
guided self-organized anisotropic strain engineering through steps and terraces on
shallow etched mesa patterns of stripes and zigzags is demonstrated for the lateral
arrangement control and creation of complex QD architectures over micro- and
macroscopic areas which is important for the realization of future quantum
functional devices.

57

Chapter 4

58

Complex Quantum Dot Ordering by Guided Self-organized Anisotropic Strain
Engineering on Shallow Patterned GaAs (311) B Substrates

4.1 Introduction
In this chapter, we study the guided self-organized anisotropic strain
engineering through the combination of InGaAs/GaAs SL template self
organization with step engineering on shallow etched mesa patterned
substrates. The growth of a GaAs buffer layer generates monolayer steps and
terraces along the mesa sidewalls which guide the self organization of the
SL template, and InGaAs and InAs QD ordering on top. Well arranged,
straight stripes of connected QDs and isolated QD molecules are
demonstrated on stripe mesa patterns which extend over macroscopic areas
on zigzag mesa patterns.
The sample preparation and detailed information about the pattern
design and processing are presented in section 4.2. The InGaAs QD ordering
on shallow mesa patterns is presented in section 4.3 where the surface
inclination and step and terrace formation guide the self organization of the
SL template and QD arrays on stripe as well as on zigzag patterns. After
presenting the linear, well isolated arrangement of InAs QD molecules in
section 4.4, we conclude the study of the guided self-organized anisotropic
strain engineering of the SL template on shallow patterned substrates.

4.2 Sample preparation
In order to investigate the influence of the substrate patterns on the
lateral arrangement control of QDs i.e, the interactions of steps and sidewalls
of various orientations of the patterns with the natural directions of
anisotropic adatom surface migration and ordering, we have designed
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patterns of periodic stripes and zigzags with three different sizes and angles,
respectively. The stripes were aligned along the [0-11] direction with 2, 4,
and 10 µm mesa width and separation, while the zigzags have 10 µm widths
and separations with the mesa sidewalls alternately rotated plus and minus
15º, 30º, and 60º off the [0-11] direction. The schematic diagram of the
stripe and zigzag patterns is shown in Fig. 4.1 (a, b), respectively. After
spinning the photo-resist on the substrate surface and masking we have
processed the samples by standard optical lithography, followed by wet
chemical etching in the H2SO4:H2O2:H2O (1:8:1000) solution [106] for the
pattern synthesis. The mesas were etched up to 30 nm depth for all samples
with 0.7 nm/s etching rate. After cleaning, including the final cleaning in
high concentrated sulfuric acid and rinsing in ultra-pure water, we have
loaded the substrates into the MBE chamber for growth.
After oxide removal at 580 ºC, we have started the growth with a 200
nm GaAs buffer layer in order to create smooth stepped surfaces along the
pattern sidewalls. Following this, the growth of the SL template and QD
layer commenced similar to that explained in section 3.2.

Figure 4.1: Schematic of periodic (a) stripe and (b) zigzag patterns. The width and
the separation of the stripe mesas (w) are 2, 4, and 10 µm while they are
maintained at 10 µm for the zigzags. The etched mesa depth (d) is 30 nm for all
samples. The (θ) angle of the zigzag patterns varies as 60 º, 120 º, and 150 º.
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4.3 InGaAs quantum dot stripes on shallow
patterned substrates
In contrast to the spot-like arrangement of InGaAs QD arrays on
planar substrates [discussed in section 3.3] the QD arrangement distinctly
changes on shallow patterned substrates. Figure 4.2 (a – c) shows the
arrangement of InGaAs QDs on shallow etched stripe patterns with different
magnifications [100]. The QD arrangement becomes more stripe-like with
the stripes assuming a distinct zigzag pattern. For such shallow patterns, the

Figure 4.2: (a – c) AFM images with different magnification of InGaAs QD
arrays on stripe patterns of mesa width and separation of 2 µm revealing the
distinct changes of the ordering. (d) 3-D view of (b) to clarify the surface
inclination and non-equivalent sidewall formation due to anisotropic Ga and In
adatom diffusion. The angle θ1 is less than or equal to 1º while θ2 is larger. The
height contrast is 40 – 50 nm.

surface consists of terraces and monolayer height steps rather than of facets.
This is due to formation of an inclined surface (with slope angles less or
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equal to 1º as shown in Fig. 4.2 (d)) which develops during buffer layer
growth. 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 in direction the typical triangular
contour of macroscopic defects (shown in Fig.4.2 (a)) for the (311) B
surface orientation as well as the macroscopic triangular kink structure of
deeper etched mesa sidewalls towards [-233] (towards the next (111) plane)
with acute angle pointing towards [2-3-3] [75]. 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
Fig. 4.3 (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 QDs with 45–50nm center-to-center
distance. Independent of the pattern, the diameter of the InGaAs QDs is
28±2 nm and the QD height is 7±1.5 nm. 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,
therefore, a clear example of guided self organization, where step
engineering on shallow-patterned substrates of proper design and
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.
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Figure 4.3: AFM images of InGaAs QD arrays on zigzag patterns. (a) shows an
over view of the zigzag patterns while (b) reveals the linear QD stripes along
the acute angle arranged over macroscopic areas as a result of guided self
organization of SL template formation. The height contrast is 40 nm.

4.4 Linear InAs quantum dot molecules on
shallow patterned substrates
Figure 4.4 shows the InAs QD molecules on the stripe- and zigzagpatterned substrates with stripe width of 2 µm and zigzag acute angle of 60°
(similar patterns as shown in the previous section). These patterns are
chosen to show the most pronounced effects on the QD ordering, with the
nonequivalent sidewalls of the [0-11] stripes most effectively breaking the
symmetry of natural QD ordering and the 60° zigzag sidewalls supporting
the natural kink structure of the GaAs (311) B surface, discussed above. On
the stripe patterned substrate the InAs QD molecules are arranged in
periodic, well-ordered, and isolated groups of linear QD stripes assuming a
zigzag pattern (on the inclined plane of the mesa stripes), shown in Fig. 4.4
(a). The arrangement becomes uniform over macroscopic areas on the zigzag
pattern (on the inclined plane with acute angle of the mesa bottom toward
[2-3-3]) as shown in Fig. 4.4 (b). Therefore, the guided self organization of
the SL template due to the artificial shallow patterns on GaAs (311) B
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substrates produces complex lateral QD ordering with well isolated linear
InAs QD molecules arranged over macroscopic areas.

