Influence of defects, phonons and strain
on the luminescence properties

of nitride- and arsenide-based
quantum dots

vorgelegt von
Diplom-Physikerin

Irina A. Ostapenko

aus Apatity

Von der Fakultét II - Mathematik und Naturwissenschaften
der Technischen Universitiat Berlin
zur Erlangung des akademischen Grades
Doktor der Naturwissenschaften

- Dr. rer. nat. -

genehmigte Dissertation

Promotionsausschuss:

Vorsitzender:
Prof. Dr. Dieter Breitschwerdt

Gutachter:

Prof. Dr. Dieter Bimberg
Prof. Dr. Axel Hoffmann
Prof. Dr. Jiirgen Christen

Tag der wissenschaftlichen Aussprache: 27.04.2012

Berlin 2012

D 83






Influence of defects, phonons and
strain on the luminescence
properties of nitride- and
arsenide-based quantum dots

Irina A. Ostapenko

Technical University Berlin
Berlin 2012






"What do you mean by that?’
said the Caterpillar sternly.
"Explain yourself!’
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Abstract

This work presents the results of experimental investigations of the luminescence
properties of two important quantum dot (QD) material systems by means of
cathodoluminescence (CL) spectroscopy. Nitride-based QDs are prospective for
quantum-communication applications at elevated temperatures due to their large
localization energies. Site-controlled InGaAs/GaAs QDs present an example of a
novel “bottom-up” approach for deterministic QD alignment. This method, based
on strain-modulation controlled QD nucleation, is generally applicable to lateral
positioning of nanostructures. The experimental results are substantiated with nu-
merical calculations, some of which are presented for the first time within the frame
of this work.

Different manifestations of the so-called spectral diffusion (SD) - the variation of
the single QD luminescence under influence of stochastic fluctuations of electric
fields in the QD environment - were investigated. The dependence of SD on various
excitation conditions and sample fabrication methods was analyzed for nitride-based
QDs. The origin of different components of SD is discussed in terms of different
defect types. For the spectral jitter of QD emission lines, which can be resolved
in the spectroscopic experiments, a model of a moving charge is proposed. The
analysis of the spectral jitter of the QD emission lines allows to conclude about the
QD excitonic dipole-moment, induced by piezo- and pyroelectric fields.

It is shown, that a large emission linewidth appears to be intrinsic property of
the nitride material system using current fabrication methods and is present even
in case of resonant excitation of the QD. From the spectral jitter of the emission
lines, stemming from the excitonic transitions of the same QD, the ratio of the
built-in dipole moments of the respective excitonic complexes can be determined
quantitatively. Built-in dipole moments of various excitonic complexes from the
same dot are shown to differ significantly. A special type of spectral jitter, reported
for the first time in this work, allows to estimate the absolute value of the excitonic
built-in dipole moment without applying external electric field.

Interaction of excitons and acoustic phonons is investigated in detail in a combined
experimental and theoretical survey for the first time for GaN/AIN QDs, where the
impact of vertical and lateral charge-carrier confinement on the coupling mechanisms
is analyzed. The independent Boson model using realistic wave-functions from

8-band k - p theory accounts very well for the experimental observations of the shape
and position of the phonon side-bands. The intensity ratio of the zero-phonon line



and phonon side-band as obtained from the numerical results matches measured
data only when SD-induced line broadening is superimposed. The importance of
taking SD into account in case of nitride-based QDs is again emphasized and its
major impact on the inhomogeneous line broadening is proven. The analysis of
temperature dependence of the emission linewidth shows a major role of acoustic
phonon scattering for broadening of the linewidth, while the contribution of optical
phonons can be neglected here.

Spatially-resolved CL showed itself as a very useful technique for the investigation
of the first test-structures of positioned QD. The feasibility of the growth concept
is proven on the example of InGaAs/GaAs QD material system. The unambiguous
influence of the strain from the buried stressor structure on luminescence properties,
such as spectral diffusion and ensemble polarization, is evidenced. CL experiments
reveal the formation of different QD luminescence bands, which can be clearly dis-
tinguished spectrally and spatially in strong correlation with the stressor position.
The possibility to control properties of QD and their formation by means of strain
from a buried stressor structure, appears an important step on the way to tailoring
single-QD-based devices with desirable properties.



Zusammenfassung

Diese Arbeit stellt die Ergebnisse der experimentellen Untersuchungen der Lumi-
neszenzeigenschaften von Halbleiterquantenpunkten (QP) vor. Zwei wichtige Ma-
terialsysteme stehen im Mittelpunkt dieser Arbeit. Beide Systeme sind fir die
Entwicklung von Anwendungen im Bereich der Quantenkryptografie und Quan-
tencomputer von grofler Bedeutung: Nitrid-basierte QP sind wichtige Kandidaten
fiir die Anwendbarkeit bei Raumtemperatur. Am Beispiel des Materialsystems
InGaAs/GaAs wurde ein neuer Ansatz der Herstellung positionierter QP unter-
sucht. Fiir die optische Charakterisierung wurde Kathodolumineszenzspektroskopie
(KL) benutzt, da sie eine hohe Orts- und Spektralauflosung bietet. Um die ex-
perimentellen Beobachtungen einzuordnen, wurden verschiedene Modellrechnungen
durchgefithrt und deren Ergebnisse werden zum ersten Mal im Rahmen dieser Ar-
beit priasentiert. Dabei vermittelt die gesamte Analyse ein besseres Verstandnis der
untersuchten Prozesse.

Stochastische Fluktuationen lokaler elektrischer Felder in der Umgebung von QP
beeinflussen die Lumineszenzenergie, dieser Effekt ist als spektrale Diffusion (SD)
bekannt. Die Auswirkungen der SD auf die Lumineszenz Nitrid-basierter QP wurden
untersucht. Die vorliegende Arbeit liefert umfangreiche Ergebnisse und Diskussio-
nen zu unterschiedlichen Typen von SD und fithrt deren moglichen Ursprung auf
bestimmte Arten von Defekten zuriick. Es wurde festgestellt, dass die groflen Lin-
ienbreiten auch bei resonanter Anregung auftreten und fiir die Nitrid-basierten QP,
die mittels heutigen Verfahren gewachsen werden, eine charakteristische Eigenschaft
darstellen. Ein spezielles Muster im zeitlichen Verlauf der Lumineszenz einzelner QP
wird zum ersten Mal beschrieben, ein Model als Erklirung fiir diese Anderung der
Linienlage wird vorgestellt und durch Simulationsrechnungen verifiziert. Pyro- und
piezoelektrische Felder in den Nitrid-basierten Heterostrukturen verursachen eine
rdumliche Trennung der Wellenfunktionen der Ladungstrager in den QP. Fiir die
resultierenden Dipolmomente exzitonischer Komplexe in einzelnen QP wurde aus
den Experimenten anhand der SD sowohl die Grofle als auch das relative Verhaltnis
identifiziert.

Die Wechselwirkungen zwischen Exzitonen, eingeschlossen in AIN/GaN QP, und el-
ementaren Gitterschwingungen wurden untersucht. Temperaturabhangige Messun-
gen und spezielle Modelrechnungen zeigen die verstiarkte Kopplung an akustische
Phononen. Eine detaillierte Analyse der Kopplungsmechanismen in Abhangigkeit
von Grofle und Form eines QPs wurde mit Hilfe des Independent Boson Mod-
ells durchgefithrt. Diese Rechnungen benutzen realistische Wellenfunktionen aus



8-Band k - p Rechnungen in der Hartree-Fock Naherung als Eingangsparameter und
beriicksichtigen aulerdem die durch die SD verursachte inhomogene Linienverbre-
iterung. Die Simulationsergebnisse zeigen eine sehr gute Ubereinstimmung mit dem
Experiment.

KL Untersuchungen haben bestétigt, dass der Einsatz vergrabener Stressor-
Strukturen unter einer QP-Schicht das Wachstum der QP steuern kann. Die Ergeb-
nisse deuten darauf hin, dass sich die QP in starker Korrelation mit der Position
des Stressors bilden. Die durch den Stressor erzeugte Verspannung im Material bee-
influsst auch die optischen Eigenschaften der positionierten QP. So wurden ortsab-
hédngige systematische Variationen der QP nachgewiesen, die sich in der Emission-
senergie, der SD und der Polarisation zeigen. Da die in dieser Arbeit untersuchte
Methode des kontrollierten Wachstums von QP auch in anderen Materialsystemen
anwendbar ist, erscheint dieses Verfahren ein bedeutender Schritt fiir die Entwick-
lung von Anwendungen, die auf einzelnen positionierten QP basieren, die bestimmte
optische Eigenschaften aufweisen sollen.
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Introduction

The onrush of modern data communication has moved information technology and
opto-electronic device industry into leading economical sectors. Physics of semicon-
ductor nanostructures has achieved a tremendous importance in the last decades.
Intensive fundamental investigation of semiconductors is constantly giving rise to
novel areas of their application. A number of nanotechnological inventions have
revolutionized microelectronics and information technology: in this context quan-
tum well lasers, high-power quantum-well based light emitting diodes, computer
read-write disk heads can be named. Giant magnetoresistance effect enabled high
capacity computer hard drivers and was acknowledged by Nobel Prize in Physics in
2007.

The ultimate example of quantum confinement in semiconductor heterostructures is
a quantum dot (QD). Its size in the order of a few nanometers, allows confinement of
charge carriers in all three dimensions and opens a door to completely new physical
properties. A QD is an excellent model system to investigate quantum mechanical
laws of finite fermionic systems. The development of this field of nanotechnology
resulted in proposal of a number of interesting QD-based applications: photode-
tectors [Kom00, Kri05], semiconductor optical amplifiers [Bim05], nanocrystal solar
cells [Noz02], QD lasers [Ara82, Bim97], QD memory device [Marl1].

QDs are promising candidates for quantum information applications (e.g. [Shi07,
Bim09]). A single QD can be employed in secure quantum-key-distribution [Ben00].
Recently a large number of brilliant results have been reported, proving a QD as

a robust single- and entangled-photon source for quantum communication [Loc06,
Joh08, Sall0b].

Among various QD material systems III-V nitrides attract a particular attention.
The luminescence of these QDs covers the spectrum from ultra-violet for GaN/AIN
QDs [Kak04] to infra-red for InN/GaN QDs [Ruf07]. Large charge carrier localiza-
tion energy allowed demonstration of single photon emission at 200 K from GaN/AIN
QDs [Kak06]. Lasing operation of an optically pumped InGaN QD laser at room
temperature was reported in [Tac99]. Long spin decoherence times [Kri03, Lag08]
together with the stability of excitonic effects up to room temperature make nitride-
based QDs suitable for quantum-communication and solid-state quantum computing
systems [De 02, Win08].

In spite of the tremendous development of nitride-QD-based devices, many physical
phenomena in these materials are still not fully understood. Some of the effects
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arise from built-in electric fields of several MV /cm, present in nitride-based het-
erostructures, grown along the polar axis (0001). These fields originate from pyro-
and piezoelectric effects of the wurtzite crystal structure and lead to a large spatial
separation of the confined charge carriers within a QD structure. The resulting
electron-hole dipole-moment makes the QD excitons very sensitive to variation of
the external electric fields and also enhances the polar interaction of the excitons in
the QD with lattice vibrations.

In contrast, the arsenide-based QD material system is far more investigated. A pro-
found knowledge of the optical properties of In(Ga)As/GaAs QDs has been gained
in recent years. Well optimized growth approaches for self-assembled QDs of this
material system exist. However, many quantum information applications require
precise positioning of a single QD and full control over its optical properties. The
existing methods of site-controlled growth are predominantly based on sophisticated
pre-patterning of the substrate, leading to limitation of the optical performance of
the dots afterwards. Thus improvement of the optical quality of such site-controlled
QD and a development of alternative methods is necessary.

Objectives of the work

For the last decades semiconductor heterostructures have been successfully studied
and a significant progress has been achieved in the development of applications.
Among others, QD structures are promising candidates for quantum information
systems. The present work is dedicated to the investigation of the luminescence

properties of two important QD-systems: nitride-based QDs and site-controlled
arsenide-based QDs.

An experimental survey of the optical properties of single QDs by means of cathodo-
luminescence spectroscopy provides information about the properties of excitonic
complexes in zero-dimensional QD-structures. For a substantial comprehension of
the experimental observations the work is supported by numerical modeling. Partic-
ular electronic properties of single nitride-based QDs are obtained in the framework
of 8-band k - p theory in combination with Hartree and Hartree-Fock approaches.
Coupling of excitons, confined in GaN/AIN QDs, and acoustic phonons is modeled
by the independent Boson model with realistic wave-functions for the first time.
Continuum elasticity model is applied to simulate strain, induced on GaAs surface
by a buried stressor. The joint analysis then contributes to a better understanding
of the complex interaction of excitons confined in QDs and their environment. The
present work addresses the following aspects:

o Interaction of charge carriers in QDs with fluctuating electric fields in the
environment - the so-called spectral diffusion (SD).
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What impact does SD have on the QD luminescence? Which parameters can
influence the linewidth of emission lines? What information about the intrinsic
properties of the system can be obtained from the observation of SD? Which
mechanism is behind the SD? Can SD be eliminated?

Stable intensity and emission energy is a key point for potential implemen-
tation of QD. SD can be detrimental for single QD-based applications. Due
to the strong pyro- and piezoelectric fields in the nitride-based heterostruc-
ture large built-in dipole moments are induced in the QDs. As a result, the
excitonic emission is very sensitive to the changes of the electric fields in the
environment and makes nitride-based QDs beneficial for the investigation of
SD.

Interaction of charge carriers in the QDs with the lattice vibrations.

How do the acoustic phonons manifest themselves in the luminescence of sin-
gle QDs? Which role do the different coupling mechanisms play? How does
the confinement of charge carriers and QD morphology influence the interac-
tion between acoustic phonons and excitons? How do phonons contribute to
emission linewidth? Which part of the linewidth is related to inhomogeneous
broadening?

A thorough investigation of the influence of interaction with phonons is a pre-
requisite for development of single-QD devices. The impact of phonons on
exciton dephasing becomes decisive at elevated temperatures and can be lim-
iting for room temperature QD-applications. For the polar system of wurtzite
nitride-based QDs different coupling strengths than for e.g. the InGaAs sys-
tem are expected and exciton acoustic phonon interaction should be examined
in details.

Influence of the strain fields.

Can the QD nucleation be controlled by a specific stressor layer underneath?
Are these QDs of good optical quality and are they comparable to the “con-
ventional” self-assembled QDs? How does the modulated strain of the stressor
influence the QD nucleation and growth? What impact does the strain distri-
bution have on the luminescence properties of the site-controlled QD?

The existing methods of QD positioning involve sophisticated fabrication steps
and still produce QDs of a low optical quality. The new approach, combining
strain modulation and principles of self-assembled growth presents a promising
alternative of site-controlled QD growth. InGaAs/GaAs system is a perfect
candidate for the test implementation, since growth procedures of the QDs
of this type are well established and the optical properties of InGaAs/GaAs
QDs have been extensively studied. This facilitates the investigation of the
impact of the modulated strain fields on the growth and luminescence of the
site-controlled QDs.



Introduction

One of the ultimate aims of the research community, this work belongs to, is a
single-QD based device functioning at elevated temperatures. Nitride-based QDs
are of tremendous importance for such applications and have to be explored more
extensively. Thus one focus of the work is pointed to nitride-based QDs, which are
not as broadly investigated as arsenide QDs. Robust single-QD devices on the basis
of arsenide QDs already exist. However, fabrication of QDs with controlled position
and desirable optical properties is still cumbersome. This work presents the results,
which evidence the feasibility of the new site-controlled QD growth.

QOutline

The thesis is divided into six chapters. Chapter 1 briefly introduces fundamental con-
cepts of self-assembled QDs. Chapter 2 outlines cathodoluminescence spectroscopy,
the experimental set-up and numerical methods, used in the subsequent analysis of
experimental results. The growth and structure of the nitride-based samples is also
presented in Chapter 2. A compact overview of the investigated samples can be
found in the appendix on page 160.

Chapters 3 to 5 constitute the main part of the work, presenting the results of
experiments and analysis. Each of the chapters begins with a brief overview of
important surveys already reported and related to the main focus of the chapter.

The investigation of nitride-based samples is described in chapters 3 and 4: the
results concerning interaction of the QDs with stochastic electric fields in the envi-
ronment (spectral diffusion) are discussed in Chapter 3. Exciton-acoustic phonon
coupling in GaN/AIN QDs follows in Chapter 4.

Chapter 5 describes the concept of site-controlled growth with a buried stressor
and presents first test-structures, grown in the InGaAs/GaAs material system. The
experimental investigations of these site-controlled QDs are presented and discussed.

The last Chapter summarizes the findings of the work and gives a conclusion as well
as a brief outlook.



Fundamentals






1 Theoretical background

This chapter explains some fundamental concepts, important for understanding the
experimental results of the present work. It is restricted to type-I self-assembled
quantum dots (QDs). The method used to grow QDs is introduced briefly. The basic
electronic properties of excitons confined in QDs and the resulting optical properties,
important for the application of the single QDs, are explained. In a few words
the essential features of group Ill-nitride materials are described. Influence of the
interaction between excitons and external electric fields as well as lattice vibrations
is explained. A more extensive description can be found in various textbooks on
low-dimensional system physics or quantum dots, see e.g. [Bim98].

1.1 Quantum dot in a nutshell

1.1.1 Quantum dot growth principles

Modern epitaxial technologies make possible the precise atomic deposition and build-
ing of semiconductor heterostructures with desired compositions and dimensions.
Metal-organic chemical vapor deposition (MOCVD) and molecular beam epitaxy
(MBE) are regarded as first choice for the fabrication of optoelectronic devices.

Both techniques enable growth of high-quality materials and abrupt interfaces be-
tween semiconductor materials. In MBE atoms and molecules are directly evapo-
rated onto the substrate in a high vacuum. In MOCVD under lower pressure more
complex molecules are used, which then react chemically at the heated surface, and
the semiconductor materials crystallize.

The atoms of one semiconductor deposited on another, would first adopt the struc-
ture of the substrate, even if the lattice constants differ. The lattice mismatch creates
strain in the overgrown material. Strain increases with increasing thickness of the
mismatched layer. Minimization of the overall free energy of the system triggers the
transformation of the deposited structure. Competition between strain, surface, vol-
ume and chemical bonding energies can lead to the formation of three-dimensional
islands.

In the present work QDs grown in the Stranski-Krastanow growth mode are in-
vestigated. The main steps of the growth process are shown in figure 1.1. The QD
material is deposited onto the thick layer of the matrix material, which has a smaller
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capping
QD material WL QD with
deposition formation formation matrix

material

Figure 1.1: Steps of the self-assembled QD growth in the Stranski-Krastanow
growth mode.

lattice constant than the QD material. A two-dimensional (2D) layer is formed, the
so-called wetting layer (WL). Depending on surface energy and lattice parameters
of both materials, it is favorable for the overgrown layer to build three-dimensional
(3D) islands on a nanometer scale to reduce the total energy. These islands - QDs -
are capped with a certain amount of matrix material to avoid recombination of the
charge carriers in the surface states. The capping process can change the form of
the free-standing islands.

Localization of charge carriers can also take place in alloy fluctuation within a thin
layer of ternary material, embedded into a matrix with a smaller lattice constant.
The best example are InGaN QDs, where the varying concentration of In in a thin 2D
InGaN-layer deposited on the GaN [Bar07] result in optical properties very similar
to the Stranski-Krastanow QDs.

For numerous applications controlled positioning of a single QD as well as small
distribution of the QDs in size is desired. A number of methods are being developed
to pre-define the QD nucleation. This can be achieved e.g. by patterning of the
substrate by means of lithographic techniques, etching methods etc. Details are
discussed in chapter 5.

1.1.2 “Artificial atom”

A layer of material embedded in another material with a larger band gap constitutes
a potential well for charge carriers. If the dimension of the inclusions is in the range
of the charge carrier de-Broglie wavelength, quantum effects dominate the optical
and electronic properties of the resulting heterostructure. In case of the QD the
charge carriers are confined in all three spatial directions. The size of the dots is in
the nanometer range. The wave-functions of the charge carriers extend no longer
over the crystal, as is the case in bulk material, but are spatially localized. The
density of states is represented by d-functions. The electronic states are quantized,

10
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leading to discrete transition energies of the electron-hole recombinations. Due to
their similarity to atoms, the QDs are called “artificial atoms”.

quantum

dot matrix

4 matrix

Energy

Excitation

»

'Position

Figure 1.2: Schematic energy diagram of a QD (type I).

A QD represents an actual example of the quantum mechanical problem known
as “particle in the box”. A simplified energy diagram of a type I QD is shown in
figure 1.2. Here the E,; of the matrix (also barrier) material is larger then Eg of
the QD material. The solution of the Schrodinger equation for a confined charge
carrier results in discrete energy levels. The holes have a larger effective mass in
comparison to electrons, therefore the holes are stronger confined, and the hole
energy levels are more closely spaced. A few of the energy levels are shown in
the figure. The confinement energy FE.,,s denotes the increase of the ground level
of a confined charge carrier relative to a free particle. The localization energy is
the distance between the ground state and the respective band edge of the matrix
material. In the figure Fj,. and F,; are indicated for the electrons. Electrons
and holes, generated in the matrix material, can be captured in the QD. When an
electron and a hole in ground states recombine, i.e. the electron lowers its energy in

Ey,,, a photon is emitted.

Due to strong confinement, the Coulomb interaction between the single particles
plays a significant role. Electrons and holes form new quasi-particles, so-called
excitonic complexes. The two-particle system, consisting of one electron and one
hole, is called exciton (labeled X throughout the present work). It is described by
the Hamiltonian:

Hy = H, + Hy, + Hcoow (1.1)

11
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where H, and H), are the Hamiltonians of electron and hole and Hc,,; is the energy
of Coulomb interaction between them. The attractive Coulomb interaction lowers
the total energy of the electron-hole pair. Similar to the bulk exciton the Coulomb
term defines the binding energy of the exciton. However, in contrast to the bulk no
“free” charge carriers can exist in the dot. The energy of the photon, emitted at
recombination of the electron and a hole is then E, — Heoy (see figure 1.2: this
energy is larger than the band gap E,).

The optical properties of single QDs strongly depend on their morphology: compo-
sition, strain, size and form. The composition determines the QD transition energy
due to band gaps of the matrix and the dot materials. The strain fields, induced
by a mismatch of the lattice constants, also influence the band gap parameters of
the heterostructure. The confinement energy is determined by the size of the dot:
smaller QDs have larger F.,,f, hence larger E,.. The shape of the QD influences
the spatial distribution of wave-functions of the charge carriers, and thus the os-
cillator strength of the electron-hole recombination. When exchange interaction is
taken into account, the degeneracy of the energetic levels strongly depends on the
symmetry of the dot.

Self-organized QDs vary in height, lateral size and shape. Since each QD exhibits dif-
ferent excitonic transition energies with different oscillator strengths, single emission
lines with different spectral positions and intensity are observed in the luminescence
experiments. If all the lines superimpose, an inhomogeneously broadened ensemble
peak is detected.

The excitonic complexes consisting of three charge carriers are called trions: Xt
(electron-hole pair and a hole) and X (electron-hole pair and an electron). Two
pairs of electrons and holes form a biexciton, called XX in work. Addition of the
further charge carriers leads to the formation of other multiexcitonic complexes.
When one of the electron-hole pairs recombines, a photon is emitted, while the
remaining charge carriers stay in the dot. The energy of the emitted photon, here
also called the transition energy of the initial multiexcitonic complex, differs from
the emission energy of a single electron-hole pair, forming an exciton. This difference
is called binding energy of the multiexcitonic complex and can be both positive and
negative.

For the (multi)excitonic complex consisting of n electrons and m holes, the following
general description, similar to equation (1.1), is valid:

Hne,mh = He + Hh + HC’oul = Z Hé + Z H]Z7,+

1<i<n 1<i<m
1 Hi’j 1 Hi,j Hi,j 1.2
5 Z e,Coul + 5 Z h,Coul + Z e,h,Coul ( . )
1<i,j<n 1<i,j<m 1<i<n
i%i i 1<j<m
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1.1 Quantum dot in a nutshell
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Figure 1.3: A luminescence spectrum of the InAs/GaAs QD from [Rod05] with
indicated transitions of various excitonic complexes. CL - cathodoluminescence
(see the next chapter).

Here H! and H} are the Hamiltonians of electrons and holes respectively, H, h,Coul
(He,cou) is the energy of Coulomb repulsive interaction between the holes (electrons)
and H. j, cou the energy of Coulomb attractive interaction between single electrons
and holes. These Coulomb terms determine the binding energy and differ in mag-
nitude due to different distributions of the wave-functions of single charge carriers.
Consequently, the transition energies of different (multi)excitonic complexes vary,
resulting in a number of single sharp lines in the luminescence spectra. Figure
1.3 shows an example of the real luminescence spectra of an InAs/GaAs QD with
different transitions of excitonic complexes.

1.1.3 Quantum dots as single/entangled photons sources

Electrons and holes are fermions and obey the Pauli principle. An electron with a
spin projection s = £!/2 and a heavy hole with an angular momentum j = +3/2
constitutes the ground state in the dot of the zinc-blende material system. The
resulting exciton states are four-fold degenerated: two dark states with an angular
momentum M = +2, and two bright states with M = +1. The bright states couple
to an electromagnetic field, since a photon has a spin 1.

Additionally to Coulomb interaction the quantum mechanical exchange interaction
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Chapter 1 Theoretical background

should be taken into account when describing the exciton quasi-particle. Exchange
interaction mixes up the dark states and lifts up this degeneracy, creating a dark
doublet (|2) 4+ |—2)). The recombination of the electron and the hole of the exciton
involving pure states results in luminescence with circular polarization. However, the
lowering of the symmetry of the confinement potential below Cj3, mixes up the bright
states into a doublet (|1) & |—1)) too. The resulting energetic separation of these
two states is called fine structure splitting (F'SS). Recombination of the electron-hole
pairs in the mixed states produces luminescence with linear polarization.

no exchange with exchange interaction
interaction >C,, <C,,
.| —— 5, biexciton XX
o o+/-
o N AT,
W~ 1) [+1)-[-1)
+1),]- o ;
¢FSS exciton X
[+1)+]-1) bright states
TC
———= 242 [+2)1-2) 2
: — - exciton X
|+2)+|-2) |+2)+|-2) dark states
N T
7 Bvn

Figure 1.4: Energy schema of decay XX — X — empty dot. |M) stays for total
exciton angular momentum, Cj, - for confinement potential symmetry. o + /—
denotes circular polarized light, m; 5 - linear polarized light, here m; L m . (Figure
adopted from [Tir01, Seg05]).

The anisotropy of the confining potential results from strain-induced piezoelectric
fields and structural elongation. The polarization directions are parallel and perpen-
dicular to the anisotropy axes of the confining potential. In the zinc-blende material
system in the growth direction [001] these axes are [110] and [110].

The spin number of the biexciton is zero and there is no exchange interaction split-
ting of the biexciton state. Recombination of the biexciton occurs in two steps with
an exciton as an intermediate state. Figure 1.4 shows the schema of the decay of a
biexciton through exciton states into the empty dot, taking into account polarization
of the emitted photons in dependence on confinement potential symmetry.

In case of non-zero FSS, the transition energy of one of the bright exciton states
differs from that of another bright state and from both biexciton energies. Af-
ter the emission of a photon at this particular energy, a QD can emit the photon

14



1.1 Quantum dot in a nutshell

of the same energy again only after refilling in the same state. This way, a QD
is ideal as a single photon source [Kim99]. Moreover, the recombination cascade
XX — X — empty dot can be also used to generate of polarization-entangled pho-
ton pairs [Ben00], when the FSS is zero. Both these cases can be implemented in
quantum cryptography applications [Gis02], making the FSS a key issue in single
QD spectroscopy.

The experimental values of F'SS in In(Ga)As QDs grown on GaAs(001) substrates
are found to range from -80 peV up to 520 peV [Bay02b, Hég04, Lan04, KowO05,
Seg05]. Various techniques are applied to tune the FSS in order to use the QD as
entangled-photon pair source by means of post-growth annealing [Seg05, You05],
stress [Sei06, Plull] or electric fields [Hog04, Kow05, Vog07]. Another approach
for generating entangled photons is growing QDs on (111) substrates to achieve the
symmetry of the confinement potential at least C3, resulting in zero FSS [Sch08a,
Sch09b, Sin09, Bim09]. Successful attempts were reported for droplet-epitaxy grown
In(Ga)As/GaAs(111) in [Stol0] as well as for QDs grown on pyramidal shaped
recesses in [Moh10a].

Recent investigations on single GaN/AIN QDs reported the excitonic FSS up to
7 meV [KinlOa]. There are still many ambiguities, e.g. no transitions XX — X
were found in the luminescence spectra. It should be possible, however, to use
the opportunity of nitride-based QDs as single-photon sources as well [Win08]. The
mixing of valance band states leads to polarized excitonic emission. These transitions
involve ground and first excited states, resulting in perpendicular-polarized lines
with a large energetic distance (~10 meV). This large separation assures stable single-
photons emission up to elevated temperatures. Indeed, in arsenide-based QDs the
F'SS becomes smaller than the homogeneous linewidth with increasing temperature,
inhibiting a spectral separation of the co-polarized line pair.

1.1.4 Nitride-based quantum dots

The hexagonal wurtzite structure is the thermodynamically stable phase for I11-V
nitride-based semiconductors GaN, AIN and InGaN. This crystal structure is non-
centrosymmetric, and the lack of inversion symmetry can result in spontaneous
polarization for these polar materials. Such nitride-based QDs possess properties
essentially different from the zinc-blende materials. For a description of the crystal
structure of group Ill-nitrides a four-index system is used. The last index relates to
the polar crystal direction (it is also called c-axis) and the first three describe the
directions in the basal plane.

In a wurtzite crystal the cations and anions shift so that a dipole moment is induced
in the unit cell, leading to spontaneous polarization. This effect, called pyroelec-
tricity, is illustrated in figure 1.5. For AIN and GaN the spontaneous polarization
values along the c-axes are 0.081¢/m? and 0.029 ¢/m? respectively. In the grown
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Chapter 1 Theoretical background

Figure 1.5: Left: The ideal wurtzite crystal, when the cation-anion sublattices
are not shifted. Right: The shift of the atoms create a net polarization. (Figures
adopted from [Sin03)]).

heterostructures the intrinsic lattice parameters of the constituents differ. The re-
sulting deviation of the bond length from the ideal structure in conjunction with
strain existing in the heterostructure leads to additional net polarization - the so-
called piezoelectric effect.

Figure 1.6: Illustration of the piezo- and pyroelectrical polarization in a wurtzite
structure.

Both effects are depicted in figure 1.6. The ideal tetrahedron in the unit cell (e.g.
GaN-bond) is shown in the left panel. If a biaxial strain is applied in the basal
plane, the bonds of the ions here are reduced and an electric field in the c-direction
F .., is induced: the piezoelectric effect (see middle panel). Even without external
stress the bonds can deviate from the ideal tetrahedron, the center of mass of the
ions is shifted and a residual dipole moment exists in the unit cell, inducing electric
field F ., (see right panel) [And01, Fon03].

For a heterostructure consisting of materials with different net polarization a charge
plane is created on the interface between the materials. This is schematically shown
in figure 1.7. The polar charge results in a built-in electric field:

here Fy and Fg are the fields in the materials A and B respectively, 0 = P4, — Pg
is the interface charge density.
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1.2 Interaction of excitons in quantum dots and lattice vibrations
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Figure 1.7: Left: Interface charge produced in the heterostructure. Right: Re-
sulting band profile in the polar heterostructure.

The built-in fields are in the order of several MV /cm. This was shown in numer-
ous theoretical works [Ber97, And00, And01, Ran03, Win06, Win08] and confirmed
experimentally [Tak98, Wid98, Dau98, Sim03, Bre06]. The built-in field modifies
the band structure of the material. The valance and conduction bands in a polar
heterostructure in the absence of any external field is illustrated in the right panel
of figure 1.7.

The polarization effects play a crucial role for the QD properties. Built-in fields re-
sult in spatial separation and reduced overlap of the electron and hole wave-function.

There is a wide range of applications for the group-III nitride heterostructures: violet
laser diodes in Blu-ray disc players, white light emitting diodes, single-QD based
devices for quantum information processing. In particular, the nitride-based QDs
are promising candidates for development of such devices at elevated temperatures.
Single-photon emission from single GaN/AIN QDs at 200K was reported already
in 2006 in [Kak06]. Long spin relaxation times, relevant for spin-based information
processing, were predicted for GaN/AIN QDs in [Kri03] and proved experimentally
[Lag08].

1.2 Interaction of excitons in quantum dots and

lattice vibrations

The vibrations of the atoms in a crystal are one of the most important scattering
mechanisms for charge carriers. These vibrations increase with rising temperature.
Some basic concepts of lattice vibration in the bulk material are described first.
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Chapter 1 Theoretical background

The motion of the atoms can be described with a picture of oscillating particles
attached to a spring: When an atom shifts from its equilibrium position, it expe-
riences the restoring force arising from the interaction with the neighboring atoms.
This physical problem can be easily solved for the simplest case: a crystal lattice
consisting of two atoms in the basis with masses M; and M,.The eigenvalues of their
vibration around their equilibrium point at small values of the wave vector k are

1 1 5
M, + MQ) -k (1.3)
These two solution are the so-called optical and acoustical branches of dependence
w(k) respectively. For each type there is one longitudinal mode (atoms oscillate in
the direction parallel to k), and two transverse ones (atoms oscillate in one of the
directions, perpendicular to k). The acoustical branch represents the vibrations of
both atoms in the same direction and is similar to the propagation of sound. The
optical branch represents the oscillation of the atoms against each other with the
center of mass in constant position. Here a time dependent electric dipole can be
induced, and the vibrations can couple to an electromagnetic field.

In terms of quantum mechanics this is the problem of the quantum oscillator. The
vibrations are quantized and a new particle is introduced, called a phonon. For each
state of the quantum oscillator there is a finite number of phonons in this mode.
Phonons are bosons and can share the same quantum state with an energy hw, the
phonon number is then

1
Ny = ————
Y exp H}% -1
Here kp is a Boltzmann constant. Relation (1.3) shows that the optical phonon
branch has a finite w at £ = 0 in contrast to the acoustic phonon branch, where
w goes to zero with decreasing k. Hence for low temperatures the occupancy of
optical phonon branch is very small n, &~ 0 and only becomes significant at higher

temperatures. Acoustic phonons exist already at small 7.

For a description of the electron-phonon interaction, the adiabatic approximation,
also called Born—Oppenheimer, is used. As electrons have much smaller masses
compared to atoms, they are supposed to follow the movements of the atoms. The
atoms in contrast do not experience any change of the potential due to the electron
motion. The variation of the overall Hamiltonian is considered to be so slow that
the problem can be regarded as stationary at each moment.

The system is then described with the Hamiltonian
H= Hatom + Helec + He—lattice

Hgiom is the Hamiltonian of the atoms in the background “adiabatic” potential,
which changes very slowly. The phonon eigenvalues and eigensolution can be ob-
tained from this operator. H,.. represents the electron motion if the atoms would
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1.2 Interaction of excitons in quantum dots and lattice vibrations

stay in their equilibrium position. H. j4ce describes the interaction between the
electrons and phonons, i.e. this part is influenced by the shifts of the atoms relative
to their equilibrium positions.

In theory the H. e is divided into different parts, or in other words different
electron-phonon interaction mechanisms. The displacement of the atoms represents
a deformation in the crystal and therefore changes the electronic energies. This
change is related to the deformation potentials of the crystal. The correspond-
ing interaction mechanism and the respective part of the Hamiltonian are called
deformation-potential electron-phonon coupling. This type of electron-phonon cou-
pling is different for optical and acoustic phonons. The acoustic phonons represent
the “macroscopic” distortion of the lattice, and the optical ones the “microscopic”
one. Optical phonons change the bond length or angles between the bonds within
a primitive unit cell.

In polar materials a change of the atom positions leads to a macroscopic polarization.
The induced electric field is proportional to the strain (as long as the deformations
are small enough), which is known as piezoelectric effect. The polar interaction of
electrons with the polarization field, related to acoustic phonons, is called piezo-
electric coupling. In case of optical phonons only longitudinal vibrations induce an
electric dipole. The transverse optical mode of the atomic motion is indeed simi-
lar to the movement of the capacitor plates parallel to each other, which does not
influence the energy of the electrons. The polar interaction of the electrons and
longitudinal optical phonons is called Frohlich coupling.

Generally speaking, lattice dynamics within a QD is different in comparison to
the bulk. Confined optical phonon modes and interface phonons appear in the
heterostructure. When the embedded and host materials have an almost identical
lattice structure, interaction of the phonons and excitons can still be treated as in
bulk. The same interaction mechanisms prevail. However, the coupling strengths
of different mechanisms are different in QDs. The significant changes occur due to
localization of the charge carriers. A stronger coupling to short-wavelength phonons
occurs due to the discrete energy level of the dot [SR87]. Special attention should
be paid to the strain distribution and spatial confinement of the wave-functions of
the charge carriers.

Coupling of the phonon and excitons confined in the dot can be clearly observed
in the luminescence experiments. The 08-like emission line of exciton decay (i.e. a
photon emitted at recombination of the electron and the hole), called zero-phonon
line, is surrounded by acoustic-phonon side-bands: e.g. [Bes01]. These side-bands
result from emission and absorption of the acoustic phonons. Coupling to longi-
tudinal optical phonons produces to so-called replicas in the spectra: an intense
emission spaced by one optical phonon energy relative to the zero-phonon line: e.g.

[Hei96, Hei99].

Exciton-phonon interaction is vital for study of QD properties. Timescales, during
which the coherence of the excitonic state is preserved, are limited by the lattice
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Chapter 1 Theoretical background

vibrations. The phonons can also be involved into dark-bright state transitions.
The energies of the states with different spins differ (see figure 1.4). If a spin-flip
process occurs, a phonon is necessary for the energy conservation. These phonon-
mediated spin-flip processes arise from scattering with the nuclear spin of an atom
[Erl02, Mer02, Sem03, Bra05] or spin-orbit coupling [KKha00, Kha02, Woo02, Gol04].
These processes can be crucial for applications of the QDs, mentioned in the previous
section.

1.3 Quantum dot in an electric field

1.3.1 Quantum confined Stark effect

E,< E(F.)
P
Fel = O Fel
47

Figure 1.8: The band structure of a QD with and without electric field. Red and
blue curve represents the distribution of the wave-function of the hole and electron
respectively.

An electric field influences the properties of the QD. This fact is usually referred to
as quantum confined Stark effect (QCSE) [Mil85, Mil86, Fry00]. When an external
electric field is applied to a heterostructure, the following effects must be considered:

(i) The band structure changes (see figure 1.8). The electric field pushes
the charge carriers in opposite directions. This lowers the electron and
raises the hole energy level. Overall, a red shift in the energy of the
excitonic transition is observed.

(ii) The overlap of the wave-functions and the oscillator strength of the exci-
tonic transition is reduced. This decreases the intensity of the excitonic
transition and increases the exciton lifetime.

(iii) Coulomb interaction between the charge carriers decreases with reduc-
tion of the overlap of the electron and hole wave-functions, resulting in
altering the binding energies of the multiexcitonic complexes in the QD:
see equation (1.2).
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1.3 Quantum dot in an electric field

(iv) The spatial separation of the electron and hole can create an electric
dipole. The dipole influences the interaction of the exciton with all
external electric fields and makes the exciton sensitive to the fluctuations
of the external electric field.

The change of the energy of the exciton in the electric field is described as follows:
An electron and a hole, spatially separated at a distance I, constitute an electric
dipole o = el. This dipole interacts with the external electric field F' and its
energy: uo - F'. However, the electric field influences the charges of the dipole and

can induce an additional dipole ping = oF', where a = ﬁ is the polarizability.
The energy of the dipole is then
E(F)=po-F + ping - F=po - F + oF? (1.4)

Depending on the value of polarizability and the intrinsic electric dipole moment one
of the terms in equation (1.4) can be dominating, resulting in either a linear (e.g.
[Nak06a]) or quadratic (e.g. [Rob05, Nak06b]) QCSE. An intrinsic dipole moment,
i.e. the separation of the center of masses of charge carrier wave-functions when
an external field is zero, was predicted for pyramidal QDs [Gru95, Sti99]. It can
stem e.g. from a composition gradient in the growth direction [Fry00]. The exter-
nal electric field can have different origins: externally applied to a heterostructure,
permanent built-in fields, dynamically changing electric fields induced in the close
vicinity of the QD. The last two cases are described in detail below.

1.3.2 Spectral diffusion

Defects, a crystal surface or even neighbor QDs can lie in close neighborhood to a
QD and act as charge traps. The process of charge capture and release is stochastic
and can occur on different timescales. At every moment a charge (which can be
positive or negative, e.g. captured by a donor or acceptor) near a QD then would
create a static electric field, influencing the transition energy of the exciton, confined
in the QD: see equation (1.4). Constant charge trapping and release results in a
random change of the QD emission energy. This exciton energy change, induced by
fluctuating electric fields in the QD environment, is called spectral diffusion (SD).

If the change of the local electric field happens faster than the lowest measurement
time for a luminescence spectrum, then the line appears broadened. While some
defects can trap or release the charge for a period of time in the range of hundreds
of milliseconds or seconds, in luminescence experiments it is observed as a continuous
change or discrete shift of the spectral position of the emission line [Rob00, Bes02,
Rod05, Bar06, Rol07]. This phenomenon is also attributed to SD and is often called
spectral jitter.

The SD, which can be resolved in the luminescence experiments as (dis)continuous
spectral shifts of the excitonic emission line, is sometimes referred to as long-
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timescale SD. In contrast, the inhomogeneous line broadening resulting from in-
teraction of the exciton and fluctuating electric fields in the environment is called
short-timescale SD. To distinguish between the jitter, which can be resolved with
the measurement set-up, and the jitter, which cannot be resolved, the term long- or
short-timescale SD is used here. This is, however, an arbitrary decision, because it
depends on the properties of the measurement system.

The term SD was first introduced for the colloidal QD in [Emp96] and then applied
to self-assembled QDs. Sometimes it is also used to describe the intensity fluctua-
tion or quenching observed in various QD material systems. Strictly speaking, this
phenomenon is not necessarily a result of the interaction between an exciton and an
electric field. If for instance the energy of electron-hole recombination is transferred
to the remaining charge carriers in the dot, then ejecting them out of the dot, the
emission line is “off”. Such Auger-mechanism was proposed to explain the lumines-
cence intermittence in colloidal QDs [Emp96, Nir96, Neu0O]. To simplify matters,
in the present work the spectral shift of the transition line (long- or short-timescale)
and the variation of the emission intensity are both called SD.