Figure 4.4: InAs QDs on (a) stripe and (b) zigzag patterns. The QD molecules
arrange in isolated linear QD arrays along the inclined surface of the patterns
assuming a zigzag pattern. The height contrast is 40 nm.

4.5 Conclusion
In summary, we have studied guided self-organized anisotropic strain
engineering for formation of complex laterally ordered InGaAs QD arrays
and InAs QD groups grown on shallow-patterned GaAs (311) B substrates
by MBE. On stripe-patterned substrates the well-ordered, spot-like
arrangement of ordered QD molecules on planar, unpatterned substrates is
transformed into a zigzag arrangement of periodic stripes which become
straight, well ordered, and connected over macroscopic distances on zigzag
mesa-patterned substrates. These findings provide a route for the formation
of complex arrangements of QD arrays, important for QD device realization.
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V. Chapter
Complex Quantum Dot Ordering by
Guided Self-organized Anisotropic Strain
Engineering on Deep Patterned GaAs
(311) B Substrates
Abstract
Distinct lateral ordering of InGaAs and InAs QDs is created by deep etched
artificial patterns on GaAs (311) B substrates by molecular beam epitaxy. The
ordering is based on the self-organized anisotropic strain engineering of
InGaAs/GaAs SL templates on stripe, zigzag, and round hole patterns with faceted
mesa sidewalls guiding the self organization process to produce complex QD
architectures. The formation of slow growing facets on deep-patterned substrates
produces QD-free mesa sidewalls, while InGaAs QD arrays and InAs QD
molecules and single QDs form on the GaAs (311) B top and bottom planes with
arrangements modified only close to the sidewalls. In addition, the QD arrays and
single QD ordering as well as anisotropic self organization due to the slow and fast
growing sidewalls are clearly shown for deep etched round holes. As a result,
highly ordered complex QD architectures with QD –free and –rich areas along the
pattern sidewalls and mesa- top and bottom regions are created on micro- and
macroscopic scales demonstrating the lateral arrangement control.
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5.1 Introduction
In contrast to the lateral QD ordering on the inclined stepped surfaces
on the shallow-patterned substrates [presented in the preceding chapter], the
large-scale ordering on the GaAs (311) B top and bottom surfaces on the
deep-patterned substrates remains unchanged while QD-free areas along the
pattern sidewalls as well as densely packed QD stripes on the top margins
are produced due to facetted surfaces and anisotropy of the sidewall
formation. Depending on the pattern depths and orientations the ordering is
distinctly modified and complex arrangements of QDs are realized. In the
following sections the distinct lateral arrangements of the InGaAs and InAs
QDs on deep etched mesa patterns are presented. These arrangements are
dependent on the pattern design and depth.
The sample preparation and detailed information about the pattern
design and processing are presented in section 5.2. The InGaAs and InAs
QD ordering on deep mesa patterns is discussed in section 5.3 where the QD
–free and –rich regions and the local modification of the QD ordering due to
the mesa sidewalls are shown in AFM images. The QD ordering on stripe
patterns is demonstrated in section 5.4. The QD array formation and single
QD ordering in round hole patterns is presented in section 5.5, where
anisotropic self organization due to the slow and fast growing sidewalls, and
thus asymmetric hole formation is shown. After all, the chapter is
summarized in section 5.6.
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5.2 Sample preparation
In addition to stripe and zigzag patterns presented in section 4.2 we
have introduced round hole patterns, whose schematic diagram is shown in
Fig. 5.1, to further extend the scope of our investigation of complex QD
ordering (by guided self organization of SL templates) on patterned GaAs
(311) B substrates. While the size and orientation of the stripe and zigzag
patterns are unchanged, the depth (d) of all patterns including the new round
hole patterns were extended to 200 nm with 0.7 nm/s etching rate. The round
hole patterns were created in groups of three different sizes (a) with 6, 8 and
10 µm diameters, and they were separated by distances more than 100 µm.
After processing the samples by standard optical lithography,
followed by wet chemical etching in the H2SO4:H2O2:H2O (1:8:1000)
solution for the pattern synthesis we have cleaned the substrates and loaded
into the MBE chamber for growth. The sample structure and growth details
are maintained similar to those for the shallow patterned samples presented
in the previous chapter.

Figure 5.1: Schematic diagram of deep etched round hole patterns. The
diameters (a) of round holes are 6, 8 and 10 µm while their depth (d) is
maintained at 200 nm. The patterns were created in blocks which have more
than 100 µm distance.
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5.3 InGaAs and InAs quantum dots on deepetched zigzag patterns
Figure 5.2 demonstrates InGaAs and InAs QDs on deep etched zigzag
patterns pointing towards the (a – c) [2-3-3] and (d – f) [-233] directions.
Despite the fact that the large-scale ordering on the GaAs (311) B top and
bottom surfaces remains unchanged the formation of slow-growing side
facets [74, 75, and 108] produces areas which are free of QDs while the
ordering of the (a, d) InGaAs QD arrays and (b, e) InAs QD molecules is
modified only close to the side facets. This is attributed to the selectivity of
growth on faceted surfaces leading to preferential adatom surface migration
from the slow growing side facets to the mesa top and bottom areas. The top
and bottom areas remain planar at distances larger than the adatom surface
diffusion length (of the order of 1 µm) away from the side facets, while
within this distance, the growth rate enhancement produces inclined surfaces
with steps [which is clear in Fig.5.2 (d, e)] to modify the QD ordering
similar to those generated on shallow-patterned substrates. Depending on the
orientation of the side facets, the QDs and molecules arrange in stripes of
connected and densely packed arrays, and well isolated groups close to the
side facets on the top and bottom areas, as clearly observed in (a, d) and (b,
e) for InGaAs and InAs QDs, respectively. Moreover, the combination of
self-organized anisotropic strain engineering with growth on patterned
substrates is directly applied to produce complex arrangements of single
InAs QDs. On the deep-patterned substrate the QDs order into single-QD
stripes along the zigzag edges on the mesa top pointing in the [2-3-3]
direction while single rows of isolated QDs form on the zigzags pointing in
the opposite direction (Fig. 5.2 (c) and (f), respectively) [101]. The single
rows are located along the ridge formed on the mesa top due to the
preferential adatom migration from the side facets
.
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Figure 5.2: InGaAs QD arrays (a, d), InAs QD molecules (b, e) and single QDs
(c, f) on zigzag patterns. (a – c) show the mesa top with 60 º angle pointing
towards [2-3-3] while (d – f) show those pointing towards [-233]. AFM slope
images are shown to reveal the facets and QDs.

Figure 5.3 is shown to demonstrate the QD arrangement along the
acute angle of the zigzag patterns pointing in the [2-3-3] and [-233]
directions for (a – c) and (d – f), respectively, as well as anisotropy of the
sidewall growth. The dense QD stripes and QD free regions which are
formed as a result of adatom diffusion to the pattern top and bottom areas,
shown in (a – c), and the stepped sidewalls in the regions close to the side
facets, shown in (d –f), continue along the inner angles over large distances.
Moreover, the inner angle of these mesa tops has smoothened during growth
of the buffer and following SL template converting the zigzag corners into
round shapes. This is also attributed to the preferential adatom diffusion
toward the pattern corners, and anisotropic growth on the sidewalls,
resulting in filled angles.

70

Complex Quantum Dot Ordering by Guided Self-organized Anisotropic Strain
Engineering on Deep Patterned GaAs (311) B Substrates

Figure 5.3: InGaAs QD arrays (a, d), InAs QD molecules (b, e) and single QDs (c,
f) on zigzag patterns. (a – c) show mesa bottom with 60 º angle in [2-3-3] direction
while (d – f) show those in [-233] direction. AFM slope images are shown to reveal
the facets and QDs.

5.4 InGaAs and InAs quantum dots on deepetched periodic stripe patterns
The periodic stripe patterns, and (a) InGaAs and (b, c) InAs QD
arrangements are demonstrated in Figure 5.4. In contrast to the spotlike
arrangement of QD arrays and molecules in the natural ordering direction of
plus and minus 45º off [0-11] on the planar top and bottom surfaces, QDfree regions are created at the facetted sidewalls. The arrangement is
modified only in the regions close to facets similar to that on zigzag patterns.
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The shrinking in size of the mesa top in contrast to the enlargement of the
mesa bottom is attributed not only to the lateral etching of the mesa stripes
during sample preparation but also to the formation of the slow growing
sidewalls, observed on GaAs (311) B substrates, during buffer layer and SL
template growth.

Figure 5.4: InGaAs QD arrays (a), InAs QD molecules (b) and single QDs (c)
on stripe patterns. (a, b) show AFM slope images of the mesa bottom and top to
reveal the QDs as well as patterns while (c) demonstrates height images of those
scanned parallel to the stripe patterns. Black-to-white height contrast is 20 nm
for (c).

5.5 InGaAs and InAs quantum dots on deepetched round hole patterns
In addition to the distinct ordering of the QD arrays and molecules, a
very clear difference in the growth of the two sidewalls is revealed for deep
etched round hole patterns as demonstrated in Figure 5.5. Although the
patterns were created with uniform round shapes, this is changed into an
asymmetric shape mainly in the horizontal direction during growth.
Compared to the sidewall facing toward the [2-3-3] direction (left hand side
of the round holes in the figure), a quick filling in the curvature of the
sidewall facing toward the [-233] direction (right hand side of the round
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holes in the figure) is obvious. However, the symmetry of the round holes is
unchanged in the vertical direction. This change of the symmetry in the
horizontal direction and the remaining symmetry in the vertical direction are
attributed to the anisotropic Ga and In diffusion which occurs mainly toward
the sidewall facing toward the [-233] direction. As a result, the curvature of
the sidewall (on the right hand side in the figures) propagates and smoothens
much faster compared to the rest of the round hole patterns.

Figure 5.5: InGaAs QD arrays (a), and single QDs (b) on round hole patterns. The
images shown are AFM slope images to reveal the QDs as well as patterns.

5.6 Conclusion
In summary, laterally ordered complex InGaAs and InAs QD
architectures are created by deep etched artificial patterns on GaAs (311) B
substrates in molecular beam epitaxy. The ordering is based on selforganized anisotropic strain engineering of InGaAs/GaAs SL templates on
stripe, zigzag and round hole patterns with faceted mesa sidewalls guiding
the self organization. The formation of slow growing facets on deeppatterned substrates produces QD-free mesa sidewalls, while InGaAs QD
arrays, InAs QD molecules and single QDs form and order naturally on the
GaAs (311) B top and bottom planes with arrangements modified only close
to the sidewalls. In addition, the QD array and single QD ordering as well as
anisotropic self organization due to the slow and fast growing sidewalls is
clearly shown for deep etched round holes. As a result, highly ordered
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complex QD architectures with QD –free and –rich areas along the pattern
sidewalls and mesa- top and bottom regions are created on micro- and
macroscopic scales which is important for realization of future quantum
functional devices.
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VI. Chapter
Deterministic Self Organization of
Quantum Dots on Patterned Substrates