1.3.3 Nitride-based quantum dots and electric fields

In a heterostructure the electric fields can be permanently present: these fields
result from piezo- or pyroelectric effects or interface charge-planes. A good example
are the Ill-nitride heterostructures briefly described above in section 1.1.4. As a
consequence of the large built-in electric field the QCSE, often called giant in case
of nitride-based materials, can red-shift the excitonic transition. Emission energies
of the GaN/AIN QDs well below the band gap of GaN were indeed often reported
[Dam99, Bre03, Bre(6].

Let some electric field Fj,; be constantly applied to the QD with a dipole moment
po. Assuming, this electric field does not change the intrinsic dipole moment ptq
and polarizability « of the confined charge carriers, the additional local field AF
then changes the exciton transition energy E relative to the exciton energy without
local field is

AE(AF) = E(Fyy + AF) — E(Fypy) =

po - AF +20F;, - AF 4+ o (AF)” =

(o cos(po, AF) + 2aF;,; cos(Fipg, AF)) AF + « (AF)2 (1.5)

or similar to equation (1.4):
AE(AF) = Mbuilt—in * AF + (AF)Q (16)

here an effective dipole moment ptpyirs—in = o + 2aF;p; is introduced. This electric
dipole moment ptpyire—in is called built-in or permanent dipole moment of the QD
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1.3 Quantum dot in an electric field

and results from separation of the charge carriers in the electric field Fj,;. In nitride
QDs F;,; is in the order of 4-10MV /cm and approximately fipyiz—in || Fint -

For AF 1 F;,; the QCSE appears as a pure quadratic
AE(AF) = a(AF)?

For small variations of local field AF < F},; with a non-zero component in the
growth direction can be approximated as linear

AE(AF) = pyyitt—in - DF

Multiexcitonic complexes

According to equation (1.2) the energy of a multiexcitonic complex, consisting of n
electrons and p holes, is

Hmp - Hne + th + Hne,ph,Coul (17)

here H,,. and H,, - the energies of the single particles and Hy pn.cou - terms, de-
scribing the Coulomb interaction among all the particles. If one of the electron-hole
pairs recombines, a photon is emitted and (n — 1) electrons together with (p — 1)
holes remain in the dot. Then the energy of the photon, the so-called emission or
transition energy of the multiexcitonic complex E™P, detected in the luminescence
experiments, is

EvP — Hn,p - Hn—l,p—l =H.. + Hp, + He*p*,Coul

here H., and Hj, - the energies of the electron and hole which recombined, and
Hey hv.cou - terms describing the Coulomb interaction of the recombining electron-
hole pair with the remaining charge carriers and their own attractive Coulomb in-
teraction.

When the fluctuation of the local electric field AF' is small enough and does not
change the distribution of the charge carriers in the QD, the energy H, , changes in
electric field AF as

Hmp(AF) = Hne + th + Hne,ph,Coul + Dl?t’glt—in -AF

here H,. and H,, - the same energies of the single particles and Hy. ph,cou - the
same terms describing the Coulomb interaction of all the particles without electric
field AF as in equation (1.7). Dp2. . is the electrostatic dipole moment of the
charge distribution in a QD, filled with n electrons and p holes.

When an electric field is applied to the dot, transition energy E™” changes according

to the formula (1.6), then neglecting the quadratic term of QCSE:

AE"P(AF) = E"P(AF) — E™
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~ (Dpby in — Dpwti¥in ) - OF = pgy - AF (1.8)

built—in lt—in built—in

n,p

Here the effective dipole moment of the multiexcitonic complex py®,, . = Dpk. . —

Dy P s introduced in analogy with QCSE.

t—in

1.4 Homogeneous line broadening

An exciton is a quantum-mechanical state and is defined by its phase and energy.
According to the Heisenberg uncertainty principle, the energy of the exciton is only
determined up to a small value AE:

2h

AFE <= —

T2
where 7, is the so-called dephasing time. The uncertainty in energy results in the
homogeneous broadening of the linewidth of the excitonic transition or, in other
words, lifetime broadening

2h

T2

1—‘hom -

The exciton lifetime 7 takes into account the following processes:

(i) processes, which only change the quantum mechanical phase of the exci-
tonic state. For example, scattering with free charge carriers, excitons,
elastic phonon scattering.

(ii) processes, which change the energy of the excitonic state and thus the
phase. These processes are distinguished between radiative (with emis-
sion of a photon) and non-radiative. These processes include phonon
emission, non-elastic scattering with the phonons, excitation into a higher
energy state and are determined with time constant 7, is energy lifetime.

When only processes (ii) occur, then 7 = 2. The factor 2 arises from the
relation between induced polarization P = Pgyexp (~!/r) and population decay
N = Nyexp(~t/n); N ~ P? The processes (i) decrease 7, and generally the
following expression is valid [DB68]:

1 1 1

Ty 2 7

here 7, determines the pure phase-relaxation under energy conservation.

The dephasing time 75 can be defined directly by four-wave mixing experiments.
For arsenide-based QDs it was found to be in the range of hundreds picoseconds
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1.4 Homogeneous line broadening

[Bor01, Bir01], resulting in a homogeneous width of the excitonic transition in the
range of few 1eV. No such experiments are reported for nitride-based QDs.

The radiative lifetime measured for InGaN/GaN QDs is in the order of a few
nanoseconds [Bar04], for GaN/AIN QDs it ranges from nanoseconds up to mil-
liseconds [Sim03, Kak03, Bre06]. Thus a simple estimation for the homogeneous
linewidth can be made, when neglecting 7,:

2h R h 4.131071%eV - s
Fhom=—~— < = =4 ueV 1.9
h Ty 7 — lns 10-9s He (1.9)

Inhomogeneous broadening arises from the shifts of the excitonic emission energy
due to fluctuation of the electric field in the environment (SD - see section 1.3.2).
These processes take place on a much longer timescale [Pal03, Sall0a].

With rising temperatures the contribution of the phonon-induced processes to the
homogeneous linewidth increases. The homogeneous linewidth of excitonic transi-
tion in a bulk semiconductor can be described as

Fhom<T) - F0 + Fac + Fopt = FO + Zc<hwq7li>5<hwq7m T)

q,k

[y gives the homogeneous line broadening part, and the summation term arises from
all possible phonon-scattering channels. Here C'(fuvg ) - is the coupling element to
the phonons (including mechanism of exciton-phonon interaction) and S(fuwgq ., T)
- the spectral density of the phonons with a phonons number x, wave vector g and
energy fuwg,. The phonon number s corresponds to transverse-acoustic (TA), or
longitudinal optical (LO), or longitudinal acoustic (LLA) phonons.

When taking into account the interaction mechanisms and phonon population oc-
cupation in dependence on temperature [Rud90]:

Chom(T) =To + YaeT 4+ vroNro(T) (1.10)

Yae and 7o denote the so-called coupling parameters to acoustic and optical phonons
respectively, and Ny (7T') is the Bose-Einstein occupation function of optical phonons
of average energy hw :

Npo(T) =

&l —

exp(52) — 1

S

This formula is generally also applicable to QDs [Bay02a].

With account for inhomogeneous broadening and measuring system the homoge-
neous linewidth is described with

FQ(T) = FQ + Fzznhom(jﬁ) + (FO + ’}/acT + ’YLONLO(T))Q (11]‘)

app
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Here F?Lpp is the broadening resulted from the experimental set-up, and I'?, -
the inhomogeneous broadening (e.g. induced by SD). The third term includes the
zero-temperature linewidth I'y and the line broadening by means of elastic scattering,
with the phonons: 7,.7T" - for acoustic phonon scattering and v,0No(T') - for optical

phonon scattering. Nio(7') is the occupation function of optical phonons.
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2 Experimental set-up, numerical
methods, samples

This chapter presents an overview of the experimental and theoretical methods
used in the work. The main advantages of cathodoluminescence spectroscopy and
a technical description of the set-up are outlined in section 2.1. The methods of
probing single quantum dots (QDs) are summarily described in section 2.2. Section
2.3 is dedicated to the numerical methods applied to calculate strain distribution in
heterostructures, wave-functions of the charge carriers and exciton-acoustic phonon
coupling in nitride-based. Section 2.4 concludes the chapter with the description of
the investigated nitride-based QD samples. Details on the growth of site-controlled
arsenide (QDs are outlined in chapter 5 after introducing the concept of strain-
mediated growth. The table on page 160 contains a brief overview of the main
details with the names of the samples originally given by the institutes, where the
samples were grown.

2.1 Cathodoluminescence spectroscopy

It takes a special effort to address an individual QD and investigate its optical prop-
erties. A commonly used technique is micro-photoluminescence spectroscopy (pPL).
In pPL a photon of the excitation light, e.g. from a laser pulse, excites an electron
into the conduction band, creating an electron-hole pair in the heterostructure. De-
pending on the energy of the excitation light this pair can be created either in the
barrier material (non-resonant excitation), in the wetting layer, or directly in the
QD (resonant excitation). The excitation light is focused through an optical micro-
scope objective, and the luminescence is gathered with the same objective to the
detector. Under the best alignment conditions, the excitation spot can be as low as
1-2 pm.

In this work cathodoluminescence (CL) spectroscopy was used. The electron beam
of the scanning electron microscope (SEM) is used as excitation instead of light
in pPL (figure 2.1). The high energy electrons of the SEM induce various pro-
cesses in the solid state: secondary electrons, back-scattered electrons, generation
of electron-hole pairs, thermal effects, characteristic X-rays, some Auger processes
and so-called cathodoluminescence. Collection of the secondary electrons from the
sample provides the SEM image of the sample surface. Depending on beam current
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Figure 2.1: Schema of nPL (left) and CL (right) excitation in spectroscopic exper-
iments. SE - secondary electrons, BSE - backscattered electrons, X - X-rays, CL
- cathodoluminescence, dimensions of the excitation volume - 200 nm.

and electron acceleration voltage, the resolution in the nanometer range is possible
for the SEM images.

Spatial resolution of the CL spectroscopy is defined by the size of the so-called ex-
citation volume - part of the crystal, where electron-hole pairs are generated by
primary electrons. Depending on the energy of the primary electron and the mate-
rial properties of the crystal, one primary electron of an electron beam generates up
to thousands of electron-hole pairs. These electron-hole pairs are relevant for the in-
vestigation of the QDs. When an electron-hole pair is captured in a heterostructure,
a photon is emitted. This emission, called CL in the present work, can be coupled
to a detector and then reveals spectroscopic information about the sample.

According to the review [Yac86] for materials with atomic numbers Z < 40 the
excitation volume can be approximated as a sphere with diameter R.. R. denotes
the average range of electron penetration. The empirical formula in [Kan72, Yac86]
gives R.[pm] as a function of the electron-beam energy Ej[keV]

0.00276 A
Re = WE5.67 (21)
here p[9/em?] is the molar density, A[9/mol] and Z are the atomic weight and number.
The spatial resolution is also restricted by the charge carrier diffusion in the crystal,
which in turn depends on the crystal quality. Better spatial resolution can therefore
be achieved for a sample with a high concentration of defects as compared to a
high-quality crystal.

Figure 2.2 shows the excitation volume dimension in dependence on the electron
beam energy for the three QD material systems investigated in the present work.
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2.1 Cathodoluminescence spectroscopy

For calculation of the displayed curves see formula (2.1). The parameters are always
taken for the matrix material, as the volume of the QD can be neglected in estimation
of R.. Spatial resolution as low as ~ 200 nm can be achieved for the electron
acceleration voltages of 3 kV.

3500
£ ; /
% 3000 F AIN
S C /|
:é 2500 GaAs
(0]
C L
g 2000 [ yd
5 r GaN
£ 1500 F
@
qJ -
% 1000 |
(0]
jou C
& 500F
4 :

0 : n L L 1 L L L L 1 L L L L 1 L L L L

0 5 10 15 20

Electron-beam energy (keV)

Figure 2.2: Dependence of the excitation volume dimension on the electron-beam
energy, calculated for AIN, GaAs, GaN.

The excitation density in CL experiments can be influenced by various parameters:
electron-beam current, electron-beam energy, and position of the electron beam.
However, due to the complexity of the charge carriers diffusion only qualitative
statements could be made about the increase/decrease of the excitation density,
and it is not possible to calculate a value as straightforward as the one in pPL.
Increase of the electron beam current leads to an increase of the excitation volume,
and it is not clear, how the excitation of a low dimensional structure like a QD
changes (see [Tiuir01]). At a larger acceleration voltage the same number of primary
electrons penetrate into a larger excitation volume. However, the excitation density
is not necessarily reduced, since every primary electron has a larger energy and
can induce larger numbers of electron-hole pairs, relative to the lower acceleration
voltage. To check the influence of excitation density qualitatively the method of
changing the excitation density by scanning the beam across the sample surface was
often used in this work.

Experimental set-up

The experimental set-up used in this work is schematically shown in figure 2.3!.
The commercially available microscope SEM JEOL JSM 840 was modified. The in-

'Figure was kindly provided by Sven Rodt.
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Figure 2.3: Schema of the CL set-up. TMP - turbo molecular pump, FV-PS -
fore-vacuum pump stage, SH - sample holder, A - anode, C - cathode (for further
descriptions see text).

stalled custom-made sample holder and elliptical mirror allow efficient luminescence
collection (for more details see [Chr91]).

The electrons are emitted by a lanthanum hexaboride cathode and accelerated in
the gun section. The acceleration voltage can be set from 2 kV up to 40 kV. Different
sections of the lenses adjust focusing and control scanning of the electron beam on
the sample surface. The retractable Faraday cup is used to measure the electron
beam current, which can be varied from 20 nA down to pA. The He-flow cryostat
provides measurement temperatures from room temperature (RT) down to 5 K.

Operation of the SEM is only possible in a high vacuum. The vacuum is provided
by a pump system, consisting of a turbo molecular pump and a fore-vacuum pump
stage, and a cryogenic trap. A pressure of the order of 10”7 mbar is achieved. To
assure longer lifetime of the cathode, an ion getter pump is additionally installed
close to the gun section.

An aluminum-coated mirror collects the luminescence from the sample. The sample
holder and the entrance slit of the spectrometer are located in the two foci of the
elliptic mirror. The luminescence from the sample is out-coupled through a quartz
window into a 30-cm monochromator. The gratings with different numbers of lines
and various blaze angles provide the following spectral resolution:

1.65 meV  at 4.2 eV with the grating with 2400 lines/mm and entrance slit of 100 pm
0.5 meV  at 4.2 eV with the grating with 2400 lines/mm and entrance slit of 30 pm
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2.1 Cathodoluminescence spectroscopy

140 peV  in the spectral range of 1.20 eV-1.40 eV with the grating with 1200
lines/mm and entrance slit of 30 pm

Using line shape analysis and taking into account the signal-to-noise ratio of the
analyzed peak, the energetic position of single lines could be determined within a
better accuracy, than given by the set-up resolution [Ttur01]. For example, in case
of InGaAs the fine structure splitting of the excitonic bright states could be defined
with the accuracy of 20-40 peV with this set-up [Rod06, Seg06].

A linear polarizer can be placed into the slot in front of the entrance slit to perform
the polarization-dependent measurements. As a detector, a silicon charge coupled
device camera (CCD) of Princeton Instruments is used. It consists of 1340x100
pixels and is sensitive between the wavelength of 250 nm and 1050 nm (4.96 eV
down to 1.18 eV detection energy). An efficient custom-made software, controlling
both the SEM and CCD, allows different measuring procedures.

Measurement modes

While the electron beam is moved over the sample and the spectra are recorded,
site-dependent information about the luminescence can be obtained simultaneously.
The set-up is extended by the software, allowing to measure the CL spectra for
each point of a rectangular area on the sample together with an SEM image of the
surface. The resulting 4D arrays of data (I, F, x, y) represent the dependence of CL
intensity I on detection energy E for a particular point on the sample (z,y). For
analysis of the results, presented in chapter 5, the following two types of graphs can
be extracted from these data arrays:

CLSI (cathodoluminescence spectra images) - 2D graphs, showing the spatial
distribution of the CL intensity I(x,y). Intensity is coded in color and
can be taken for particular energy I(Fy) or be calculated as integrated
intensity over some energy range (F1, Es).

CLWI cathodoluminescence wavelength images - 2D graphs, showing spatial
distribution of the wavelength of maximum CL intensity F,,(x,y), where
I(E,,) = max [(Ey, Ey). Wavelength is coded in color, maximum inten-
sity is found for some energy range (Ej, Fy). Although in this work
always the spatial distribution of the emission energy of maximum CL
intensity will be shown, by tradition they are called “CL wavelength
images”, not the “CL energy images”.

Similar to automatized CLSIs the spectra can be recorded simultaneously by moving
the electron beam over the sample (in the so-called spot mode of the SEM, when
no raster occurs and the beam is focused onto a constant site on the sample). Such
measurements can be performed moving the electron beam “by hand”. In cases when
no CLSIs can be measured (e.g. due to a long time necessary for the measurement)
still some qualitative information can be obtained since changing the position of the
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electron beam relative to a QD under investigation influences the local excitation
density.

The series of CL spectra can be recorded directly one after another. The data show
the evolution of the spectrum and are important for evaluating the spectral diffusion
(SD) effects. Such spectra are called SD-patterns and are described in chapter 3.

Advantages of cathodoluminescence spectroscopy

CL spectroscopy has special advantages due to high spatial resolution. For nitride-
based QDs there are additional aspects in favor of this spectroscopy method. First,
it permits high excitation energies: wide bandgap materials can be investigated. The
electron-hole pairs are excited in the matrix material and then relax into the QD
structure, providing non-resonant excitation. Second, no collecting or focusing lenses
are used in the CL set-up (they are necessary for nPL - see figure 2.1). The lenses
can introduce additional polarization into the transmitted beam, thus influencing
either exciting light or collected luminescence, which can in turn complicate the
investigations. The ultraviolet spectral range is critical due to high absorption of
the optical elements (lenses, objectives), which in addition are very expensive. The
only optical elements used in the set-up - the elliptical mirror with aluminum coating
and the quartz window - do not change any of the properties of the collected light.
This was carefully checked for a wide range of detection energies.

2.2 Probing a single quantum dot

SEM
beam

SEM

.....

Figure 2.4: Probing single QDs. Left: Mesa structure. Right: Metal shadow mask.

The major aim of this work is to investigate the luminescence properties of single
QDs. This is a difficult task, because of the large areal density of self-assembled QDs
all optical spectroscopy methods using either optical far-field excitation (PL, nPL) or
electron beam excitation (CL) will excite a large number of QDs simultaneously. Two
basic approaches allow investigation of the single QD: either reducing the number
of the excited dots or reducing the number of the dots, from which luminescence
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2.3 Numerical modeling

is detected. The first approach is achieved by post-growth etching mesa structures
with a small diameter. The second approach is realized by applying a metal masks
with small apertures. The metal mask then absorbs all the light emitted by the QDs
underneath.

This is illustrated in figure 2.4. The circle represents the excitation volume of CL.
For the mesa structure only one dot is located in the mesa. By using the metal
mask only luminescence of the QD1 can be detected, while all the luminescence of
QD2 is absorbed by the mask.

Both methods, shadow mask and mesa structures, were applied for nitride-based
QD samples, investigated in the present work. Lowering the density of the QDs
during growth is undoubtedly an alternative to the post-processing of the samples.
This method, however, requires accurate control of the growth parameters. Site-
controlled QD growth with pre-definition of the QD nucleation site permits growth
of dots with very low density. These aspects are discussed in chapter 5.

2.3 Numerical modeling

2.3.1 Strain distribution

The strain is calculated within the framework of the continuum elasticity model.
Its advantages in comparison to the competing models are discussed in detail in
[Sti99]. For each point of a given structure the displacement vector field u = r — r’
is calculated. Here r and 7’ describe the position of a certain point in the crystal
before and after deformation. The strain components are obtained as follows:

3ui
Sz‘j =
aSL’j
The Hook’s law for the stress components is 0;; = > Cijmer. Here Cij is the
kil

compliance tensor, its components can be expressed by the material parameters

Ci1, Cia, Ci3, Cs3 and Cua.

Subsequently the total strain energy is calculated:

1
Uern = 5 Z Cijklgijgkl
1,5,k
Uem is minimized for a given structure, using finite differences for the strains ¢;;.

The calculations of strain distribution for the structures with a buried stressor,
presented in chapter 5, were performed by Andrei Schliwa.
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2.3.2 Wave-function

For an adequate description of the confined charge carriers, the wave-functions are
calculated by means of 8-band k - p theory and followed by either Hartree or Hartree-
Fock approximation. This method can be implemented for arbitrarily shaped QDs.
It includes the effects of strain (as described in the previous section), piezoelectric-
ity and pyroelectricity, spin-orbit and crystal-field splitting, valence-band mixing,
and conduction band-valence band interaction. The material parameters for In-
GaN/GaN QDs are listed in [Win06]. The material parameters for GaN/AIN QDs
from [Vur03, Rin08] were included as described in [Win08].