Abstract
A coarse substrate patterning of round holes and zigzags as well as stripes
with 100 nm mesa heights directs the self-organized anisotropic strain engineering
of InGaAs/GaAs superlattice templates on GaAs (311)B substrates by molecular
beam epitaxy for InAs QD ordering. Beyond the complex, lateral QD ordering over
large and local areas demonstrated, respectively, on shallow- and deep- etched
mesa patterns [chapter 4 and 5], here we introduce the deterministic self
organization of InGaAs/GaAs superlattice templates for QD ordering. Rows of
densely packed QD molecules and single QDs develop along the pattern sidewalls
and corners. The QD molecules and single QDs in the neighborhood are spatially
locked to the QD rows, hence, to the pattern sidewalls and corners which direct the
lateral ordering, with unchanged natural periodicities. This extends the concept of
guided self-organization to deterministic self-organization with absolute position
control of the QDs without one-to-one pattern definition.
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6.1 Introduction
Deterministic self organization of InGaAs/GaAs SL templates for
lateral positioning of InAs QD molecules and single QDs on 100 nm deep
etched round hole, zigzag, and stripe patterns is demonstrated as an
extension of guided self organization of the SL templates on shallow- and
deep-patterned substrates. This grants absolute position control of the QDs
while the guided self-organization provides complex QD ordering over large
and local areas on the substrate surface. Such QD ordering is a result of
anisotropic Ga and In adatom diffusion in the patterned regions which have
stepped and/or faceted sidewalls directing the self organization during GaAs
and In(Ga)As growth. The formation of strain field minima in the regions
close to the sidewalls provide preferential nucleation sites for the QDs. Thus,
the QDs spatially order on the top and bottom areas of the patterns with
distinct arrangement close to the sidewalls providing absolute position
control of the QDs whose alignment can be referred to the pattern corners
without one-to-one pattern definition.
In this chapter we present InAs QD molecules and single QDs
ordered on stripe, zigzag, and round hole patterns whose depth is maintained
at 100 nm. In addition to the pattern design, the growth details and sample
structure is kept unchanged. However, along with the mesa depth of 100 nm,
the pattern orientation has also been rotated by 90º counter clockwise for
another sample to investigate the related dependence of lateral QD ordering.
In the following section [6.2] the results regarding the QD ordering on the
patterns oriented along the [0-11] and [-233] directions (stripe patterns are
referenced here) are presented, respectively.
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6.2 InAs quantum dot molecules and
single quantum dots
Figure 6.1 shows the AFM images of InAs QD molecules (a) and
single QDs (b, c) ordered on the round hole and zigzag patterns. On the hole
pattern (the round hole shape changes to more triangular like during GaAs
buffer layer growth) the QD molecules and single QDs arrange along the
sidewalls in single rows following the contour (shown by solid white lines in

Figure 6.1: AFM images of InAs QD molecules (a) and single QDs (b, c) on
100 nm deep patterns. (a) and (b) are round hole patterns whereas (c) is a zigzag
pattern pointing toward the [-233] direction. The solid lines in (a, b) and the
arrows in (c) are demonstrated to clarify the spatial arrangement of QD stripes
along the pattern sidewalls. The black to white contrast is 50 nm for all images.

Fig. 6.1 (a, b) for clarity) of the round holes due to preferential adatom
migration from the slow-growing pattern sidewalls [74, 75, and 108] to the
bottom and top areas. The QD arrays inside the holes are spatially locked to
the single rows of QDs without changing the natural ordering in the areas
away from the sidewalls. The QDs grown on the zigzag patterns shown in
(c) [as well as on deep etched zigzag and round hole patterns presented in
Fig. 5.2 (b, c), Fig. 5.3 (b, c) and Fig. 5.5 (b) in the preceding chapter] most
clearly confirm this behavior leading to absolute QD position control over
large areas without one-to-one pattern definition. The white arrows in
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Fig.6.1 (c) clarify the linear single QD rows aligned parallel to the pattern
sidewalls.
Figure 6.2 (a, b) shows the top and bottom areas of the periodic stripe
patterns with different magnifications. Although the QDs arrange naturally
on the top and bottom planar areas in directions plus and minus 45º off [011], they assume a linear alignment along the sidewall boundaries as
indicated by white arrows in Fig.6.2 (b), in addition to existence of QD-free
regions similar to those observed for deep etched periodic stripe patterns.
Such alignment of the QDs is also attributed to preferential adatom diffusion
from slow-growing sidewalls to the pattern top and bottom areas where QDs

Figure 6.2: AFM images of single InAs QDs on stripe patterns having mesa
width and separation of 4 µm. (a) shows a large scan area of the sample while
(b) demonstrates the mesa bottom with a small scan size to identify the QDs
The white arrows in (b) clarify the spatial arrangement of linear single QD rows
along the pattern sidewalls. (c) shows the line scans of zigzag (1), round hole
(2) and stripe (3) patterned samples illustrated in Fig. 5.2 (c), Fig 6.1 (b) and
Fig. 6.2 (b), respectively; the scan direction is 45º off [-233]. The respective
height scales for (a, b) are 50 nm and 20 nm.
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spatially lock to the corners. In Fig. 6.2 (c) the AFM line scans of zigzag,
round hole and stripe patterns are demonstrated respectively by (1), (2) and
(3), where the markers indicate the position of the pattern top corners (left
marker) and the single QD stripes (right marker) close to these corners. A
spacing of 180 nm (± 10 nm) between the pattern corner and the single QD
stripes is observed on deep etched zigzags (indicated by (1)), while it is 650
nm (± 50 nm) and 600 nm (± 50) for the medium depth round hole and stripe
patterns (indicated by (2, 3)), respectively. The single QDs are spatially
locked to these QD stripes maintaining their natural arrangement.
On the other hand, this ordering vanishes when the pattern orientation
is rotated. Figure 6.3 reveals the QD arrangement on stripe (a, b) and zigzag
(c) patterns whose orientations were rotated counter clockwise by 90º.
Despite the fact that the QD ordering on the left- and right-hand side of
stripe-pattern top (a) and bottom (b) areas transforms into rotated QD arrays
assuming rounded patterns (similar to the arrangement on round hole
patterns), it remains unchanged in the center of the patterns. This is
attributed to the anisotropy of adatom diffusion in the [-233] direction in
contrast to more symmetric diffusion in the [0-11] direction. On the other
hand, for zigzag patterns with angles of 120º pointing toward [0-11] and [011], the ordering results in formation of QD stripes on the left-hand side
sidewall of the mesa top as shown in (c) (top-right corner for mesa top
pointing toward [01-1], and bottom-left corner for mesa top pointing toward
[0-11]). This is due to the partial inclination of the mesa surface close to the
mesa edge, and hence, stepped sidewall along the directions plus and minus
60º off [0-11], corresponding to plus and minus 30º off [-233], which was
already shown for shallow patterned substrates [chapter 4].
In general, the results demonstrated here show that in contrast to
complex QD ordering guided by shallow- and deep- etched patterns where
QDs are ordered over large and local areas including QD-free regions due to,
respectively, stepped and faceted sidewall formation, the deterministic self
organization on similar patterns with, however, moderate mesa depth
provides lateral position control of QDs over large areas. The pattern
sidewalls in the latter case direct the natural QD ordering over macroscopic
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Figure 6.3: AFM images of InAs QD molecules on stripe (a, b) and zigzag (c)
patterns rotated counter clockwise by 90º. In (c) parallel QD stripes are
observed on the left-hand side sidewall of zigzag tip pointing toward [0-11]
and [01-1] (top right and bottom left corners of the image (c)). The height
scale is 50 nm.

areas which is most obvious in the regions close to the mesa sidewalls. This
provides absolute position control of QDs without one-to-one patterning,
avoiding pattern introduced defects and size fluctuations in the QDs (in
cases of high density pattern structures) which degrade, in most cases, the
optical quality of position controlled QDs [109-114]. Finally, it is revealed
from the patterns rotated counter clockwise by 90º, that this kind of QD
ordering is dependent on the design and the orientation of the patterns on the
substrate. The patterns with a moderate depth of 100 nm result in formation
of stepped and faceted sidewalls together. The QDs order in linear
arrangements along the mesa sidewalls, depending on the sidewall
orientation, and the naturally ordered QD arrays in the top- and bottom areas
are spatially locked to them. Therefore, the pattern architectures of
appropriate design and orientation lead to the fabrication of QD structures
with clear position control (referring to the pattern corners) on a
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macroscopic length scale for applications that require QD positional
alignment. The avoidance of pattern creation per QD, in our approach, leads
to high QD optical quality comparable to that of QDs on planar substrates.

6.3 Conclusion
In conclusion, patterns of round holes, zigzags and stripes with 100
nm mesa heights direct the self-organized anisotropic strain engineering of
InGaAs/GaAs superlattice templates on GaAs (311) B substrates for InAs
QD ordering. Beyond the complex, lateral QD ordering over large and local
areas demonstrated in preceding chapters, here we introduced the
deterministic self organization where rows of densely packed QD molecules
and single QDs develop along the pattern sidewalls and corners. The QD
molecules and single QDs in the neighborhood are spatially locked to the
QD rows, hence, to the pattern sidewalls and corners, directing the natural
lateral ordering with unchanged periodicities. Moreover, the rotation of the
pattern orientation counter clockwise by 90º showed that these arrangements
depend on the orientation of the sidewalls, which reveals also that the Ga
and In diffusion is anisotropic in the [-233] direction. This extends the
concept of guided self-organization to deterministic self-organization with
absolute position control of the QDs without one-to-one pattern definition.
This is important for the realization of device applications requiring highly
ordered QDs with high optical quality.
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Optical Properties: Macro- and MicroPhotoluminescence of Quantum Dots

Abstract
Photoluminescence of capped and uncapped InAs QD molecules and single
QDs ordered by self-organized anisotropic strain engineering and step engineering
on patterned GaAs (311)B substrates is studied. Temperature dependent macro-PL
analysis of InAs QD molecules on shallow and deep etched samples reveals clear
influences of the pattern designs on PL intensities and emission energies. The
micro-PL of capped and uncapped single QDs exhibits distinct emission lines
which are broadened for uncapped QDs revealing strong interaction with surface
states. Intense sharp peaks from capped single QDs are observed at low
temperatures by high resolution micro-PL. Hence, these findings, demonstrating
excellent optical quality of the QDs on the patterned substrates, and interactions
with surface states might be significant for quantum functional devices and high
sensitive detector applications requiring lateral QD position control.
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7.1 Introduction
Optical properties of capped and uncapped QD molecules and single
QDs on patterned substrates have been studied to explore the pattern
influences on the PL of QD molecules and single QDs, and the interactions
with surface states. Depending on the pattern design, the PL of the QDs on
the patterned substrates shows distinct emission properties with no
degradation of optical quality which is important for ultra-small devices
requiring position control of nanostructures [115-119]. In addition, micro-PL
studies of surface QDs illustrate interactions between QD and surface states
(important for high sensitive sensor applications) [120-122], and QD strain
relaxation revealed by the single QD PL peak linewidths and energies in
comparison to those of capped QDs [24, 123-125]. Moreover, regarding the
increased number of devices based on single QDs [117, 126-128] high
spectral resolution micro-PL of single QDs has been studied which confirms
high optical quality promising for single QD device applications.
The experimental details and schematic overview of the optical setup
are given in section 7.2. The temperature dependent macro-PL studies
showing the pattern design and depth influences on the optical properties of
the QD molecules are presented in section 7.3. The micro-PL results of
capped and uncapped single QDs are given in section 7.4. The PL studies of
single QDs by high resolution micro-PL are given in section 7.5 where sharp
single dot PL spectra are clearly revealed at elevated temperature. Finally,
section 7.6 concludes the chapter of the optical properties.
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7.2 Experimental details
Micro- and macro-PL studies have been performed of InAs QD
samples with and without capping, whose AFM images are presented in
section 4.4 and section 5.3. The capped QD samples have a 100 nm thick
GaAs layer on top. For investigation of the optical properties of the QD
molecules a macro-PL setup has been used. The samples were excited by the
532 nm line of a Nd:yttrium aluminum garnet laser with excitation power
density of 256 mW/cm² and a spot size of about 100 µm. For micro-PL
measurements presented in section 7.4, a He-Ne laser operating at 632.8 nm
with excitation power densities of 35 µW/cm² (for capped single QDs) and
13 µW/cm² (for uncapped single QDs) was used to excite the samples
through an optical microscope objective which also served to collect the PL
with a spatial resolution of ~ 3 µm. The samples were mounted in a He-flow
cryostat for temperature control between 5 K and RT for all measurements.
The PL was dispersed by a single monochromator and recorded by a cooled
(at 50 K for macro-PL and 100 K for micro-PL) InGaAs linear array detector
(fig.7.1 (a)). For high resolution micro-PL with a spatial resolution of 1 – 2
µm (the setup is illustrated schematically in fig.7.1 (b)) the PL signal was
dispersed by a triple monochromator and detected by the InGaAs linear
photodiode array (at 100 K) with a spectral resolution of 80 µeV.
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Figure 7.1: Schematic of (a) macro-PL and resolution limited micro-PL,
and (b) high resolution micro-PL setup.