The numerical method is schematically shown in figure 2.5. First, strain and py-
roelectric potentials are calculated for a realistic 3D model of a QD of particular
geometry and composition. The piezoelectric potentials are calculated correspond-
ingly. The single-particle states are obtained for the potentials within the formalism
of 8-band k - p theory.

3D model QD
(geometry, composition) /E\
h
|  Strain | /@

0
Pyroel. Piezoel. J—
potential potential /| AN /2’\
O O
Single-particle states: /@\
8-Band kep theory
O
Excitonic states: /@\
Hartree-Fock
O~
Optical Properties “/

Figure 2.5: Schema of the calculation method for wave functions of the excitonic
states of the charge carriers, confined in a QD. (Figure adopted from [Rod06]).

The few-particle effects have to be considered to obtain realistic excitonic states
from single-particle states. For the electrons and holes, confined in the dot these are:
Coulomb and exchange interaction as well as correlation effects. The configuration
interaction scheme [McW69] was successfully applied to InAs/GaAs QDs [Bra0o0,
Sti01, Wil01]. For the nitride-based materials it was extended by the self-consistent
Hartree method [Win06]. This approach is applied in this work to model optical
properties of the InGaN QDs.
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Within the Hartree approximation, however, a many-body problem of N non-interacting
particles is solved by an average potential [Sla74]. Thus it does not take exchange
and correlation effects into account. For modeling of optical properties of GaN/AIN
QDs the self-consistent Hartree-Fock approach is used in the present work. In con-
trast to the Hartree method, a Slater-determinant is used as a multi-particle wave-
function. It automatically satisfies the Pauli exclusion principle and thus accounts
for the exchange interaction: the determinant is zero if two wave-functions have the
same quantum numbers, i.e. are linearly dependent.

The Hartree-Fock equation is solved self-consistently for four Hartree-Fock states
of A and B excitons, taking into account spin of the charge carriers. The resulting
states and their four linear combinations are used as a basis for the matrix expansion
of the exchange operator. Diagonalizing the matrix gives the true excitonic states.
These resulting wave-functions of excitonic complexes of the charge carriers, confined
in the dot, can be further applied: as wave-functions of the excitonic states in the
independent Boson model and for modeling the optical properties of the QD.

The calculations of wave-functions, built-in dipole moments and excitonic energies of
nitride-based QDs, presented in chapters 3 and 4, were performed by Gerald Honig.

2.3.3 Exciton-phonon interaction

To describe the interaction of the phonons and excitons in the QDs, the Hamiltonian
in the framework of the independent Boson model [Tak93, Kru02] is used:

H = 3 €iaja; + D hwg bl by + 3 (985 = 92 alac (bgus + b,)
q,k

i=v,c q,k

The first term describes the creation and annihilation of the exciton of energy ¢;
QD. Only the uppermost valence band level and the lowest conduction band level
are taken into account. Interaction with the wetting layer states is neglected.

The second term describes creation and destruction of bulk phonons with phonon
number x, wave vector g and energy fwg,. The phonon number x corresponds
to transverse-acoustic (TA) or longitudinal optical (LO) or acoustic (LA) phonons.
The dispersion relation for the phonons is taken as obtained from a standard di-
atomic linear chain model (Debye-Einstein approximation). All phonon branches
are considered isotropic. For LO hw(q) = hwro, for LA and TA hw(q) = hcsq,
where ¢, is the respective sound velocity for LA and TA phonons.

The last term describes the exciton-phonon interaction. The non-diagonal coupling
(to the excited states of the QD) is neglected [Zim02, F6r03, Kru05b, Vagl1]. Index
v(c) denotes valence (conduction) band. The effective coupling element depends
on coupling mechanism (deformation potential and piezoelectric coupling for the
respective material system) and electron (hole) wave-functions p.(¢y):
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iq-r
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When including the phonon dispersion relation, the coupling elements for acoustic
and optical phonons, the effective coupling element turns to:

'>; ngJ,LA (TA) N \/—< Z>
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To predict the luminescence spectra of the QD the absorption coefficient for a 5-like
excitation pulse is calculated as

)

a(w) ~ wRe/dtei(w_“g“P_A)teR(t)e_SHR

0

Here A is a polaron shift of the electronic energies due to virtual phonon emission
and absorption; Sy g - Huang-Rhys factor:

Z ‘gvc ) SHR — Z |gvc 2”% + 1)

R(t) is determined with phonon spectral density S(w) and phonon distribution at
particular temperature n(w)

Ziﬂ 2 ( Ng, + 1) e ™! 4 nqne"“’%t) =

/dw/S(w') ((n(w’) +1)e ™t 4+ n<w/)€iw’t)

Phonon spectral density, giving the coupling strength to the phonons of energy hw,
is calculated as

The modeling of coupling excitons and acoustic phonons, presented in chapter 4,
was performed by Matthias-René Dachner.
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2.4 Growth of nitride-based samples

2.4 Growth of nitride-based samples

Up to now optimization of the growth of nitride-based QDs could not succeed in
lowering the QD densities while maintaining the good optical quality of the dots. To
perform single-QD spectroscopy in this work, post-processing methods as etching
mesa structures or using a metallic shadow mask were applied to the nitride-based
QD samples, as described above in section 2.2.

For the investigation of the nitride-based QDs four samples were chosen: two of
GaN/AIN QDs and two of InGaN/GaN QDs. The two samples of GaN/AIN QDs
were grown by Stranski-Krastanow mode (S-K) with metal-organic chemical vapor
deposition (MOCVD) and molecular beam epitaxy (MBE) respectively. One of the
samples was prepared to have a shadow mask, the other to have mesa structures. Us-
ing a metallic shadow mask is an approved method for single-QD CL spectroscopy
[Tir01, Rod06] which is not necessarily suited for pPL spectroscopy as well. In
contrast to this, mesa structures allow to investigate the same QDs with differ-
ent spectroscopic techniques. Since thorough experiments with pPL spectroscopy
had already been performed for the sample of MOCVD-grown GaN/AIN QDs, the
present work paid to this sample. For the first time identical QDs were investigated
by means of pPL and CL. From the comparison of the results new conclusions could
be drawn regarding fundamental interaction mechanisms of excitons and phonons

in the QDs.

Table 2.1: Overview of the investigated nitride-based samples.

T | L B | w
QD material S-K GaN In-concentrations fluctuations in InGaN
Active layer 6.4 ML ‘ 5ML SML indeterminable
Matrix material AIN InGaN/GaN InGaN
Substrate SiC GaN Si(111) GaN (miscut of 2.3°)
Growth technique | MOCVD | MBE MOCVD MBE

The samples with InGaN QDs present an alternative fabrication approach as com-
pared to S-K GaN/AIN QDs. No structurally-distinct islands are formed on the
wetting layer. Instead, the zero dimensional confinement of the charge carriers
takes place in regions of increased In-concentration: In one of the samples, grown
with MOCVD, In-segregation is observed in a thin InGaN layer, included in a GaN-
matrix. In another sample such In-rich QD-like structures are formed on the steps
of atomic monolayers, created through miscut of the substrates.

The growth process has an immense impact on the crystal quality and consequently
the optical properties of the QDs. Various QD growth approaches are particularly
important for the investigation of SD of the exciton luminescence. Comparison of
the different samples allows to suggest which effects are customary for the nitride
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QD material system and which features are induced by certain types of defects,
characteristic for the respective growth mode.

Table 2.1 contains a short overview of the investigated nitride-based samples. More
detailed information about sample structure, growth parameters, and structural
investigations follows below in this section. An integral CL spectrum on a linear
intensity-scale for each sample is included as well.

GaN/AIN: sample T

mesa structures
200 nm -2 ym

1100 nm AIN

substrate

Figure 2.6: Structure of the sample T.

Sample T was grown and processed in the Research Center for Advanced Science and
Technology, University of Tokyo, Japan. The sample structure is depicted in figure
2.6. A detailed growth description can be found in [Hos04]. Wurtzite-type GaN/AIN
QDs were grown by low-pressure MOCVD in the S-K mode on (0001)-oriented
6H-SiC substrates. A 100-nm thick AIN layer was grown at 1180° C. Afterwards
6.4 monolayers (ML) of GaN were deposited at 975° C, subsequently the growth
was interrupted to allow QD formation. The capping layer was grown in two steps,
as good-quality AIN requires a higher growth temperature than the GaN QDs. A
4 nm-thick layer of AIN was first deposited at 975° C, followed by 96 nm of AIN at
1180° C.

Figure 2.7: Left: AFM image of an uncapped sample T. Right bottom: AFM of an
uncovered QD. Right top: Cross-sectional TEM image of a covered QD. Images
are taken from [KakO05].
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2.4 Growth of nitride-based samples

The transmission electron microscopy (TEM) and cross-section TEM investigations
of the sample confirm the S-K QD growth mode and WL formation [Hos04]. The
thickness of the wetting layer (WL) is determined to be 2-3 MLs. The TEM analysis
of overgrown as well as of atomic force microscopy (AFM) images of the uncapped
samples reveal, that the QDs have the form of a truncated hexagonal pyramid (see
figure 2.7), an average height of ~4 nm, and an average diameter of 25 nm.

QD WL

CL intensity

SiC

reslr PR I S S 1 I S '
3.0 35 4.0 4.5 5.0 5.5
Energy (eV)

Figure 2.8: CL of the QD ensemble of sample T.

Figure 2.7 shows the AFM image of the uncapped sample. The estimated QD
density is 6x10° cm~2. The samples were processed into mesa structures by means
of electron-beam lithography. The mesas have diameters ranging from 200 nm to
2 nm. Approximately two QDs are to be found in the smallest mesa.

The CL of a QD ensemble, measured at 5K, is depicted in figure 2.8. WL has al-
most the same intensity as the QD ensemble. The QD ensemble shows a pronounced
oscillatory behavior. These luminescence bands correspond to subsets of dots of dif-
ferent heights, in a sequence following an integer number of MLs. The luminescence
of around 3.0 €V is attributed to SiC.

GaN/AIN: sample L

Au mask
50 nm AIN

150 nm AIN

substrate

Figure 2.9: Left: Sample structure of sample L. Right: AFM image of an uncapped
sample [Sim08a].
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Sample L was grown at the Ecole Polytechnique Fédérale de Lausanne, Switzerland.
The structure is similar to that of sample T and is shown in figure 2.9. A gold mask
with apertures between 200 nm and 1 pm in size was put on top of the sample.

These QDs were grown with MBE in the S-K mode. A detailed growth description
can be found in [Sim08a]. 100 nm of relaxed AIN were deposited on a 2 pm thick
c-plane GaN template. 5 ML of GaN were deposited at 830° C subsequently the
ammonia flux was interrupted to reduce the GaN island density. The higher tem-
perature of 830° C instead of conventional 800° C [Dam99] is used to promote Ga
ad-atom diffusion an the surface.

GaN 9ML 8 ML

CL Intensity

4 ML

31 33 35 37 39 41 43 45 47 49
Energy (eV)

Figure 2.10: CL of the QD ensemble of sample L.

Multiatomic step edges on the AIN layer, decorated with large GaN islands, can
be seen in the AFM image of an uncapped sample, shown in figure 2.9. These step
edges act as preferential dot nucleation sites [Mat05], the dot density on the terraces
is therefore reduced. The average height of the GaN islands on the edges is ~ 4.5 nm,
on the terraces ~ 1 nm (here the estimated aspect ratio of height to width of the
islands is ~ 0.15). The island density is of the order of 10° cm™, the WL thickness
is around 2 ML.

The CL of the QD ensemble, measured at 5K, is displayed in figure 2.10. Similar
to sample T the QDs of different heights are easy to identify. GaN-template lumi-
nescence at 3.48 eV is indicated by an arrow. For more details on the luminescence
properties of the sample see [Sim08a, Sim08b].

InGaN(/GaN) QDs: sample B

Sample B was grown with MOCVD at Technische Universitat Berlin, Germany.
A detailed description can be found in [Rod06]. The structure is shown in figure
2.11. The sample was grown on Si(111)-substrate. The initial layer of AIN, 400 nm
Alg05Gag.gsN and 600 nm GaN were grown at 1150° C. A layer of InGaN of a nominal
thickness of 2 nm was grown at 800° C, followed by 20 nm GaN grown at 1100° C.

In-concentration fluctuates in the InGaN layer. Under certain growth conditions this
can lead to the formation of nanometer scale In-rich domains, which present strong
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30 nm GaN
InGaN

InGaN QDs
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scanthrough ___ 0%
InGaN layer

Figure 2.11: Left: structure of sample B. Right (top): High resolution TEM im-
age, DALI-processed; (bottom) The profile of In-concentration along the InGaN-
layer. Figure adopted from [Rod06].
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Figure 2.12: CL of the QD ensemble of sample B.

charge carrier localization centers and exhibit QD-like optical properties [Seg04,
Win07].

Structural information about the samples was obtained from high resolution TEM
measurements, performed under short irradiation times to prevent electron beam
induced artifacts [Sme03]. The DALI-processed? results are depicted in figure 2.11.
In-concentration varies along the InGaN-layer and the In-rich domains have the
lateral size of up to 5 nm.

A platinum mask with apertures from 200 nm to 2 pm in diameter was applied
on the surface of the sample to allow investigation of individual QDs. Such shadow
masks were already used in earlier experiments with CdSe [Tiir00a] and InAs [Rod03]
QDs. The mask is fabricated as follows: A solution containing polystyrene spheres of
various diameters is applied to the sample surface. The metal film is sputtered onto
the sample subsequently. Finally, the spheres are removed from the sample in an
ultra-sonic bath with ethyl acetate. The metal should preferably have an absorption

2 DALI - digital analysis of lattice images [Ros99]
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coefficient as high as possible at the emission wavelength of the investigated QDs.

The CL of the QD ensemble of the sample, measured at 5K, is depicted in figure
2.12. The broad luminescence band, marked “InGaN” in the figure, disintegrates
into sharp peaks, when resolved through metal mask. No luminescence of the 2D
InGaN layer is found. A weak luminescence of GaN is indicated with an arrow.

InGaN: sample W

[0001] InGaN

growth

miscut [ direction
angle |0

Figure 2.13: Left: Miscut schema of sample W (adopted from [Per09]). Right:
AFM image of the sample surface, showing the terraces created after polishing.

Sample W was grown at the Institute of High Pressure Physics Unipress, Polish
Academy of Sciences, Warsaw, Poland. A different approach compared to sample B
was used. Here 120 nm thick Ing;GaggN layers were grown at 820° C with MOCVD
on a 0.5 pm GaN buffer layer. Finally, InGaN was capped by 25 nm of GaN [Kry07].
Here the crucial point is the miscut of the free-standing GaN substrates. The miscut
is produced by mechanical polishing. The miscut angle is § = 2.3° toward [1120] (see
figure 2.13). Reactive ion etching was applied subsequently to remove the mechanical
damage. The substrates were fabricated by means of vapor phase epitaxy and have
a dislocation density of about 107 cm™2.

The intentional miscut of the substrates controls the spacing of the growth steps
on the growth surface. Figure 2.13 shows an AFM image of the polished sample
surface, where the steps of the GaN atomic monolayers can be seen.® Depending
on the miscut angle larger, or smaller edges can be created. The diffusion of the
ad-atoms to the steps is limited. Under certain growth conditions and for certain
miscut angle the assembled In-nuclei at the step edges can create small areas, which
provide strong charge carrier localization. It is observed as QD-like emission lines in

3AFM measurements done in Institute of High Pressure Physics, Polish Academy of Sciences,
Poland.
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Figure 2.14: CL of the QD ensemble of sample W.

the CL experiments. Similar to sample W, the fluctuation of the In-concentration
in the InGaN layer creates 0D charge carrier localization centers.

The CL of QD ensemble of the sample, measured at 5K, is depicted in figure 2.14.
Luminescence of GaN-template is indicated.
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3 Interaction with local electric fields

This chapter deals with the interaction of charge carriers confined in a quantum
dot (QD) and an electric field in its environment. Such interaction affects the
luminescence of a QD and leads to an effect called “spectral diffusion” of QD lumi-
nescence (SD). In the investigation of QDs by means of cathodoluminescence (CL)
spectroscopy the SD was found to be composed of different components, which ex-
hibit significantly different timescales.

The first section gives a short overview of important results, related to the topic
of the chapter. Section 3.2 is dedicated to the short-timescale SD, resulting in
line broadening of emission lines. The influence of sample surfaces and excitation
conditions on the linewidths is studied. Section 3.3 refers to long-timescale SD and
describes observed luminescence intermittence and slow spectral jitter of the single
QD emission lines. This section explains how the slow SD is used as a tool for the
investigation of single QDs. A particular case of the long-timescale SD, the so-called
¥-pattern, is presented for the first time within the frame of this work in section 3.4.
A model of this process is proposed and can be generalized to give an explanation
of slow spectral jitter of excitonic emission of nitride-based QDs. In addition, this
chapter shows for the first time how to determine the absolute value and the ratio
of the built-in dipole moments of different excitonic complexes from characteristic
shifts of the QD emission lines.

Exclusively experiments on the nitride-based QDs are presented in this chapter. Ad-
ditional results on SD for site-controlled InGaAs/GaAs QDs are presented in chapter
5. Investigations of QD samples, grown with different growth approaches, allow to
draw conclusions about defects responsible for particular component of SD and spe-
cific properties of the nitride QD material systems. Earlier micro-photoluminescence
(nPL) experiments on a GaN/AIN QD sample have investigated the luminescence
properties with a resonant excitation. The same mesa structure can be investigated
with CL. Comparing the results of CL. and pPL experiments allows to reveal the
influence of resonant and non-resonant excitation on SD.

©Calculations of the excitonic shifts of a model InGaN QD in an electric field of a
point charge and dipole moment ratios of the model GaN/AIN QDs were performed
by Gerald Honig.
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3.1 State of the art

The term “spectral diffusion” was introduced in connection with spectroscopic stud-
ies of colloidal CdSe QDs in [Emp96]. In self-assembled QDs the effect of SD is
widely observed too. SD was observed in the luminescence of QDs of different ma-
terial systems: selenides [T1r00a, Seu00, Bes02], arsenides [Rob00, Bes01, Rod05],
nitrides [Ric04, Bar06, Rol07], and phosphides [Pis99, Blo00, Pis01].

The origin of SD is commonly explained by the interaction of the excitonic state
in the QD with stochastically fluctuating electric fields in the vicinity of the QD,
which are generated by random charging and discharging processes in the barrier
material: see section 1.3 for quantum confined Stark effect (QCSE) in QDs.

A profound understanding of the mechanism behind the phenomenon of SD is
needed, since SD can become a significant obstacle in the context of efficient single-
QD applications. SD manifests itself in broadening (in this work distinguished as
short-timescale SD), spectral jitter and on/off blinking (in this work both types dis-
tinguished as long-timescale SD) of the emission lines. Unstable intensity, random
positions and broadening of the luminescence lines are detrimental for potential use
of QDs. Up to now, however, no detailed microscopic model of the interaction pro-
cess has been presented. Such a model would probably allow to draw conclusions
for the growth process, finally allowing to utilize or eliminate SD.

Defects can act as charge traps or non-radiative centers, thus playing a crucial role
for the SD. The surface of a crystal possesses a huge number of natural defects. If
a QD is situated close to the surface, enhanced SD can be induced. Interactions
with surface states become crucial for QDs situated very close to the surface. For
InAs/GaAs QDs it ranges between 10 and 14 nm, as shown in investigations of
luminescence linewidths in [Kam98, Faf00, Wan04].

QDs farther away from the surface are affected by fields generated by a large variety
of defects in the bulk material. Large efforts have been made to reduce SD by
optimized growth approaches. However, it is probably impossible to eliminate SD
completely.

SD tremendously affects the widths of emission lines of excitonic transitions in QDs.
A large number of experimental studies have been performed to investigate the
influence of the excitation conditions on the linewidths: e.g. [Tir00b, Blo00, Ber06,
Fav07, Abb08, Kinl0b]. In [Ber06, Fav07] the SD-induced broadening of a QD
emission line is described using a model including charge carrier dynamics outside
the dot. The authors deduced a dependence of full width at half maximum (FWHM)
of a single dot emission line on population fluctuations in the impurities around
the dot. In [AbbO8] particular attention was paid to the difference in measured
linewidths of X, XX and X* of GaAs/AlGaAs QD. This difference is attributed to
different polarizabilities of the excitonic complexes, which was shown in the same
work in calculations of Stark shifts of the excitonic transition.
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3.1 State of the art

The division of SD into short- and long-timescale is arbitrary. If the experimental
set-up does not allow to temporally resolve different spectral positions or intensity
values of QD luminescence, then the measured emission peak appears broadened or
has a small intensity (if the on/off blinking of the emission line is present). Therefore,
it is important to be aware of the real timescale of processes influencing the SD.

SD is the main reason for the inhomogeneous broadening of the excitonic transitions
in the QD. The contribution of homogeneous broadening to the width of QD emission
lines can be evaluated from four-wave-mixing experiments, which reveal dephasing
times. The dephasing time was measured to be of several hundred picoseconds in
[Bor01, Bir01] for arsenide QDs and in [Pal03] for CdSe nanocrystals. Additionally,
in [Pal03] the dependence of linewidth of the excitonic transition on the modulation
frequency of the excitation signal was studied. Below 1 MHz SD induced a large
broadening and the linewidth decreased rapidly down to 6 peV for a frequency
increase to a few MHz. This experiment pointed out the timescale of SD in colloidal
QDs is in the order of microseconds.

Even shorter time constants were revealed in [Sall0a|, obtained from auto-correlation
measurements on CdSe/ZnSe QDs, embedded in nanowires. In this work the cross-
correlation between the low- and high-energy sides of the emission line and the
auto-correlation of signal from one side only were measured. These experiments
showed, that the QD emission line stays homogeneously broadened during 4 ns.
Both [Pal03] and [Sall0a] confirm that the characteristic SD times can be as short
as nanoseconds.

However, other processes attributed to SD as well, can have rather long character-
istic times. Often a QD luminescence line, already broadened, shows continuous
or discrete spectral shifts: e.g. [Tir00a, Bes02, Rod05, Bar06]. Also, intensity
variations or even quenching of the QD emission are sometimes observed both in
colloidal [Neu00] and self-assembled [Rod05] QDs. Such intensity instability was
reported under various names: e.g. telegraphic noise [Pis99, Pis01, Pan01, Pan02]
and two-color blinking [Ber99]. In GaN/AIN QD material system blinking was also
observed: [Bar06, Kin09]. The two types of SD, spectral jitter and intensity inter-
mittence, prove themselves helpful for the identification of the lines from one and the
same QD [Tiir00a], as each QD exhibits its own sequence of Stark shifts or intensity
variations.

QCSE, and of course SD, is particularly essential in nitride-based QD due to large
built-in polarization fields (see section 1.1.4). A combined experimental and theo-
retical study of QCSE in single GaN/AIN QDs was described in [Nak06b, NakO6a].
The shift of the excitonic energy of a single QD was measured under constant lon-
gitudinal and in-plane electric fields applied to the sample. For the electric field
in the growth direction the excitonic energy shift was shown to have a linear de-
pendence on the field magnitude, resulting in fiyu¢—in = 1.15 € - nm; for the electric
field perpendicular to the growth direction - a quadratic dependence. The measured
data correlate with self-consistent effective mass calculations ibid. The quadratic
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Figure 3.1: Spectral shift of a QD emission line, induced by a point charge placed
at various positions close to the dot. The values are estimated from experimental
data of the shift of an excitonic emission line in constant electric fields in [Nak06b,
Nak06a/.

relation together with the large obtained value of i prove experimentally,
that the direction of built-in dipole moment pyyirt—in = o + 2aF;,; can be consid-
ered as parallel to built-in field Fj,;. Consequently, the intrinsic dipole moments of
GaN/AIN dots can be considered parallel to the built-in filed direction: pg || Fine-
Same way as for QDs of other material system, an intrinsic dipole moment an stem
e.g. from a composition gradient [Fry00] or shape [Gru95, Sti99] of the dot.

Based on these experiments, a simple estimation can be made for the GaN/AIN QD
material system to predict the influence of a point charge in the close vicinity of a
dot on its excitonic luminescence. A point charge at a distance of 5 nm to the dot
induces a field of ~ 60 kV/cm at the dot center. Such an electric field in the growth
direction and in the plane of the QD results in excitonic energy shifts of 8 meV and
3 meV respectively. Any point charge at a distance of 10 nm or more should induce
a shift of only fractions of meV. These estimations are taken from [Bar06] and are
displayed in figure 3.1.

Such point charges can be the reason for the random spectral jitter. Single QDs
exhibited energetic shifts up to several meV in experiments on InGaN QDs [Ric04,
Seg04] and GaN/AIN QDs [Bar06]. However, only speculations about the origin
of the spectral jitter are given. To date no model or detailed calculations for the
interaction of a QD and single charges have been proposed.

Nitrides are particularly defect-rich materials. QDs grown in this material system

exhibit very broad lines in emission spectra, as compared to other QD material
systems (e.g. arsenides). Linewidths from several meV down to the best values of
500 peV are typically observed: e.g. [Bar06, Kak06, Sim08b, Dem(9]. These large
linewidths are attributed to the large built-in polarization fields.

As shown in section 1.3.3 for a variation of the local electric field AF < Fj,; the
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Figure 3.2: Dependence of the linewidth from pPL-experiments and calculated
dipole moments of an exciton for the given emission energy.

change of the excitonic transition energy is
AE(AF) = MHbuilt—in * AF (31)

Large ppuir—in makes the nitride QDs sensitive even to weak local electric field
fluctuations. Inhomogeneous line broadening due to SD is a shift of the exciton
energy, averaged for the measurement time in the experiment /At:

TLsp = AEa: = tpuitt—inAF a (3.2)

Consequently, I'sp becomes significant for nitride QDs and scales with the perma-
nent dipole moment fip— i Of the exciton. Built-in dipole moment increases with
the size of the QDs. The line broadening is expected to be larger for QDs with
larger excitonic dipole moments, in other words with smaller emission energies.

Such a tendency was shown in pPL experiments on GaN/AIN QDs in [KinlOb].
The dependence of the linewidths of excitonic transition on the emission energy was
investigated, as shown in figure 3.2. The FWHM of the emission lines increases
as their emission energy decreases. In the figure circles depict the mean value of
linewidths. The solid blue line shows the estimations of the dipole moment obtained
from theoretical calculations for the model QDs with respective emission energies
as observed in the experiments. Calculations are performed in a one-band effective-
mass approximation in a self-consistent Hartree scheme for a series of model QDs
with equal aspect ratio and increasing size [Kak05].
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Chapter 3 Interaction with local electric fields

3.2 Short-timescale spectral diffusion (line
broadening)

A large number of emission lines were measured in CL experiments on GaN/AIN
QDs. Unless otherwise indicated, the experiments described below are performed
on the sample T under the following excitation conditions, referred to hereafter as
“normal”: Electron acceleration voltage was set to 7 kV, allowing for a spatial reso-
lution of 775 nm. The electron beam current was 1 nA. These excitation conditions
were found to result in a sufficient signal-to-noise ratio (SNR) already at detection
times of 50 ms per spectrum.

Change of the local electric field in the surrounding of the QD results, generally
speaking, in a shift of the QD emission line. In particular, the dynamics of charge-
trapping and -release in the defects result in line broadening. Therefore, the detec-
tion time is an important parameter of the measurements. The influence of detection
time on the linewidth of the emission line was investigated first.
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Figure 3.3: Statistics of measured linewidths for different detection times.

Figure 3.3 shows a box-plot of the statistics of the emission linewidths in dependence
on detection time, measured under normal excitation conditions. The shortest time
resulting in the SNR, sufficient to measure the FWHM of emission peaks, was 50 ms.
It was not investigated, which excitonic complexes the lines stem from. Data are
shown exclusively for lines, that could be clearly separated from adjacent lines. No
line shape fitting procedure was applied. For each peak the energetic position Ej
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3.2 Short-timescale spectral diffusion (line broadening)

of the maximum intensity was defined I(Ey) = Iz, then the difference between
the closest data points calculated, for which I(Ejctiright) = Imas/2: FWHM =
|Eleft — Erignt|. The presence of some data points below the resolution limit is an
artifact of the processing software in the case of peaks with a low SNR.

This so-called box chart is a convenient way to display large groups of data. The
gray circles depict the extracted data. All the data for the box in fact have the same
abscissa: only integration times 50 ms, 100 ms, 200 ms, etc. were used; the scatter of
the respective gray circles for each box makes for a better illustrative representation.
For each data set the ends of the whiskers show the minimum and maximum; the
rhombus indicates the mean value and the horizontal lines in each box from bottom
to top indicate the 25-, 50- and 75-percentiles.

Figure 3.3 shows the scatter of measured FWHMSs up to 6-8 meV. The mean values
of FWHM for different detection times are in the range of 2.3 meV-3.7 meV indepen-
dent of detection time. Another important conclusion from figure 3.3: Even at the
shortest detection time, the emission lines appear larger than the resolution limit of
the set-up, indicated by a blue dashed line in figure 3.3: 1.65 meV at 4.0 eV. Thus, no
deconvolution of the broadening induced by the measurement system is necessary
to investigate the properties of GaN/AIN QDs under the prevailing experimental
conditions.
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Figure 3.4: Dependence of the measured FWHM on the emission energy.

Figure 3.4 shows the statistics of the large number of investigated QDs. Here the
FWHM of the emission peaks is depicted in dependence on the emission energy.
For every detection energy emission lines with various FWHM were observed. In
contrast to figure 3.2, no clear tendency can be seen. As shown in equation (3.2),
the scatter of the FWHMSs indicates strong variations from dot to dot either of the
built-in dipole moments ftpuirr—in or the fluctuations of the local electric field AF oy,
averaged during detection time Af.
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As can be concluded from integral CL spectrum for QD ensemble in section 2.4, the
energy range in figure 3.4 corresponds to the QDs of two sub-ensembles with the
same height: 5 ML and 4 ML of GaN. Theoretical calculations predict very similar
Wouitt—in for QDs of the same height. However, lateral charge carrier confinement
influences the distribution of the wave functions and has an impact on the value
of the built-in dipole moment. Therefore, built-in dipole moments of the dots with
the same emission energy can vary and result in different I'sp (figure 3.4). Section
3.3.3 shows further, that different (multi)excitonic complexes of the same dot possess
various built-in dipole moments, and this effect is enhanced for smaller QDs - i.e.
the energy range shown in figure 3.4). A significantly different AF »;, experienced
by each dot, is also possible, if in the crystal close to the dots the defect distribution
is very inhomogeneous.

Various factors influence the SD and thus the linewidths of the emission lines: posi-
tion of the QD relative to the sample surface, excitation density, temperature, type
of excitation. The corresponding experiments and results are described below.

3.2.1 Influence of sample surface
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Figure 3.5: Measured linewidth for mesas of different sizes.

In this section the influence of sample surface and heterostructure interfaces on the
SD of the QDs is discussed. QDs have a distance of 100 nm to the top-surface
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3.2 Short-timescale spectral diffusion (line broadening)

(sample T, section 2.4), in this case a point charge trapped in the surface states
would induce an electric field of ~160 V/cm in the vicinity of a dot (2 V/cm if the
electrostatic screening via free charge carriers in the Debye approximation is taken
into account). Such field does not have a significant influence on the GaN/AIN
QD emission ([Nak06b, Nak06a]). In this case any fluctuations of the charges in
the surface states cannot lead to the broadening of the order of meV, as normally
observed for this QD material system. The same is valid for the AIN/SiC interface,
which also has a distance of 100 nm to the QDs. Additionally, experiments with
varying the thickness of the capping layer revealed similar linewidths [Kin10b]. Thus
in the following discussion of the described CL experiments the influence of the top-
surface and AIN/SiC interface is neglected.

The sample was processed into mesa structures of sizes from 200 nm up to 2 pm. In
contrast to the top-surface, the surface of the sides of a mesa structure is very close
to some QQDs. Even for the mesas of 200 nm in diameter with the smallest possible
excitation volume in CL experiments (225 nm in diameter for 3 kV) the whole plane
of the mesa as well as a large area of the surface on the sides are excited. If the
surface charges on the mesa side influence the SD, the widths of emission lines
obtained from the QDs in the mesas of the smallest sizes should appear larger in
comparison to mesas of larger sizes.

Figure 3.5 shows statistics of the linewidths measured for different mesa diameters.
Again a box chart is used. The values range from the resolution limit up to 8 meV.
No correlation between linewidth and mesa size can be detected. The mean values
of the measured FWHDMSs for the mesa structures of different sizes are similar: 2.75 -
3.5 meV.

Unprocessed samples (without mesa structures and grown in the same run with
T) were investigated too. No obvious difference to samples with mesa structures
were found. Furthermore, measurements of a different GaN/AIN QDs sample L
(GaN/AIN, MBE growth) showed linewidths of the same range, although no mesa
structures existed in the samples. In both cases of samples without mesa structures
the FWHMSs scatter from 8 meV down to resolution limit, the mean FWHM was
found to be 2.9 meV: the same as shown in figure 3.5.

To sum up, no clear impact of surface states on the sides of the mesa structures
could be observed. The bulk defects in the GaN/AIN heterostructure are decisive
for the linewidths of the QDs, independent of growth technique.

3.2.2 Influence of excitation density

One straightforward experiment for the investigation of the line broadening is vari-
ation of the excitation density. Change of the number of free charge carriers in
the material influences the charge trapping dynamics in the defects in the QD sur-
rounding. Resulting different energetic shifts of the excitonic transition should lead
to different line broadening for different excitation densities. For higher excitation
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Chapter 3 Interaction with local electric fields

densities more defects are activated or the process of charge trap and release is ac-
celerated. The increase of the linewidths caused by increasing excitation density
was indeed revealed in many experiments: [Tiir00a, Blo00, Ber06, Fav07, Kur(07].

In CL experiments the excitation density can be varied by three different methods:
Varying the electron acceleration voltage or the electron beam current and moving
the electron beam across the sample. The last way is the most reliable, since it is
impossible to state unambiguously in which way change of the electron acceleration
voltage or the electron beam current influences the excitation density [Tir01]. Ex-
citation of a QD, when the SEM beam is placed directly over the dot, definitely
corresponds to a higher excitation density compared to an excitation, when the
beam is placed at some distance from the dot.

SEM SEM

beam beam

IR . N | |
P

point 1 point 2

Figure 3.6: For the placement of the SEM beam onto point 1 and point 2, different
excitation densities are created for the QD, indicated in red.

The effect of the change of the excitation density is dependent on the position of
the electron beam, as shown in figure 3.6. When CL spectra are recorded while
moving the electron beam across the sample, the change of the excitation condition
of the QD can be seen clearly in the spectra as a change of the CL intensity of the
QD emission line combined with the appearance/disappearance of the additional
emission lines from the same dot or emission lines from a different dot.

The variation of the measured luminescence for different positions of excitation is
displayed in figure 3.7. Four spectra are extracted from the data set, obtained from
one of the experiments with the beam scanning over the sample. The acceleration
voltage was 15 kV, the electron beam current was 0.3 nA and detection time was
1000 ms. The emission line L1 at 4.29 eV appears with different intensities in the
spectra, when electron beam is placed on different sites. Some emission lines appear
(L2 at 4.32 €V in panel 4, emission QD2 at 4.25 eV in 1-4) and some disappear
(emission QD3 at 4.16 €V in 1-3) in the spectrum with changing the position of
the electron beam. This assignment of the line groups to particular QDs can be
done with the help of longtime-scale SD, as described below in section 3.3: from the
SD-patterns for these emission lines (measured in a different experiment and not
shown here) it was found that L1 and L2 stem from the same QD, emission QD2 -
from a different one and QD3 - from a third one.
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Figure 3.7: Spectra obtained by different position of the electron beam on the
sample.

To investigate the influence of the excitation density on the excitonic emission
linewidth, the widths for the selected lines were measured in different spectra corre-
sponding to different positions of the electron beam. In this way several data sets,
obtained by scanning the electron beam over the sample, were analyzed. For six
dots the same excitonic line was carefully fitted with a Gaussian profile! in each
spectra. No change in the linewidth, obtained from these fits, was found.

At different electron beam current and electron acceleration voltages the lumines-
cence spectra from the same excitation point appeared significantly different, similar
to the one shown in figure 3.7. This observation indicates unequal excitation den-
sity for the different excitation parameters. Although, the dependence of excitation
density neither on electron beam current nor on acceleration voltage is known, the
dependence of FWHM on these parameters was measured. For two QDs a vari-
ation of the electron beam current for various electron acceleration voltages was
performed. In the available range of tuning of the electron beam current (0.01 nA-
2 nA) and acceleration voltage (3 kV-19 kV) the FWHM of the same dot does not
change within the experimental error of the measurements. As an example the re-
sult for one dot is depicted in figure 3.8. Here for every data point the FWHM was
derived from a fit of the emission peak with a Gaussian profile. No clear dependence
of FWHM on acceleration voltage or electron beam current could be observed.

To conclude, no clear dependence of linewidths on the excitation density could be

!Explanation, why the Gaussian profile was chosen, can be found on page 96.
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Figure 3.8: An example of the dependence of the linewidth on electron beam cur-
rent for three electron acceleration voltages.

observed for GaN/AIN QDs. The most probable explanation: for this QD material
system already at small excitation densities in CL experiments all defects in the
vicinity of the QD are activated and affect QD emission lines.

3.2.3 Influence of temperature

With raising temperature the dynamics of charge trap and release in the defects
can change and additional defects can become activated, leading to a change of the
emission line broadening. The dependence of the linewidth on temperature was
investigated for emission lines from five different QDs. Their FWHMs increase with
raising temperature.

No dependence of the linewidth on detection time was found at 5 K. Consequently,
faster recharging of defects responsible for short-timescale SD should not lead to
the increase of of the FWHM. Faster spectral jitter (long-timescale SD) can become
unresolvable at the same measurement times and therefore start contributing to the
line broadening at higher temperatures. However, no significant acceleration of the
spectral jitter rate was observed in the experiments at elevated temperature.
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3.2 Short-timescale spectral diffusion (line broadening)

As shown in the previous section, no impact on the excitation densities was observed
as well: all defects in the GaN/AIN QD material system are activated in CL excita-
tion already at 5 K. Therefore, with raising temperatures no additional activation of
defects, responsible for line broadening, should take place, since excitation energies
in CL experiments are significantly larger than kT.

To sum up, the observed increase of FWHM with raising temperature is rather at-
tributed to enhancement of interaction with lattice vibrations, than to temperature
dependence of the SD. For more details see section 4.4, where the analysis in terms
of interactions with phonons is given.

3.2.4 Influence of excitation mechanism

Sample T was studied previously in complementary pPL experiments [Kin10b]. The
statistics of linewidths of the QD emission lines was analyzed. Matching these
previous results to the above results from CL experiments the QD luminescence in
experiments for two distinct types of excitation can be compared. The difference
between the two techniques is schematically shown in figure 3.9. In pPL-experiments
a laser with an emission energy of 4.66 eV was used and the carriers were excited
resonantly in the QD ensemble. In CL primary electrons of the excitation beam of
a SEM have an energy of several keV: the excitation takes place with much larger
energy and charge carriers are excited in the barrier-material (AIN) also.
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Figure 3.9: Excitation schema for CL (left) and PL (right). The effects of built-in
fields are not included into the schema of the band diagram.

The spectral resolutions of the pPL and CL set-up are equal. In the pPL experiments
the FWHM of the emission lines scatters from 10 meV down to the resolution limit
of the set-up [Kinl0b]. Exactly the same phenomenon was observed in the present
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Chapter 3 Interaction with local electric fields

work (figure 3.5). Consequently, emission lines of GaN/AIN QDs appear broadened
up to the same range already in resonant excitation.

Since the sample was processed into mesa structures, it allows the investigation of
identical QDs with resonant and non-resonant excitation. Figure 3.10 shows lu-
minescence spectra obtained in pPL and CL measurements from the same mesa
structure.? Similar discrepancies between the spectra were typically found in com-
parison of CL and pPL data for around 10 different mesa structures.
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Figure 3.10: The same mesa was measured in CL(top) and pPL(bottom)
experiments.

In CL individual lines of QD luminescence were observed only for emission energies
above 4.0 eV. For smaller energies separate lines could not be found and a broad
luminescence band was observed. In contrast, in pnPL experiments it was possible
to resolve single lines below 4.0 eV for the same [Kak04, Kin09, Kin10a] and similar
samples [Bar06, Sim08b, Bar08]. The spectral resolution limit of those set-ups is
equal to the one used in the present work. This difference is explained in terms of
interaction between the excitons and acoustic phonons further down in section 4.3.3.

2The pPL experiments were performed in the Research Center for Advanced Science and Technol-
ogy, University of Tokyo, Japan. The data were measured by Christian H. Kindel and kindly
provided for the current work.
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3.2 Short-timescale spectral diffusion (line broadening)

3.2.5 Discussion: defects

For a better understanding of the huge broadening of emission lines of GaN/AIN
QDs and, possibly, of growth optimization in order to reduce FWHMs it is important
to be aware of the kind of defects, responsible for the broadening.

There is a large variety of defects even in high-quality bulk material: native point
defects, line and planar defects and impurities. Such defects introduce additional
energy levels within the band gap and can also act as non-radiative recombination
centers. Typical point defects include vacancies, interstitial (additional atom incor-
porated onto the site, where there is usually not an atom) and anti-sites (in com-
pound materials, where an anion occupies place of a cation or vice versa). Another
type of structural defects refers to defect complexes: line defects such as edge and
screw dislocations, planar defects such as stacking faults and domain boundaries.
Impurities are often introduced into the material as unintentional doping. GaN-
based III-nitride heterostructures are well known for their high defect concentration
and problematic doping [Jai00, Van04].

As soon as a charge is captured or released in some trap (defect or localization center
in the wetting layer) in the close vicinity of the QD, the local electric field changes.
If each of N charge traps around a QD can remain in either state (with or without
a charge), there can be at least 2% field configurations for the QD. The number of
charge traps should be large enough and the change of the overall local field should
occur fast enough, to result in the broadening of emission lines up to a few meV. The
charges within a distance less than 10 nm to the QD contribute most significantly
to the line broadening (see figure 3.1). Then at least one charge trap in such close
vicinity to the dot will result in the density of the traps at least 2:10'7" cm™.