7.3 Temperature dependent
photoluminescence of InAs quantum dots
on patterned GaAs (311) B substrates
Figure 7.2 shows the temperature dependent macro-PL spectra of the
InAs QD molecules on deep patterned substrate presented in Fig. 5.2 (b, e)
and Fig. 5.3 (b, e). At 5 K the PL reveals peaks with photon energies of 1.24
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eV and 1.34 eV from the QDs and SL template, respectively. With
increasing temperature, the PL intensity from the QDs increases between 5
K and 60–70 K due to thermally activated carrier transfer from the SL
template to the QDs. Between 70 K and RT the PL efficiency of the QDs
drops about three to four orders of magnitude due to thermal escape of
carriers to the GaAs barriers. This is very similar to the behavior of the InAs
QDs on planar substrates evidencing no degradation of the optical quality of
the QD molecules on the patterned substrates [86, 90, 97, 125].

Figure 7.2: Temperature dependent macro-PL of QD molecules and SL
template on deep patterned GaAs (311) B substrates. AFM images of the
corresponding sample are illustrated in Fig. 5.2 (b, e) and Fig. 5.3 (b, e).

In contrast, obvious influences of the pattern on QD molecules and
SL template emission properties are revealed by PL studies performed for
shallow patterned substrates. Figure 7.3 shows the QD molecules (shown in
Fig. 4.4) and SL template emission peaks measured at low temperature
which are centered at 1.24 eV and 1.30 eV, respectively. Compared to deeppatterned samples a low energy shift of about 40 meV is found for the
emission of the SL template, grown on shallow etched substrates (also a low
energy shift of about 10 meV for the emission of the QD molecules), which
is clearly evidenced in the micro-PL spectrum shown in the upper inset in
Fig. 7.3. Moreover, the PL intensity of the SL template first increases

88

Optical Properties: Macro- and Micro-Photoluminescence of Quantum Dots

between 5 and 60 K before it drops, as depicted in the lower inset of Fig.
7.3. This is in contradiction to the intensity decrease from the lowest
temperature on, commonly observed for similar QD and SL template
structures grown on planar substrates. These differences are attributed to the
presence of steps and the resulting modification of the SL template on the
shallow patterned substrate [91]. The steps of varying directions and
densities modify the QD ordering due to the local modification of the In and
Ga adatom surface migration during annealing, which likely produces lateral

Figure 7.3: Temperature dependent macro-PL of QD molecules on shallow
etched GaAs (311)B substrates; the corresponding sample is illustrated in Fig.
4.4. (upper inset) Micro-PL of shallow- and deep-etched samples showing the
pattern-depth dependent energy shift. (lower inset) SL template PL intensity
increase as well as that of QDs by increased measurement temperature for the
shallow patterned substrates.

thickness and composition fluctuations in the SL template. This leads to
stronger carrier localization-delocalization effects within the SL template
itself, initially increasing the template PL intensity with temperature, and to
a low energy shift of the PL originating from regions of largest thickness and
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In composition. Between 70 K and RT, the PL efficiency of the QDs drops
about three to four orders of magnitude due to thermal escape of carriers to
the GaAs barriers [101, 129, and 130].
Although the PL properties of QDs demonstrated here show similar
behavior to those on planar substrates [86, 90, 97, 125] evidencing no
degradation of the optical quality, the differences in PL properties of
shallow- and deep- etched substrates reveal large scale (for the former) and
local (for the latter) modification of the InGaAs ordering during SL template
formation. Therefore, complex QD arrangements by guided self-organized
anisotropic strain engineering of SL templates on patterned substrates has
been shown to control the QD ordering over macroscopic (on shallow
patterns due to steps) and local areas (on deep patterns due to facets) with
excellent optical properties up to room temperature. The pattern dependent
structural quality of the SL templates is demonstrated in the PL energy and
intensity properties originating from carrier localization-delocalization
effects.