Typically in wurtzite nitride-based materials point defects have less densities: of the
order of 1014-10'® cm™ [G6t95, Yi96] and rarely can be as high as 10'7 cm™ [Jai00].
The probability that such a point defect is situated at a distance of 10 nm to the
QD is quite low. Only for concentrations of ~ 1017 cm™ the lateral distance between
the defects can be as low as 20 nm, resulting in approximately one defect close to
the QD. Concentrations of the line defects such as threading dislocations are of the
order of 10%-10? cm™[Jai00, Sug98, Ros97, Les95, Pon02] result in spacings between
the defect lines of 1 pm-10 nm respectively. Only in case of the highest densities
there can be a defect line in a distance of 10 nm to the QD. Hence, neither point
defects nor defect lines can affect the line broadening up to amount of a few meV.

The values of defect concentrations reported above relate to the bulk material. How-
ever, the crystal in the close vicinity of the dot differs significantly from the bulk.
Due to a lattice mismatch between the QD and embedding materials, an increased
number of dislocation lines can be induced in the matrix material at a low distance
to the QD layer. Besides, growth of the capping layer is performed at lowered tem-
peratures, which leads to increased defect densities in the close vicinity of the dots
in the overgrown crystal. Additionally, charge localization centers in the wetting
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Chapter 3 Interaction with local electric fields

layer (WL) can also act as charge traps (see the evidence in figure 3.14 in the next
section).

Generally speaking, the defects in the capping layer together with dislocation lines
are common for any material system of self-assembled QDs and cannot be avoided
during growth. Compared to e.g. arsenides or selenides, nitride-based materials
exhibit still higher defect densities (both point and line defects). Together with
the significant built-in dipole moment, making the GaN/AIN dots sensitive to the
fluctuation in the environment, the enhanced defect density close to the dots results
in large linewidths.

3.3 Long-timescale spectral diffusion

The long-timescale SD manifests itself as a variation of the spectral position and/or
intensity of the QD emission line. A proper graphic visualization for it are intensity-
coded plots (hereafter SD-patterns), demonstrating the time evolution of a single
luminescence spectrum. A typical example is shown in figure 3.11. Each single
spectrum was measured under normal excitation conditions with a detection time
as short as 250 ms. Three of the spectra are extracted from the data array and
shown in the right panel.
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Figure 3.11: Left: Example of an SD-pattern of the emission lines from single QDs.
Groups of the lines with similar SD-behavior are indicated with letters. Right:
Single spectra at three times. The dashed lines help to see the variation of spectral
position and the intensity of certain lines.
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3.3 Long-timescale spectral diffusion

The two lines dubbed A are stable except for an abrupt shift at t=>55 s that lasts
for about 1 s. Line B does not show any variation either in spectral position or
intensity. In contrast, line C continuously changes its spectral position within 2-
3 meV around 4.425 eV. The four lines dubbed D are constantly blinking on and off
from the moment t=7 s in synchronous tact, although no change of the excitation
condition occurred. The change of spectral position and intensity for several lines
can be seen in the single spectra, shown on the right panel.

For different groups of lines there is no correlation in the variation of the lumi-
nescence (called further on SD-behavior). Lines, indicated with an identical letter,
show synchronous change of the spectral position or intensity. Each group exhibits
its characteristic time-constants of SD-behavior: “A” shifts aside only for 1 second,
and “D” turns off for a few seconds, “C” smoothly changes its spectral position.

Figure 3.11 is a good example for two types of long-timescale SD. The effect of
spectral position change is usually called spectral jitter, it can be observed as con-
tinuous (like line C) or discontinuous jitter (like line A with an abrupt change of the
spectral position at 55 s). Intensity intermittence or on/off blinking (see below in
section 3.3.1) can be seen in the example of D, E. Detailed observations of these SD
types and conclusions about the properties of the QDs are described in the following
sections. A special case of spectral jitter, named y-patterns, is treated separately in
section 3.4.

3.3.1 On/off blinking

The lines dubbed D in figure 3.11 show an abrupt variation and even quenching of
their intensity. Such on/off blinking was typically observed for most of the emission
lines of sample T and the following observations were made for this phenomenon.

After some time of irradiation with SEM beam (usually 5-10 minutes) about 90 %
of the emission lines started to disappear for a time on the order of 1-10 seconds.
The “off-times” became longer with further irradiation and could be as long as
several minutes, the “on-times” in contrast became shorter and could be as short as
hundreds of milliseconds. This effect is reversible: after warming up the sample to
room temperature and cooling it down again, the emission lines showed the same
tendency: staying stable for the initial 5-10 minutes and starting to blink afterwards.
Shortly after exposing the samples to light and air (when mounting the sample into
the chamber), the emission lines showed enhanced on/off blinking as well. Only a
small fraction (around 10 %) of the emission lines were found to be robust and did
not start to blink after long irradiation.

It can be assumed that a blinking line only shows a large spectral shift of emission
energy, induced by some trapped charge in the defect close to the QD. The utmost
shift can be in the range of tens of meV (see figure 3.1). However, in the spectra
with the emission lines in “off”-state no other “new” emission peaks were observed
within 700 meV. Thus the emission line indeed shows the intensity intermittence.
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Chapter 3 Interaction with local electric fields

In resonant pPL experiments the same sample showed on/off blinking too [Kin09].
However, blinking was reduced after annealing of the sample.®> In contrast, such
luminescence intermittence in the SD-patterns, obtained in CL experiments, was
almost never observed for the GaN/AIN QDs, grown in MBE (sample L). Thus, the
defect responsible for on/off blinking is most likely introduced by a certain growth
procedure (it could be some hydrogen-related defect, as typical for MOCVD growth)
and can be removed by means of post-processing.

Up to day there is no clear understanding what controls the luminescence inter-
mittence of QD emission. The authors in [Pis99] ventured some defect with two
metastable states, one of which acts as a non-radiative center. This defect is ac-
tivated by phonons induced in a carrier recombination or a relaxation cascade in
the dot (a so-called phonon-kick mechanism [Kre74]). In [Emp96, Nir96, Neu00] a
mechanism based on Auger recombination is suggested. Here the energy electron-
hole recombination is transferred to the rest of the charge carriers in the dot and
ejects them from the dot. This appears as an “off”-state in the luminescence traces.
If Auger recombination is responsible for the on/off blinking of QD emission, then in
case of the self-assembled QDs this mechanism would lead to intermittence only of
the emission line corresponding to a multiexcitonic complex. Here the recombination
of one electron-hole pair will induce the ejection of the remaining electron-hole pairs,
while in contrast the excitonic emission line (when initially only one electron-hole
pair is captured in the dot) should always be present in the spectrum.

In CL experiments often several lines (up to 10) stemming from the same QD were
observed. Usually all the lines would blink off at once and then reappear. In
resonant 1PL experiments [Kin09] several emission lines showed intermittence si-
multaneously. These observations exclude Auger recombination as an explanation
for on/off blinking.

If, in contrast, the on/off blinking is related to the presence of a defect, then such
a defect would have to have the following properties: It is introduced with larger
densities during the MOCVD-growth process and can be removed by means of an-
nealing. The defect can be in two different states, influencing the QD luminescence
efficiency. In one of the states the defect either prevents capture of the charge carri-
ers into the QD or it absorbs the photons emitted by the exciton recombination in
the QD. When the defect is in this state, the QD luminescence is “off” and cannot
be observed in the spectra. The defect can persist in the state for a long time (tens
of seconds up to some minutes) and switch into the state after SEM beam irradi-
ation or exposure of the sample to light or air. A large number of QDs showing
on/off blinking indicates high densities of the respective defect (one defect in the
close vicinity of 10 nm to every dot results in densities of the order of ~10'7cm? ).

DX center in AIN can be a possible defect of this kind. It was initially described
in connection to AlGaAs [Cha89]. Oxygen and silicon, which are common impuri-
ties in AIN, become DX centers at high Al-concentrations (when exceeding 30 %)

3Not published, information kindly provided by Christian H. Kindel.
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3.3 Long-timescale spectral diffusion

[Cha97, McC98, VAWO98|. This defect configuration is found to be the reason of
decrease in the conductivity of Al,Ga; (N alloys for x>0.4. In GaN oxygen forms
a DX center under hydrostatic pressure [Per95, Wet97]. DX center formation is
accompanied by a strong relaxation of the oxygen atom off the substitutional site in
[0001] direction, and the impurity acts as an acceptor. Additional Coulomb poten-
tials in the interaction of metal atom and the impurity atom lead to a shallow level
in the band gap. DX centers can be ionized by light or by thermal activation, and
can be mobile within the crystal. The process of recapture to the DX state can be
as slow as minutes.

The influence of the DX centers on QD luminescence intermittence is possible, al-
though not yet fully understood. Indeed, oxygen is readily incorporated as a con-
taminant during nitride growth. To explain the different observations of blinking
in two samples, it can be speculated that in the MOCVD sample AIN was grown
with different Al-concentrations or a larger amount of oxygen was introduced during
growth, or a different strain in QDs induced formation of DX centers in the GaN.

3.3.2 Spectral jitter

QD1 QD2

CL intensity

417 419 421 423 425 427 429 431 433
Energy (eV)

Figure 3.12: SD-pattern for a single luminescence spectra shown on the top. Two
different groups of emission lines with synchronous spectral jitter within the same
group can be identified.
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Figure 3.12 shows an SD-pattern obtained for CL from QDs in a mesa structure
with a diameter of 2 pm. Detection time for a single spectrum was 250 ms. A single
spectrum is shown at the top of the figure. Ten lines, indicated with arrows under a
marker QD1, show the same pattern of synchronous shifts. This pattern is different
to the jitter of the four lines, indicated with arrows under a marker QD2. The rest
of the lines in the spectra exhibit shifts, different to QD1 and QD2.

The identical SD-patterns of the particular emission lines in the SD-pattern can be
explained as follows. Each dot is exposed to a different local electric field, caused
by charges trapped in the defects in the close vicinity of the QDs. The excitonic
and multi-excitonic complexes in one QD on the contrary are exposed to the same
local electric field. Thus, all the emission lines originating from one and the same
QD show a unique pattern of characteristic shifts of the transition energies due to
QCSE. The spectral jitter is then a useful tool for the preliminary identification of
emission lines, stemming from the same QD.
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Figure 3.13: SD-patterns for three dots, showing the typical “fingerprint” of the
luminescence of a single QD. The lines 0-10 within each group show similar in-
tensity ratio to one another.

Typically up to 10 emission lines with the same jitter could be identified from the
SD-patterns for single CL spectra. Comparison of these sets of the emission lines
from different QDs revealed a characteristic “fingerprint” in luminescence of single
GaN/AIN QD: there is a similar arrangement of emission lines appearing with a
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3.3 Long-timescale spectral diffusion

similar ratio of the intensities of the lines. Such “fingerprint” in traces of emission
lines of three different QDs is shown in figure 3.13.

Two emission lines dubbed 1 and 2 appear with an energetic separation of 1-2 meV
and the highest intensity in comparison to the other emission lines. A broad band
0 always accompanies 1 and 2 on the low-energy side. On the high-energy side of
peak 1 the following emission line pairs show up: 3 and 4 at 10 meV, 5 and 6 at
30 meV, 7 and 8 at 40 meV (approximate energy is given relative to the peak 1).
The intensity of 5-8 is lower than of 1 or 2. Lines 3 and 4 are even weaker and
not always observed (e.g. the middle panel in figure 3.13). Rarely another emission
line pair 9 and 10 with the weakest intensity of all can be observed with a spectral
separation of 50 meV to the peak 1.

These “fingerprints” are very helpful to verify theoretical calculations, which try to
predict oscillator strengths and energies of excitonic transitions in QDs of different
size, composition and geometry (see section 2.3.2). Together with excitation- and
polarization-dependent measurements it is then possible to identify the excitonic
complex the luminescence line stems from. This combined investigation allows de-
ciphering the luminescence spectra, which is necessary for a proper analysis of the
QD properties.

In figure 3.13 emission lines, already broadened up to a few meV, exhibit spectral
shifts within 1-2 meV. SD-patterns with the shortest integration times reveal this
long-timescale SD in both samples of GaN/AIN QDs (grown with MOCVD and
MBE). In CL experiments spectral jitter was observed for ~ 90-95 % of the emission
lines but never in resonant pPL experiments.® In contrast, short-timescale jitter,
resulting in line broadening, was observed both in resonant and non-resonant exci-
tation experiments in both samples. Consequently, different kinds of defects should
be responsible for the two types of jitter. The long-timescale spectral, observed as
(dis)continuous shifts of the broadened emission line, is present only in non-resonant
excitation experiments® and is independent of growth approach.

CL spectra exhibited spectrally narrow lines also in the spectral range of the WL
luminescence (see figure 3.14), indicating a possible 3D confinement of the charge
carriers in tail states of the WL as well. Such localization centers can act as charge
traps. These traps are very close to the QDs and are not activated in resonant pPL
(see figure 3.9) and could be another reason for the spectral jitter of the QD emission
under non-resonant excitation.

4The pPL experiments were performed in the University of Tokyo and kindly provided by Chris-
tian H. Kindel.

°For non-resonant pPL experiments on GaN/AIN QDs such spectral jitter was also reported
[Bar06, Sim08b].
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Figure 3.14: Top: Overview spectrum of the QD and WL luminescence. Bottom:
Spectrally narrow emission lines, stemming from the WL.

3.3.3 Influence of the excitonic dipole moment

For GaN/AIN QDs the QCSE can be described as linear, when the local field vari-
ation is small AF < Fj,; (see section 1.3.3)

AE(AF) = E(Fypy + AF) — E(Fiy)

= Wpitt—in * OF +  (AF) = ppits—in + AF (3.3)

Here ppuire—in is the so-called field-induced excitonic dipole moment

Mbuitt—in = Mo + 20F,

Due to huge values of the built-in field Fj,; the intrinsic dipole moment of the
dot pe < 2aFj,; and ppyie—in indicates the spatial separation of the center of
mass of the electron and the hole wave-functions, induced by Fj,;. In analogy to
electrostatics the built-in dipole moment is often described as ppuizz—in = €l, where
l is a vector pointing from the electron to the hole.

The built-in dipole moment of an exciton in the dot depends not only on the po-
larization fields in the heterostructure Fj,;, but also on the morphology of the dot.
Shape, size and composition of the dot influence the spatial distribution of the elec-
tron and the hole wave-functions, resulting in characteristic values of built-in dipole
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moments fpyire—in for different dots. For the different excitonic complexes in the
same dot the distributions of the electron and the hole wave-functions are not equal.

Therefore, the electric dipole moments of various excitonic complexes in the same
QD differ from each other.

For a multiexcitonic complex, consisting of n electrons and p holes, at recombination
of one electron-hole pair a photon is emitted and (n — 1) electrons together with
(p — 1) holes remain in the dot. When an electric field is applied to the dot, the
transition energy E™P changes according to the formula (1.8) derived in section
1.3.3, when neglecting the quadratic term of QCSE:

AE"P(AF) = E™(Fipy + AF) — E™(Fyy)

~ (DB i — Do) - AF = ppityy - AF (3.4)

built—in lt—in uilt—in

Here Dy’P, . is the electric dipole moment of the charge distribution in a QD, filled
with n electrons and p holes. In analogy to equation (3.3) an effective dipole moment
ub, =Dy — Dp Pl s introduced and, to simplify matters, is named
below the built-in dipole moment of the multiexcitonic complex. In particular, for
the exciton it is equal to the electric dipole moment of the exciton:

1,1 ALl 0,0 L1 B
Houitt—in = Dbuilt—in - Dbuz’lt—z’n - Dbuilt—in = Mbuilt—in

If the temporal change of the energy of a particular excitonic transition is known for
several excitonic complexes in the same QD, the ratio of the built-in dipole moments
for these excitonic complexes can be calculated.

Let E(t) be the emission energy of some excitonic transition X; with effective dipole
moment Xt . at moment t. E(t) is measured in the luminescence spectra and is
influenced by the local electric field at this moment AF,. With regard for equation
(3.4):

AE(t) = B(t1) — E(t2) = B(AF,,) — E(AF,)) + E(AF = 0)

=AE(AF,) - AE(AF,) = Mﬁffm_m (AF, — AFy)
For the different excitonic complexes X; and X; (e.g. X, XX, X~ etc) from the
same QD i.e. under the same local electric field
AEX(t) _ Hinsitt—in  (AF — AFy) _ N
AEN®) - pfuin (DFy = DFy)

: :uiijzjltfin (35)

Therefore, the spectral jitter allows to determine the ratio of the built-in dipole
moments of different excitonic complexes from the same dot. The ratio can be
obtained from SD-patterns (e.g. figure 3.12), when equation (3.5) is applied to the
emission lines, showing the same jitter pattern. One example is shown in figure 3.15.
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The right panel of the figure shows the SD-pattern of a QD (which also displayed
on the left panel in figure 3.13). For the emission lines, labeled as L1, L4, L6 the
energetic positions are defined for a number of times ¢. For each line difference
ANEY(t) = EY(t) — E¥(t = 0) is calculated. For the selected times the pairs
(AELi(t), AELj(t)) are depicted for the pairs 7,7 = (1,2); (1,3); (3,2) in the left
panel of figure 3.15. According to equation (3.5), the slope of the linear fit to the data
points of a certain emission line pair gives the ratio of the built-in dipole moments
of the respective excitonic complexes. The coefficients of the slopes, resulting from
the linear fit of the data, are shown in the figure.
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Figure 3.15: Left: Data points depict the relative energetic shifts for pairs of lines
(L4, L1), (L6, L1) and (L6, L4). Solid lines show the linear fit of the data. The
resulting slope is marked directly in the plot. The data are extracted from the
SD-pattern (right), where the lines are indicated.

The same procedure was performed for four QDs for a number of emission lines
with sufficient SNR. The energetic shifts of the emission lines in CL experiments
AET(t) were observed to be less than 2 meV, and rarely (in less than 5 % of the
cases) larger - up to 2-6 meV (one example is displayed in the middle panel of figure
3.13). The ratios ui, . : pint, s obtained from the linear fits of the data sets, are
listed in table 3.1 as a slope and are printed in bold type. Errors are the standard
errors of the linear fit to the data. The line numbering is in correspondence to the
luminescence fingerprint, indicated in figure 3.13.

The values of i, . - /,Ljfjlilt,m range between 0.3 and 1.7, indicating a significant
difference of the built-in dipole moments of the excitonic complexes. Moreover, the
same line pairs from different QDs show similar ratio value.
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Table 3.1: Values obtained from the linear fits of the data sets for four QDs. For
line names see QD luminescence fingerprint in figure 3.13.

‘QDl‘QDl‘QDl‘ QD2 ‘QD3‘QD3‘QD3‘ QD4

\ Line pair \ \ \ &4\ 6,1 \ \ 71\ 7.4 \ 6,1 }
Emissio'n energy ‘ 4.34 eV ‘ 4.31 eV ‘ 4.23 eV ‘ 4.14 eV ‘
of line 1
\ Slope \ 7 \()56\()32\ 1.0 \ \ 7 \ 1.7 \ 0.60 \
\ Error \ \005\0@4\ 0.4 \ \ . \06\ 0.08

The difference of the built-in dipole moments of the different excitonic complexes
from the same QD influences in the same way both long- and short-timescale SD.
Comparing formula (3.2) for I'sp with equation (3.5)

FWHMy; : FWHMx; = Lpitt—in Mgi]z:lt—in

The emission lines from the same QD did exhibit different linewidths, which is
another evidence for a significant variation of the buﬂt in dipole moments of excitonic
complexes of the same QD. The ratio j5%, ;1 @ fiqy_sn Was not obtained from the
FWHMs in this work, since overlapping of some lines or low SNR prevented precise
data processing.

The ratio pXi, .« gl was calculated for several excitonic complexes theoret-
ically. 8-band k - p calculations in combination with the Hartree-Fock method (see
section 2.3.2) were performed for a model QD in the shape of a truncated pyramid
with a height of 1.2 nm, a base length of 6.0 nm, and an elongation of 20 %. The
exciton emission energy is predicted to be 4.25 eV. For X, X, X, XX and XX the
obtained values are listed in table 3.2.

Theoretical calculations also show difference of i\, . for different Xi from the
same QD. Excitonic complexes with a fewer number of confined charge carriers
have smaller dipole moments compared to the exciton. Consequently, multiexcitonic
complexes are less sensitive to the changes of the local electric field, as additional
charge carriers screen the external field more efficient.

Also, pis. . ik 4. . was calculated for a series of model QDs with varying size
and constant aspect ratio. The dependence of the ratio on the QD size (or, the same,
on the emission energy), is shown in table 3.3. An increase of ,ubmlt in L i e can
be noted with the increase of the X, . . For the largest dots ujn . = pis e i
and the changes of the local electric field is not screened for the multiexcitonic
complexes as effectively, as in small QDs.

The experimental values of pXi, . : Nlﬁlt—m (range between 0.3 and 1.7) show
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Table 3.2: Calculated values of the built-in dipole moment ratios for different ex-
citonic complexes in a model QD. Accuracy of the values is 0.01.

‘ Xi, Xj ‘XX‘,X‘XX,X‘X‘,X‘X’L,X‘
Hbnaitt—in ° ‘ 0.84 ‘ 0.90 ‘ 0.93 ‘ 0.93 ‘
Xj
Huilt—in
Table 3.3: Calculated values of pX%, ;. ¢ Hisi—im for a series of model QDs with

varied sizes. Accuracy of the values is 0.01.

Exciton 479 eV | 4.25 6V | 4.03 €V | 3.90 eV | 3.56 eV

emission energy

,MXX o
built—in - 0.83 0.90 0.91 0.91 0.95
Hpuilt—in

a larger difference between the built-in dipole moments of different excitonic com-
plexes, than the calculated ones (0.84-1.1, here the largest value is (1%, 5 @ fisss in)-
This discrepancy can be attributed to the form of the QDs. Real QD shape deviates
significantly from a perfect hexagonal (see e.g. AFM investigations of uncapped
samples in [Kin09]) assumed in the calculations, and can influence significantly the

distribution of the electron-hole wave-functions.

Nevertheless, qualitative trends revealed in the calculations are helpful for interpre-
tation of the experimental data. Comparison of the built-in dipole moments ratios
for different emission lines, obtained either from spectral jitter or linewidths, can be
helpful in identification of the line origin.

3.3.4 Influence of the excitation conditions

For the quantitative investigation of the dependence of the long-timescale SD on the
excitation densities, SD-patterns consisting of the sequences with a large number
of single spectra should be measured under various excitation conditions. Thus
information on e.g. the dependence of the amplitude of the spectral jitter for the
same emission line on e.g. the electron beam current could be obtained. However,
such data collection demands long SEM beam irradiation times of the QD under
investigation. In addition to this measurement duration some time is needed for
readjusting the SEM after changing the electron beam parameters. As described
in section 3.3.1, after 5-10 minutes most of the lines started to blink off for long
periods, preventing further collection of data. The data obtained were not sufficient
for a quantitative analysis.
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3.4 Dipole-moment-induced oscillations of emission energies

Within the varied range of the excitation density (same as in section 3.2.2) no
qualitative difference for one and the same dot could be observed. A more significant
difference was observed in the SD-behavior of different QDs. The amplitudes of the
spectral shifts or off-times during the blinking were found to be very specific for
every particular dot. Hence, for the GaN/AIN QD material system local densities
of defects or charge traps, which lead to a long-timescale SD, are inhomogeneous in
the crystal close to the QD layer.

3.4 Dipole-moment-induced oscillations of emission
energies

Figure 3.16 shows a SD-pattern for InGaN/GaN QDs (sample B). Integration time
per single spectrum was 200 ms. The acceleration voltage was set to 7 kV and the
electron beam current was 5 nA. White rectangles mark a number of oscillations
of the QD emission lines, typically observed for this sample. This specific spectral
jitter with amplitudes of the energy shift of up to 4 meV occurred repeatedly for
almost each emission line. The oscillations are uncorrelated for most of the lines.
However, some lines show the oscillations at the same moment, thus indicating that
they originate from the same QD. This spectral jitter always appears in the same
manner: the line bends to lower energies, then blinks off and reappears with a blue
shift, returning to its previous position afterwards. In the following these oscillations
will be called y-pattern. Such a regular line trajectory has not been reported before.

CL intensity min I | max

80
312 313 314 315 316 317 3.18

Energy (eV)

Figure 3.16: Experimental observation of y-patterns in luminescence traces of In-
GaN/GaN QDs.
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Chapter 3 Interaction with local electric fields

Any point charges on the sample surface or the GaN/AlGaN interface do not induce
electric fields in the QD layer, sufficient for the observed energetic shifts. Also,
variation of the capping layer thickness did not influence the SD in the sample
[Rod06]. The surface states can be ruled out as the reason for the y-patterns.
Random charging and discharging of defects cannot explain the patterns either,
since stochastic carrier trap and release processes cannot result in exactly the same
geometry for emission lines of different dots.

3.4.1 Model of a moving charge

The charge carriers, confined in the dot, experience the influence of the overall
electric field F' = F,,;+AF, where AF is a variation of the local field in addition
to the built-in field Fj,;. For the occurrence of the y-pattern the following conditions
must be fulfilled for AF.

(i) The peak position changes continuously and smoothly: the A F changes
gradually.
(ii) The change of the AF accounts for both positive and negative energy

shifts of equal magnitude around the mean emission energy. This cannot
be explained by a quadratic response of the system to the changes of a
local electric field AF and consequently poy i, i - AF > o - (AF)?
in QCSE. Hence, the observed patterns constitute direct experimental
evidence of the large dipole moment in InGaN/GaN QDs.

(iii) The shift of the line changes its sign abruptly relative to the mean po-
sition of the line: the projection AF' on the direction of the built-in
dipole moment changes its sign exactly once.

The following model is proposed to describe the y-pattern. A charge ¢ that moves
through the material approximately on a straight line with a speed v is assumed.
More complex charge trajectories are considered in section 3.4.5. The central symme-
try of the y-pattern with the same amplitude in positive and negative shift directions
is only achieved when the propagation direction has a component (anti-)parallel to
Mouiti—in- 1he field created by a moving charge fulfills all three conditions described
above.

The electric field induced at the position of the QD and the resulting time-dependent
line shift can be easily estimated. A point charge g creates a field F'? at the position
r(t) relative to the charge (Coulomb’s law):

FQ(t) — 1 i@

= 3.6
Amege, 12 1 (3.6)

If the charge trajectory is located at the lateral distance d; to the center of the
QD and the charge passes the center at time ¢t = 0 (see schema on figure 3.17),
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3.4 Dipole-moment-induced oscillations of emission energies

Time (s)

3122 3123 3124 3125
Energy (eV)

3126  3.127

Figure 3.17: Fit of the experimental data with equation (3.7). Left: Schema of the
charge q, moving with velocity v on a straight line parallel to the growth direction
in the distance d, to the center of the QD.

the induced oscillation of the emission energy around its average energetic position,
when taking into account QCSE - equation (3.1):

qtv

ANE(AF = Fi(1)) ~ tt—in - FU) = touitt—in 55537
( ( )) Houitt—in ( ) Hbuilt (dgl +t2V2)3/2

(3.7)

Figure 3.17 shows an SD-pattern of a single emission line from an InGaN/GaN QD
as an intensity-coded plot in the gray scale. The integration time for each spectrum
was 100 ms. Circles result from Gaussian fits for the peak center energy; the solid
curve from a fit of the peak centers with equation (3.7).

The identical geometry of all y-patterns allows to conclude that the originator is
only one type of charge carrier, or that the motion of positive and negative charges
occurs in exactly opposite directions. The slow time scale of the emission line shifts
is remarkable: fits of experimental data with equation (3.7) (see figure 3.17) result
in a charge carrier velocity in the order of ~ 20 nm/s. Such values do not comply
with carrier diffusion velocities of hot carriers. Moreover, a free charge carrier in the
crystal is unlikely to have a regular trajectory of a straight line.

Possible explanations can be proposed for the origin of the charge motion: (i) a
weakly bound charge, propagating slowly along a defect line, e.g. a threading dislo-
cation line; (ii) a charged mobile defect or impurity traveling along a close-to-straight
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Chapter 3 Interaction with local electric fields

line (similar to the DX center, mentioned in section 3.3.1) under SEM irradiation.
Indeed, p-type conduction of Mg-doped GaN was first achieved by low-energy elec-
tron beam irradiation [Ama89]. In a similar way the movement of some impurity
atoms can be promoted via SEM beam irradiation in an InGaN/GaN heterostruc-
ture. Frequent occurrence of y-patterns for a majority of the emission lines indicates
either a high density of the defect lines or a high number of possible trajectories for
the movement of an impurity /mobile defect close to the QD layer.

3.4.2 Modeling of the energetic shift

Self-consistent Hartree calculations, based on 8-band k - p theory states ([Win06],
section 2.3.2), for an exciton trapped in a lens-shaped QD were performed. The
lateral diameter of the model QD presented here is 5.2 nm and its height is 2 nm.
The QD is placed in a 2 nm thick Ing1GaggN layer, with the In-content inside the
QD linearly raising up to a maximum of Ing4Gags1N at the center of the QD.
This model system is embedded in a matrix of pure GaN. The lens shape and the
changing In-content were chosen to better represent of the structural investigations
of the sample (section 2.4), showing the inhomogeneous fluctuations of In in the
InGaN layer. The size of the model dot matches the spatial dimensions of the

In-content fluctuations. The predicted exciton emission energy is approximately
2.92 eV.

Similar calculations for InGaN/GaN QDs result in the strengths of the built-in field
in the dot center of up to 1.6 MV /cm [Sai02, Wil04] and a significant permanent
dipole moment [Win06]. The dipole moment, calculated in the present work from the
electron and hole wave-functions distribution, is g, = 1.9-1072C-m = 1.2e-nm
and fi,, = 0. Here the z-direction is parallel to the direction of the built-in field
F;,;, x and y - are the in-plane directions of a QD. Now the influence of additional
electric fields and nearby charges on the exciton emission energy can be investigated
in detail.

The fields with a magnitude of AF ~ 10 kV /em would result in energy shifts of the
same order, as observed in the experiment (see figure 3.17) and AF < Fj,,;. To ver-
ify, whether such fields change the distribution of the charge carrier wave-functions,
a homogeneous capacitor-like field in x, y and z direction with a magnitude of
~ 10 kV/em was applied to the QD structure. This did not result in significant
changes of pu.

Generally speaking, it is not obvious to what extent the QCSE is applicable to
electric fields that are spatially inhomogeneous across the QD, e.g to the electric
fields of a point charge. To verify the model of a traveling charge, the exciton
energy shifts were obtained as follows: A negative elementary point charge was
placed at different positions close to the model QDs. For each site of the charge
the energy of the exciton in the model QD in the additional external electrostatic
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3.4 Dipole-moment-induced oscillations of emission energies
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Figure 3.18: Numerical results for the excitonic shifts of the model QD, when a
point charge is placed at different positions in the vicinity of the QD.

field of the charge was derived in 8-band k - p calculations in combination with the
Hartree approach.

The resulting shift of the exciton transition energy with respect to the situation
without any point charge is showed in figure 3.18. The shifts were calculated for
the positions of the point charge, depicted with circles. The contour plot shows a
fit with the QCSE formula AE(AF) = p - AF + o AF)? resulting in the same
values of p as without any charges (1. = 1.2e-nm and ji,,, = 0) and o = 0. Figure
3.19 shows line traces for different constant lateral distances of the point charge to
the QD. The similarity to the experimental data (figure 3.17) is obvious. For the
positions of the charge, very close to the dot, no numerical data were obtained due
to convergence problems.

To sum up, the theoretical calculation showed that a point charge in the vicinity
of the QD induces electric fields, more than 2 orders of magnitude smaller than
the built-in fields in the QDs and does not change the values of the p and a. For
these fields the energy shift can indeed be described by AE(AF) = p- AF: The
quadratic term in the expression of the QCSE is much smaller than the one caused
by the linear term, and it is justified to set the quadratic term to zero in the analysis
of the experimental results.

In CL excitation a large number of free charge carriers are created in the crystal
already at 5 K. The electrostatic screening effects, which were not included into
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Figure 3.19: Calculation of the energetic shift of an exciton emission line in de-
pendence on point charge position.

the calculations, can become significant. For the free charge carrier concentrations,
generated under normal excitation conditions, are n ~ 10 — 10'® cm™ and the
Debye length in GaN is respectively:

leoe KT
Ap = 6062 ~ 15— 5nm
e2n

Considering the electrostatic screening in the Debye approximation, the magnitude
of the field of a point charge should be estimated from the following expression
instead of equation (3.6):

T T
1 —Fa(1 4+ — _
( +AD)eXp( )\D>

Figure 3.20 shows the energetic shifts with respective corrections for screening. The
results do not change qualitatively. For higher concentrations of free charge carriers
(Ap = bnm) the y-pattern shrinks in the amplitudes of the shifts, and for lower n
(Ap = 15nm) the screening can be neglected.

3.4.3 Estimation of the dipole moment from experiment

Very often oscillations of the same emission lines were observed with different over-
all shift amplitudes. In correspondence to the model, describing the pattern: see
equation (3.7), different variations of AE can result from different charge velocity
v, different charge value ¢ or different distances between the charge trajectory and
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Figure 3.20: Energetic shift of an exciton emission line in dependence on point
charge position with account for electrostatic screening. Results for two charge
trajectories are shown. Solid thick lines correspond to A\p = 15nm and dashed
lines to Ap = 5nm. Thin solid lines show the data without Debye screening
(figure 3.19).

the QD center d,. Different ¢ is unlikely with regard to proposed origins of the
charge movement (see section 3.4.1): (i) the same charge should always travel along
the same defect line or (ii) propagation of the same type of impurity, hence, same g,
should be promoted by electron beam. It is therefore correct to assume the existence
of several charge trajectories with various d, in the vicinity of a dot, resulting in
different amplitudes of the oscillations of the emission line.

Now the value of the excitonic dipole moment can be directly deduced from the
amplitude of the y-pattern. The structural investigations of the sample (see section
2.4) show the average QD radius, and the average distance between the QDs is 2.5
and 10 nm respectively. Then with d; in the range of 2.5 to 8 nm and a maximum
observed shift amplitude of 4 meV, dipole moment values between pipyt—in = 0.7 -
1072 C-m = 0.3e-nm and fpyizr—in = 7.0- 1072 C - m = 3.0 e - nm respectively are
obtained from equation (3.7). Theoretical predictions [Win06] and these numerical
results agree quantitatively very well. Observations of y-patterns allow to estimate
the magnitude of the excitonic dipole moment of the investigated InGaN/GaN QDs
in growth direction.

Figure 3.17 illustrates very well, how the intensity of the emission line decreases
when the emission line bends from its average position and even blinks off in the
center of the y-pattern. The electric field of the traveling charge does not only lead
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to the energy shift, but also to the reduced overlap of the electron and the hole
wave-functions. The resulting reduction of the oscillator strength is observed in the
experiment as a drop in the luminescence intensity.

The decrease of the emission line intensity limits the estimation of ppyir—in: the
emission line with the maximum shift can appear with a too low SNR. Then the
amplitudes of the emission line oscillation, and consequently fipyiz—in, would be
underestimated. Thus, the measurement time is very important for the estimation
of tpuiri—in- Very long detection times do not allow for observation of the emission
line oscillations. Very short integration times can result in underestimated fupyt—in-

The emission lines stemming from the same QD show the y-patterns simultane-
ously. Then the values of ppyir—in, obtained for different emission lines from these
patterns, can become a tool for the identification of the respective excitonic complex.
On the other hand, if the origin of the lines is defined by additional experiments
(e.g. excitation- or polarization-dependent measurements), the values of fipy;—in are
useful to verify the theoretical calculations of the built-in dipole moments of various
excitonic complexes for the QDs.

3.4.4 Observation in other samples

InGaN GaN/AIN GaN/AIN
sample W

-

sample T 0 sampIeL

20
40
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80

g
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£

3.192 3.196 3.200 4.23 4.25 427 437 438 4.39
Energy (eV)
Figure 3.21: Experimental observation of y-patterns in luminescence traces of QDs
in other nitride-based samples. Some of the occurrences of the y-patterns are

marked with white rectangles.

The y-pattern was originally observed in the emission line traces of InGaN/GaN QDs
in sample B (MOCVD growth, In-concentration fluctuations in InGaN layer). Such
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3.4 Dipole-moment-induced oscillations of emission energies

phenomena should also take place in other QD samples, as long as two conditions
are fulfilled: (i) QDs possess large built-in dipole moments and (ii) there are similar
defects in the sample, which allow for “slowly traveling charges” along the direction
of the built-in polarization field.

Figure 3.21 shows the appearance of such y-pattern in three other nitride-based
samples: InGaN QDs (W, MBE growth on miscut substrates), GaN/AIN QDs (L
and T: Stranski-Krastanow QDs grown in MBE and MOCVD respectively). Two
emission lines of the sample L. show oscillations simultaneously. For both samples
with InGaN QDs the oscillations of the emission lines were observed at comparable
rates. In contrast, very few y-patterns were found for GaN/AIN QDs: y-patterns
could be identified only for three QDs in sample L and three QDs in sample T.
Further statistics on y-pattern geometries and their features for GaN/AIN are not
available. Even for luminescence spectra of such QDs, measured with 50 ms integra-
tion time and acceptable SNR, the y-patterns in GaN/AIN QDs were not observed
as often as in InGaN/GaN.

A smaller number of possible trajectories of the charge movement, or in other
words smaller densities of the responsible defects, can explain fewer y-occurrences
in GaN/AIN samples. If in addition, the velocity of the moving charge is too fast
for this material system, the y-patterns do appear, but cannot be measured, as the
integration times are too long.
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Figure 3.22: Two y-patterns of inverse geometry as observed for GaN/AIN sample

(T).

Figure 3.22 shows two y-patterns, observed for an emission line of GaN/AIN dot
in sample T. Remarkably, their geometries differ: in the first pattern the emission
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Table 3.4: Parameters, obtained from the fit of the y-patterns for various samples.

sample B ‘ sample W | sample T ‘ sample L

InGaN QDs GaN/AIN QDs
\ [i>, € nm \ 03—-3 \ 0.1—-1.0 \ 0.2—2.7
| wems | 20-40 | 30-70 | 1-5 |00 low SNR |
\ maxzAE, meV \ 1—4 \ 0.2—-0.7 \ 02—-1.2 \ \
|

Occurrence ‘ for 90 % of emission lines ‘ for 3 QDs ‘ for 3 QDs ‘

line bends to the higher energies first, and in the second one - to the lower energies
(the same geometry as was constantly observed in InGaN/GaN in sample B: figure
3.17). Since both oscillations are observed for the same emission line, these y-pattern
results either from the motion of the charge in two opposite directions or from the
motion of the charges of different signs in the same direction. Thus, there are at
least two types of defects, resulting in y-pattern in GaN/AIN QDs in the sample
T (for example positively and negatively charged impurities moving in the same
direction close to the dot).

The fitting procedure, described above for the InGaN/GaN QDs, was also applied to
the y-patterns, observed in the other samples. The results are summarized in table
3.4. For the sample L the SNR for the emission lines, which exhibited y-patterns,
was not sufficient for estimations. For the sample W neither mesa fabrication nor
a metal mask were applied to allow single QD investigation. For the large number
of luminescence lines the maximum of AE was hard to identify precisely and the
built-in dipole moment in these samples can be underestimated (indeed, range of p,
for sample B is larger than for T).

Calculations by 8-band k - p theory in combination with Hartree-Fock method for
the GaN/AIN QDs result in values of the built-in dipole moment along the growth
direction, which are in good agreement with the ones, obtained from experiment.
The values of p, for the InGaN QDs in sample W can indeed be smaller, than
in sample B. Both smaller height and size of the dot in the base result in smaller
spatial separation of the electron and the hole wave-functions in the QD. The built-in
polarization field can be smaller in W as well.

Velocity values of the charge carrier in GaN/AIN samples are smaller compared to
InGaN QDs: see table 3.4. Thus less occurrence of the y-pattern in GaN/AIN is
due to a smaller density of the defects responsible for the oscillation of the emission
line.
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3.4 Dipole-moment-induced oscillations of emission energies

3.4.5 Discussion: defects

A charge, slowly moving in the growth direction, was proposed to explain the y-
patterns. In this model the trace of the QD emission energy has the shape of an
S. At short distances to the charge trajectory the induced electric field can become
quite large and results both in a significantly decreased intensity of the emission
line. This drop in intensity is observed as the disappearance of the emission line in
the very center of the y-pattern. At smaller distances the intensity of the line is still
strong enough to be observed in the experiment, and the line trace should appear
as an S-shape jitter-pattern.

For different directions of charge trajectories relative to the growth direction the
time-dependence of the QD emission energy can be estimated in the same way,
as shown in equation (3.7). Figure 3.23 shows schematically the traces of emission
energy of the QD for different charge trajectories without accounting for the emission
intensity change. The right panel displays the simulation of three charge trajectories
at various distances to the dot, while charges of different types (color-coded) cross
the plane of the dot at different moments. In this case the emission energy exhibits
a complex sequence of positions.

-------- ;)....... ¢E .".,...‘:‘: -‘;“';.:. :_:::.-;
VoL Voo L. O

t t t t

Figure 3.23: Schema of the shifts of the QD emission energy under the influence
of the electric field of a charge, moving along the line, inclined at different angles
to growth directions.

As can be concluded from figure 3.23, the model of a moving charge can describe any
particular y-patterns, and can also be applied to the spectral jitter in general. Both
regular y-patterns and irregular spectral jitter were observed in all the investigated
samples: grown as Stranski-Krastanow QDs or as phase fluctuations in the ternary
material. Therefore, mechanism underlying this type of slow SD is specific for the
nitride-based QDs in general and is attributed to large built-in dipole moment,
induced by pyro- and piezoelectric fields in the wurtzite-type heterostructure. Two
possible explanations for the origin of the slowly moving charge (section 3.4.1) can
also result in long-timescale spectral jitter. The average velocity of the charge should
be very slow: in the range between a few and tens of nm/s.
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SEM beam irradiation can induce propagation of some charged impurities or mobile
defects in the direction close to the growth, such defects can easily change their
trajectories slightly during movement. The concentrations of such impurities/defects
should be significant - in the order of 10" cm™.

Some structural defect lines, e.g. threading dislocations, can indeed be inclined
to the growth direction. Nitride-based materials are well-known for enhanced dis-
location densities in comparison to e.g. arsenides. The existence of even 3-5 of
such dislocation lines within a distance of 10 nm to the dot center can result in
random patterns of spectral jitter, similar to those observed in the experiment.
Then the densities of the dislocations are at least 3-5-10'2 cm™. For bulk wurtzite
nitride materials reported concentrations of the line defects are of the order of 108-
10'2 em[Jai00, Sug98, Ros97, Les95, Pon02]. However, in the material close to a
QD layer the dislocation density can be higher than in the bulk crystal, resulting in
enhanced spectral jitter.
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Conclusion

The results presented in this chapter describe the interaction of excitons in a QD
with electric fields in its environment, which leads to SD. A statistics of emission
linewidths was obtained for different excitation conditions. The observation of long-
time SD was performed for several samples, grown with different techniques. The
analysis of the results, backed up with theoretical calculations, allows to draw a
conclusion about defects responsible for certain types of SD and to estimate the
dipole moments of excitonic complexes.