7.4 Micro photoluminescence of capped and
uncapped single InAs quantum dots
Samples of capped and uncapped InAs QDs have been studied to
investigate the QD PL emission properties and influences of surface states
and relaxation mechanism. Figure 7.4 shows the temperature dependent
micro-PL of GaAs capped (a) and uncapped (b) single QDs on the SL
template (shown in Fig.5.2 (c, f) and Fig. 5.3 (c, f)). The respective emission
peaks of the SL template and capped QDs are centered at 1.34 eV and 1.275
eV for temperatures below 10 K while the PL peaks of the uncapped QDs
shift to around 1.0 eV. The strong shift of the PL to lower energies (which is
about 280 meV in total) for uncapped QDs is attributed to the elastic strain
relaxation, hence, narrowing of the energy gap (of about 200 meV), and
strong coupling/interaction of the QD energy states with surface states
resulting in an additional decrease (of about 80 meV). This is consistent with
the assumptions and measurement results presented in Ref. 24. Temperature
dependent micro-PL reveals again thermally activated carrier transfer from
the SL template to the capped (QD PL intensity increases up to 60 K) and
uncapped (QD PL intensity increases up to 25 K) QDs. This is a
characteristic property of our ordered QD arrays, as mentioned above, where
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the SL template acts as carrier reservoir for the QD layer on top increasing
the emission intensity of QDs at elevated temperature. The PL intensity
decreases for uncapped QDs at relatively low temperatures indicating the
presence of nonradiative carrier recombination centers. However, up to 25 K
the PL intensity of capped and uncapped QDs is comparable.

Figure 7.4: Temperature dependent micro-PL spectra of the capped (a) and (b)
uncapped samples revealing distinct emission lines of SL template and InAs
QDs. Compared to the spectra in (a) a decrease in PL emission energy and
intensity is observed in (b) due to QD relaxation and non-radiative carrier
recombination centers for uncapped QDs.
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On the other hand, Figure 7.5 compares the micro-PL spectra of these
capped (a) and uncapped (b) single QDs performed at low temperatures
exhibiting well distinguished emission lines. The linewidths of the uncapped
QDs (3 – 5 meV) are distinctly larger than the resolution limited linewidths
of the capped QDs (1 meV for this measurement system). The larger
linewidths of uncapped QDs are attributed to strong interaction of QDenergy states with surfaces states. The termination of the semiconductor with

Figure 7.5: Micro-PL of (a) capped and (b) uncapped InAs single QDs at low
temperature demonstrating linewidth broadening of uncapped dots due to
interaction with surface states. In spectum (a) the linewidth is ~1 meV, limited
by the micro-PL setup and in spectrum (b) the linewidth is 3 - 5 meV. In the
schematic drawing SQD, Sstate and Spot correspond to surface QD states, surface
states and surface potentials, respectively.

a surface leads to surface-bound electronic states with energies in the
forbidden gap between the valence and conduction bands of the bulk
semiconductor (the inset of Fig. 7.5 (b) shows a schematic drawing of the
band structure). The presence of nonstatic electric fields as a result of
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statistical charging/discharging of the surface states creates temporal
variations of the QD electronic states and, hence, PL emission energies.
Therefore, a broader linewidth is observed in the micro-PL of uncapped QDs
compared to their capped counter parts [18, 22, 131]. However, additional
investigations of these interactions are required for a better understanding of
this process.

7.5 High resolution micro photoluminescence
of capped single InAs quantum dots
Figure 7.6 depicts the high-resolution micro-PL of the capped single
QD sample. The spectral regions of the single QDs and SL template are
clearly identified in Fig.7.6 (a), where intense sharp peaks from the single
QDs and from localized excitons in the SL template are observed at 60 K.
The temperature dependent micro-PL spectra for the QD spectral region are
shown in Fig.7.6 (b). At 4.5 K, though the efficiency is low, sharp lines from
individual QDs can clearly be identified from the temperature dependence
with a resolution limited linewidth of 80 µeV. The linewidth increases with
temperature revealing the common small increase up to 40 K due to acoustic
phonon scattering followed by a much steeper increase for higher
temperatures caused by optical phonon scattering [132, 133], shown in the
inset of Fig.7.6 (b). The demonstration of such single dot PL spectra with
sharp emission peaks from individual dots is significant for single QD based
studies
On the other hand, compared to the PL energies of the QD molecules
presented in section 7.3, higher energy values (of about 35 meV) are
observed for the single QDs. The blueshift in the PL emission energies of
single QDs is attributed to Ga intermixing in the QDs during InAs growth
and annealing at high temperature for single QD formation. Therefore, the
emission energy of the single QDs increases compared to that of the QD
molecules.
.
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Figure 7.6: High-resolution micro-PL spectra of the capped sample. (a) depicts
the single QDs and SL template spectral regions. (b) shows temperature
dependent measurements of the QD spectral region revealing resolution limited
linewidth (80 µeV) at 4.5 K and the typical broadening with increasing
temperature, shown in the inset.

7.6 Conclusion
In conclusion, photoluminescence of capped and uncapped, ordered
QD molecules and single QDs on patterned GaAs (311)B substrates have
been studied. Temperature dependent macro-PL analysis of InAs QD
molecules on shallow and deep etched substrates reveals clear influences of
the pattern designs on the PL intensities and emission energies with
excellent optical quality. The micro-PL of capped and uncapped single QDs
exhibits distinct emission lines which are broadened for uncapped QDs
revealing strong interaction with surface states. Intense sharp peaks from
capped single QDs have been observed at low temperatures by high
resolution micro-PL. Hence, these findings, demonstrating excellent optical
quality on patterned substrates, and interactions with surface states, might be

94

Optical Properties: Macro- and Micro-Photoluminescence of Quantum Dots

significant for quantum functional device realization and high sensitive
detector applications requiring high lateral position control of QDs.
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Summary
This thesis presents the fabrication and characterization of InGaAs and
InAs QDs formed by self-organized anisotropic strain engineering of
InGaAs/GaAs SL templates on planar GaAs (311) B substrates, and guided
and directed self organization of the SL template formation through artificial
patterning of the substrates for creation of complex QD architectures and
lateral positioning by MBE. Detailed studies of SL template evolution as a
function of growth and annealing temperatures for growth of ordered
InGaAs QD arrays and InAs QD molecules, and transition of the QD
molecules into single QDs through optimization of growth temperature,
InAs amount, and annealing, analyzed in-situ by RHEED, were
demonstrated on planar substrates. The QD arrays, molecules and single
QDs have been grown on patterned substrates, following the optimization of
the growth conditions for well-ordered, mesoscopic InGaAs QD arrays, and
isolated InAs QD molecules and single QDs, in order to create complex
architectures of QDs and accurate position control of QDs depending on the
pattern design. These QDs exhibit excellent optical quality revealed by
temperature dependent macro-PL spectra with strong emission up to room
temperature and ultra-sharp peaks in micro-PL at low temperature from
individual QDs, which is required for future quantum functional devices.
Semiconductor QDs have been intensively investigated in recent
decades since they possess full size quantization bearing the opportunity for
development of novel device applications and/or increase of device
performance for applications such as QD-lasers and/or single photon
source/detectors for quantum communication. The properties such as
electron-hole interactions, spins of electron/holes, light particles (photons),
and lattice vibrations (phonons) can be manipulated in single QDs with sizes
comparable or smaller than the de Broglie wavelength of charge carriers in
bulk material. For producing such QDs with high opto-electronic quality,
needed for device fabrication, different growth approaches have been
suggested. Molecular beam epitaxy of In(Ga)As on GaAs substrates grown
in the SK mode is the most extensively studied technique for self
organization of QDs and QWRs. Based on the lattice mismatch between the
substrate and QD material, the ordering, density, and structural properties of
QDs have been improved by vertical stacking of strained layers providing
lower mismatch regions where the QDs nucleate. Moreover, 1-D QD arrays
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have been formed by self-organized anisotropic strain engineering of
InGaAs/GaAs SL templates on planar and patterned GaAs (100) substrates,
which has been extended to laterally ordered and well-isolated 2-D QD
molecules on planar GaAs (311)B substrates providing the basis for our
study.
The stacking and annealing in each InGaAs/GaAs SL template period
produces a strain modulated surface with 2-D nodes due to lateral and
vertical strain field coupling which serves as a template for QD positioning
when the number of SL template periods is increased to ten. The InGaAs
QD arrays and InAs QD molecules locate preferentially on top of the nodes
due to strain-field recognition. The study of the growth- and annealingtemperature dependent SL template evolution provides a systematic
understanding of the SL template development as well as QD ordering on
top. The size and the density of the QD molecules are controlled by
changing the InAs growth temperature followed by annealing. The QD
molecules are transformed into single QDs at high InAs and SL template
growth temperatures, whose structural quality is enhanced by annealing and
reducing the QD layer thickness, analyzed in situ by RHEED during growth.
The study of guided self-organized anisotropic strain engineering for
formation of complex laterally ordered InGaAs QD arrays and InAs QD
groups is demonstrated on shallow-patterned GaAs (311) B substrates. On
stripe-patterned substrates the well-ordered, spot-like arrangement of
ordered QD molecules on planar, unpatterned substrates is transformed into
a zigzag arrangement of periodic stripes which become straight, well
ordered, and connected over macroscopic distances on zigzag mesapatterned substrates. In addition, laterally ordered complex InGaAs and InAs
QD architectures are created on deep etched artificial patterns where the
ordering is based on self-organized strain engineering of InGaAs/GaAs SL
templates on stripe, zigzag, and round hole patterns with faceted mesa
sidewalls guiding the self organization. The formation of slow-growing
facets on deep-patterned substrates produces QD-free mesa sidewalls, while
InGaAs QD arrays and InAs QD molecules and single QDs form on the
GaAs (311) B top and bottom planes with arrangements modified only close
to the sidewalls. Moreover, the QD array and single QD ordering as well as
anisotropic self organization due to the slow and fast growing sidewalls is
clearly shown for deep etched round holes. As a result, highly ordered
complex QD architectures with QD –free and –rich areas along the pattern
sidewalls and mesa- top and bottom regions are created on macro- and
microscopic scales on shallow- and deep-patterned GaAs (311) B substrates,
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respectively.
The patterns of round holes, zigzags, and stripes with medium depth of
100 nm direct the self-organized anisotropic strain engineering of
InGaAs/GaAs superlattice templates on GaAs (311) B substrates for
absolute InAs QD position control. Beyond the complex, lateral QD
ordering over large and local areas demonstrated precedingly, deterministic
self organization is introduced due to stepped and faceted sidewall
formation, where rows of densely packed QD molecules and single QDs
develop along the pattern sidewalls and corners. The QD molecules and
single QDs in the neighborhood are spatially locked to the QD rows, hence,
pattern sidewalls and corners, directing the natural lateral ordering with
unchanged periodicities. Moreover, the rotation of the pattern orientation
counter clockwise by 90º shows that these arrangements strongly depend on
the orientation of the sidewalls, which reveals also that the Ga and In
diffusion is anisotropic in the [-233] direction. This extends the concept of
guided self organization to deterministic self organization with absolute
position control of the QDs without one-to-one pattern definition.
Finally, photoluminescence studies of capped and uncapped, ordered
QD molecules, and single QDs on patterned GaAs (311)B substrates have
shown excellent optical quality. Temperature dependent macro-PL analysis
of InAs QD molecules on shallow- and deep- etched substrates revealed
clear influences of the pattern designs on the PL intensities and emission
energies. The micro-PL spectra at low temperature of capped and uncapped
single QDs exhibit distinct emission lines which are broadened for uncapped
QDs revealing strong interaction with surface states. Ultra-sharp peaks from
capped single QDs on patterned GaAs (311) B substrates are observed at
low temperature by high resolution micro-PL. These findings highlight the
potential of guided and deterministic self-organized anisotropic strain
engineering for the realization of future quantum functional devices
requiring ordered and position controlled QD arrays with high structural and
optical quality.
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