The FWHM of the excitonic emission lines from GaN/AIN QDs ranges from the
resolution limit of the set-up (1.65 peV) up to 8 meV independent of excitation
densities, measurement time in CL experiments and fabrication method (MOCVD
and MBE). The same scatter of linewidths was found in complementary pPL ex-
periments. Large FWHMs appear to be a specific property of the GaN/AIN QD
material system and are attributed to the large built-in electric dipole moments of
excitons in a QD. The dipole moments are a consequence of the large piezo- and
pyroelectric fields present in these structures. Any influence of the charges located
on sample surface on the linewidths of the emission lines could not be observed.
The defects induced in the capping layer at low growth temperature, together with
enhanced dislocation concentrations in the material close to the QD layer are likely
to host the charges that lead to short-timescale SD. Even if a QD is resonantly
excited, these defects are activated and cause large line broadening.

Luminescence intermittence of most of the measured emission lines was observed
only for the MOCVD-grown GaN/AIN QD sample. As an explanation, a specific
defect is proposed, which can stay for a time in the order of seconds/minutes in a
particular configuration and then acts as a non-radiative center and modulates the
luminescence of the QD. The defect can be mobile. Most probably it is introduced
by some impurity, specific for MOCVD-growth, and its influence can be reduced
by means of annealing. One possible defect of this kind can be oxygen in the
configuration of a DX-center in AIN or GaN.

Characteristic patterns of long-timescale SD were used as a tool for the identifica-
tion of emission lines stemming from the same QD. These observations represent
an important step towards deciphering the QD emission spectra. Comparing the
emission spectra of a large number of QDs, a typical arrangement of emission lines
from a single QD can be obtained. Such specific fingerprints of luminescence of
the single QD is a helpful information for theoretical modeling and further spectro-
scopic investigations of optical properties of individual QDs. In the present work a
fingerprint consisting of 10 emission lines with a range of 60 meV was identified for

GaN/AIN QDs grown with MOCVD.

A particular case of spectral jitter in the traces of the emission lines from single
InGaN/GaN QDs and GaN/AIN QDs, reported for the first time, allowed to deduce
a model for long-timescale spectral jitter in nitride-based QDs, in which a slowly
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(~nm/s) moving charge propagates through the material along a straight trajectory
close to a QD with a large built-in dipole moment. The field of the point charge
induces an energy shift of the excitonic transition. A number of charge trajecto-
ries, inclined to the growth direction at different angles, can result in a random
sequence of shifts of the emission energy. Possible origins of the moving charge can
be the movement of charged impurities or mobile defects, induced via SEM beam
irradiation, or weakly bound charges traveling along structural defect lines, like e.g.
threading dislocations.

The slow spectral jitter and y-patterns are specific for the nitride-based QDs and
the suggested mechanism can be generally applied to this material system. The
influence of the inhomogeneous electric field of a point charge in close vicinity to a
QD on the excitonic emission energy was simulated using 8-band k - p theory and the
Hartree model for InGaN QDs for the first time. The agreement of these numerical
results with experimental observations of the y-patterns verifies the proposed model
of propagating charge.

Long spectral jitter of the emission lines of nitride-based QDs allows to estimate
the properties of built-in dipole moment of the excitonic complexes. The value of
the built-in dipole moment can be directly deduced from the measured regular y-
patterns. From the experiments for InGaN and GaN/AIN QDs values of piyyiri—in =
(0.3—3)e - nm were estimated for the investigated samples. Also, the ratios pt), .
uifgltfm can be obtained from irregular energetic shifts of different lines, stemming
from the same QD. CL experiments revealed a noticeable difference of the built-in
dipole moments of different (multi)excitonic complexes of the same dot, which is
predicted in the theory as well.
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4 Interaction with acoustic phonons

This chapter describes the interaction of charge carriers confined in a quantum dot
(QD) and lattice vibrations. Nitride-based QDs which are strongly polar mate-
rial systems should exhibit a significant difference in the coupling of the excitonic
complexes to the acoustic phonons (X-aP) as compared to non-polar QD material
systems, e.g. arsenides.

The chapter begins with a brief overview of the results, reported on phonon coupling
to excitons in QDs, in section 4.1. Observations of acoustic-phonon side-bands of
single GaN/AIN QD emission lines and their dependence on temperature in cathodo-
luminescence (CL) experiments follows in section 4.2. X-aP coupling is modeled
with the independent Boson model. For the GaN/AIN QD material system realistic
wave-functions were used as input parameters of X-aP interaction for the first time.
A detailed analysis of the impact of the different phonon coupling mechanisms on
the luminescence of GaN/AIN QDs is presented. The impact of spectral diffusion
(SD) is also discussed. Section 4.3 analyzes the influence of dot size and aspect
ratio on X-aP coupling. The interplay between vertical and lateral confinement
of the charge carriers and phonon coupling mechanisms is elucidated. The depen-
dence of line-shapes of emission lines on QD emission energies is considered. The
results of numerical calculations are verified by experimental observations. Section
4.4 shows the temperature dependence of the emission linewidth in terms of phonon
interactions.

Earlier micro-photoluminescence (1PL) experiments on a GaN/AIN QD sample have
investigated the luminescence properties with a resonant excitation. In the present
work the same QDs were also investigated using CL spectroscopy. Comparing the
results obtained with the different excitation mechanisms makes it possible for the
first time to investigate fundamental phonon interaction mechanisms.

©The calculations of the X-aP without account for SD were performed by Matthias-
René Dachner, while the wave-functions of the QDs of the investigated series were
modeled by Gerald Honig.
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Chapter 4 Interaction with acoustic phonons

4.1 State of the art

Elastic and inelastic scattering of acoustic phonons and charge carriers in QDs in-
fluences the line-shape of excitonic single-dot luminescence. The former contributes
to the Lorentzian width of the zero-phonon line (ZPL), whereas the latter pre-
dominantly determines the shape of the phonon side-bands, but may lead to ZPL-
broadening, too. An overview of experimental and theoretical studies of both effects
is given below.

Understanding the exciton-phonon interaction in QDs is of particular interest for the
use of single QDs in quantum information schemes [Loc06, Sal10b]. Interaction with
phonons is known to be a major reason for dephasing and the loss of coherence of
excitonic states [Hoh07, Car10]. Furthermore, in the presence of spin-orbit coupling
spin-flip processes between the excitonic states can be phonon-mediated [Woo02,
Tsi05].

One of the first major reports on the interaction of acoustic phonons with charge
carriers confined in semiconductor nanocrystals was a theoretical study in [Tak93].
It was followed by time-resolved experiments on GaAs dot-like islands in [Fan98§]
and resulted in the formulation of a theory of exciton dephasing in semiconductor
QDs in [Tak99].

Combined theoretical and experimental research of X-aP coupling was done in
[Bes01] on CdTe/ZnSe QDs. A model for the complex line-shape was developed.
The discrete excitonic states are coupled to a continuum of acoustic phonons; the
X-aP coupling is considered in a non-perturbative regime. At low temperatures
the spectra can be approximated with a Lorentzian profile, at higher temperatures
acoustic side-bands appear. A number of studies, using the same formalism, were
done on different QD material systems to investigate exciton-phonon interaction
experimentally: e.g. CdTe/ZnMgTe in [Moe04], InAs/GaAs QDs in [Fav03] and
GaAs/AlGaAs QDs in [Pet04].

The dephasing time of excitonic states in QDs was first measured in an exemplary
research on InGaAs/GaAs QDs in [Bor01]. Four-wave-mixing spectroscopy was ap-
plied, since it intrinsically overcomes the problem of SD. A dephasing time of several
hundred picoseconds was measured, corresponding to a homogeneous broadening of
an emission line of only a few peV. The non-exponential dynamics of polarization
decay was shown to have a fast and a slow component resulting in a line-shape,
consisting of a sharp Lorentzian line and a weak broadband. This broadband is the
result of elastic coupling of acoustic phonons to excitons: when the exciton is opti-
cally created, a local shift in the equilibrium position of the lattice is induced. The
Lorentzian shape results from inelastic processes such as radiative recombination
and phonon-assisted activation into higher energy exciton states.

Similar to [Bor01] long dephasing times were measured on In(Al)GaAs/Ga(Al)As
QDs in [Bir01] and in spectral hole burning experiments on CdSe nanocrystals
[Pal03]. In the latter work the ZPL linewidth was detected to become as narrow as
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4.1 State of the art

6 peV, when the effect of SD is eliminated by means of high modulation frequency
of the excitation signal.

Interaction of excitons and phonons influences the pure dephasing of the excitonic
states and results in homogeneously broadened ZPL. However, the experimentally
measured linewidths of the emission lines of excitonic transitions also include in-
homogeneous broadening due to spectral diffusion (SD). In order to simulate the
experimentally observed ZPL, line broadening related to polarization decay can
be introduced either by hand [Bes01, Kru02, Kru0O5b] or phenomenologically by
means of the Griineisen effect [Zim02] in numerical methods. Alternatively, the
pure dephasing and the resulting ZPL broadening were calculated including second-
order interactions with optical phonons [Usk00], quadratic interaction with acoustic
phonons [Mul04], and real and virtual phonon-assisted transitions between exciton
levels [Mul05, Gra09].

Exciton dephasing and absorption-line shape were investigated in substantial theo-
retical studies on a GaAs QD as a prototype [Kru02]. Particular attention was paid
to the influence of static external electric fields, essential for the development of QD
applications. For a description of the interaction of the exciton both with optical
and acoustic phonons the independent Boson model is used; this model is exactly
solvable. It was shown that electric fields increase polar part of the interaction,
whereas the contributions of piezoelectric and deformation potential coupling are
less affected.

The influence of electric fields is especially important for wurtzite-type nitride QDs,

since huge built-in piezo- and pyroelectric fields are present in nitride-based het-

erostructures. One of the key papers on this subject is a theoretical survey of

the influence of material parameters and dot geometries [Kru05b] for zinc blende

(GaAs/AlGaAs) and wurtzite (GaN/AIN) QDs. It showed that deformation-potential
coupling is sensitive to the overall spatial extent of the wave-functions of confined

charge carriers. The spatial separation between electrons and holes is decisive for

piezoelectric coupling, which becomes much enhanced in the presence of external

electric fields. However, very few experimental studies on the interaction of phonons

and excitons in nitride-based QDs exist.

Additionally to the QD geometry, the wave-functions of confined charge-carriers play
an important role in the interaction between phonons and excitons. In the above-
mentioned papers (e.g. [Kru02, Kru05b]) a simple analytical approximation for
electron-hole wave-functions was used: The quasi two-dimensional wave-functions
have a Gaussian distribution for the center of mass, and in-plane electron-hole cor-
relation is described by an exponential function. In [Stol1] realistic wave-functions,
calculated in the frame of 8-band k - p theory, were used to model the interaction of
the exciton with both acoustic and optical phonons in InGaAs/GaAs QDs. Com-
parison of the experimental results demonstrated the advantage of these functions:
they reproduce the experimental results very well, while the conventional Gaussian
wave-functions fail.
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Chapter 4 Interaction with acoustic phonons

4.2 Experiment and modeling

The experiments presented below were performed on GaN/AIN QDs (sample T,
MOCVD growth) by means of CL experiments. The acceleration voltage was 7 kV
and the electron beam current was 1.0 nA. The integration time of the detector was
20 s per spectrum for single spectra of temperature-dependent measurements. For
all other single spectra, shown here, an integration time of 1 s was used.

4.2.1 Low-energy side-band and its temperature dependence

Most emission lines from single QDs show pronounced asymmetric side-bands on
the low-energy side even at temperatures as low as 5 K. Figure 4.1 depicts the tem-
perature dependence of a typical emission line resulting from exciton recombination
in an individual QD. All spectra are normalized with respect to their integrated
intensity and are shown on a relative energy scale. The change of the energetic
position of the peak maximum is shown at the top of the right panel of figure 4.1.
Emission was observed from 5 K up to RT, however starting around 120 K the peak
maximum can no longer be separated from the side-bands.
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Figure 4.1: Temperature dependence of a single emission line on a relative scale.
Right panel (top): Temperature dependence of the energetic position of the peak
maximum; (bottom): A single emission line and its phonon side-band for a dif-
ferent QD at 5 K; (middle): Intensity-color-coded time evolution of the spectrum
shown at the bottom.

An example of another emission line from a different QD is shown in the right

panel of figure 4.1. The plot above displays the time evolution of the spectrum
(SD-pattern). The same SD-behavior of the side-band and the peak maximum was
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4.2 Experiment and modeling

typically observed for various emission lines and confirms that the side-band and the
peak maximum have the same local origin. The side-bands can neither be assigned
to background luminescence, often observed for nitride-based QDs [Bar06, Sim08b],
nor can they be ascribed to luminescence features from another QD.

With increasing temperature the intensity of the low-energy side-band grows with
respect to the peak maximum, and a high-energy side-band emerges. The overall
line-shape of the peak deviates strongly from either Lorentzian or Gaussian. Such
line-shapes are typical for inelastic scattering of acoustic phonons with charge car-
riers in QDs. The observed side-bands are large in comparison to the ones observed
in different QD material systems: CdTe/ZnTe [Bes01, Moe04] or In(Ga)As/GaAs
[Fav03, Stoll].

The central emission line, which is hereafter referred to as ZPL, results from a ra-
diative recombination process in the QD without energy loss/gain due to phonon
emission or absorption. This ZPL is surrounded by a continuum of phonon-assisted
radiative transitions. Phonon emission- and absorption-rates for a given phonon
mode are proportional to (n(w,T) + 1) and n(w,T) respectively, where n(w,T) is
the phonon occupation number as given by the Bose-Einstein distribution for tem-
perature T and phonon frequency w. Both processes contribute to the low- and
high-energy side-bands of the ZPL, resulting from phonon emission and absorption
respectively. Since n(w,T) is small for low temperatures, only phonon emission oc-
curs resulting in highly asymmetric line-shapes. At higher temperatures, as n(w,T)
increases, the probability for phonon emission and absorption converges, resulting
in more symmetrical side-bands with increasing 7.

4.2.2 Exciton acoustic-phonon coupling modeling

A careful modeling was performed to quantitatively investigate the X-aP coupling
in GaN/AIN QDs. The X-aP coupling is calculated in the framework of the exactly
solvable independent Boson model (see section 2.3.3). The QDs are assumed to be
a two level system which couples to a phonon bath through band diagonal coupling
[Zim02, For03, Kru05b, Vagll]. The model includes both longitudinal acoustic
(LA) and transverse acoustic (TA) phonons. The only input parameters are the QD
wave-functions and the material parameters. Since the interaction between phonons
and confined charge carriers occurs within the dot, the deformation-potential and
piezoelectric constants of GaN are used to obtain realistic results (see also [Kru05b]).
The phonon dispersion by contrast is described by AIN bulk phonon modes. The
intrinsic homogeneous width of the calculated ZPL was chosen to correspond to the
radiative decay time of approximately 1 ns, according to time-resolved measurements
for the same samples [Kak03]. Additional contributions to homogeneous broadening
such as non-diagonal coupling to higher states [Mul05, Mul07, Gra09] or a finite
phonon lifetime [Ort04, KruO5a, Mac05] are not considered.

For an adequate description of the confined carriers realistic wave-functions from
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8-band k - p theory are used as a starting point for calculating the X-aP coupling.
Direct Coulomb and exchange effects are considered by self-consistent Hartree-Fock
method (see section 2.3.2). The benefit of using 8-band k - p wave-functions was
already reported in [Stol1]. These wave-functions were shown to agree better with
the experimental results: the side-band shapes match the experimental data better
than the wave-function of the Gaussian type as e.g. in [Kru02, Kru05b].

4.2.3 Calculated spectra

For wave-functions calculation a QD was modeled as a truncated pyramid of pure
GaN with a height of 1.4 nm and a base length of 7 nm. The dot form is 20 %
elongated in the base. Exciton emission energy of the dot is 4.03 eV. A numerically
calculated spectrum for a temperature of 0 K is shown in figure 4.2 on a logarithmic
intensity scale. As noted before, the calculated ZPL is solely represented by a
Lorentzian function having a width of 5 peV, which corresponds to the carrier-
lifetime from time-resolved experiments [Kak03].

The ratio of the amplitudes of the phonon side-bands and the ZPL is smaller than
those found in the experiment. The calculated spectra match the experimental data
if the inhomogeneous broadening of the ZPL is included, as described in the next
section. When SD is not taken into account, the numerical results are shown on a
linear intensity scale with the focus on the side-bands for illustrative purposes.
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Figure 4.2: Calculated luminescence spectrum for a model QD.

Numerical results for the temperature dependence of the single spectrum from fig-
ure 4.2 are shown in figure 4.3. All spectra are normalized with respect to their
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integrated intensity and are shown on a relative energy scale. The evolution of the
phonon side-bands as observed in the experiment (figure 4.1) is very well reproduced
by the calculated spectra.
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Figure 4.3: Calculated temperature dependence of a single emission line for the
same model QD as in figure 4.2. The ZPL peak intensity for the 5 K curve is
1, not shown completely in the figure. The inset shows spectral densities S(w).
S(w) for deformation-potential coupling is denoted as def, and for piezoelectric
coupling to TA (LA) phonons as piezo TA (piezo LA).

For better understanding of the X-aP interaction the impact of deformation-potential
coupling and piezoelectric coupling is investigated separately. For this purpose spec-
tral densities S(w) of these phonon coupling mechanisms are calculated as

=2 |h2w2 (w = wi(q)) (4.1)

Here g9 is the coupling element of the exciton to a phonon in mode sk with wave-
vector g, calculated from the carrier wave-functions, and w,(q) is the phonon fre-
quency. ¢?" is specific for the coupling mechanism. The deformation-potential cou-
pling is effective for LA phonons only, whereas the piezoelectric coupling includes
both LA and TA phonons. S(w) gives the number of phonons of energy Aw for each
frequency w, which are available in the system.

The inset of figure 4.3 shows the spectral densities S(w) of different phonon coupling
mechanisms for the model QD, corresponding to the low energy side-band at 0 K.
At small energies (wave-vectors), the contribution of piezoelectric coupling to TA
phonons is larger than piezoelectric coupling to LA phonons. Moreover, the overall
piezoelectric coupling is of the same order of magnitude as the deformation-potential
coupling for small energies.
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The piezoelectric coupling plays an important role in nitride-based materials [Kru0O5b].
The calculations of the phonon spectral densities for different coupling mechanisms
above confirm that the piezoelectric coupling cannot be neglected for GaN/AIN QDs,
as it is done for arsenides. Further investigation of the influence of the piezoelectric
effects on X-aP coupling in dependence on the structural parameters of the QDs is
given below in section 4.3.

4.2.4 Including spectral diffusion

The ratio of the amplitudes of the phonon side-bands and ZPL in the numerical
spectra (figure 4.2) is significantly smaller than those found in the experiment (see
figure 4.1). However, the numerical results for the temperature dependence of the
phonon side-band agree qualitatively very well with the experimental results.

Nitride-based QDs show large emission linewidths (see results in chapter 3) as com-
pared to e.g. arsenides [Bay02a]. In the modeling of the X-aP coupling presented
here (see section 3.4.1), inhomogeneous broadening is not included. This inhomo-
geneous broadening is attributed to SD (see section 1.3.2). SD results in smearing
the spectral features within the detection time, as can be seen in the right panel of
figure 4.1.

Figure 4.4 shows a comparison of a measured QD emission line and a modeled
curve, taking into account X-aP coupling and SD. A typical experimentally observed
emission peak, depicted as a dotted line in the figure, was fitted with a Gauss-profile
to get the energetic distribution function resulting from SD. This fit resulted in a
Gaussian function with the width of 1.7 meV. In the next step a spectrum, taking
into account X-aP coupling as in the section above (see figure 4.2), was convoluted
with a Gauss-profile with a width of 1.7 meV. The resulting curve is depicted in
figure 4.4 as a solid line. Comparison of this spectrum with the one experimentally
obtained shows that ZPL and phonon side-band amplitudes in the calculated data
agree very well (see figure 4.4).

The fact that calculated and experimentally obtained amplitudes match very well
when SD is superimposed, indicates that SD plays a significant role in ZPL broad-
ening. A possible method to identify the real value of homogeneous broadening is
to measure the dephasing time by four-wave mixing [Bor01], which may reveal the
intrinsic emission linewidth for the GaN/AIN QDs.

Generally speaking, a Voigt profile should be used. The homogeneously broadened
QD emission line has a Lorentz profile with the width wy, which is then inhomo-
geneously broadened by SD, induced by the QD environment. Additionally the
measured emission lines are broadened by the measuring apparatus: monochroma-
tor and detector. SD results in Gaussian line broadening with the width we sp, as
the trap and release of the charges in the defects is a stochastic process, described as
a normal distribution. The instrumental broadening is described by a Gaussian pro-
file with the width wg rns. As was shown in chapter 3, wg sp > W rnst » 1.5 meV.
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Figure 4.4: Comparison of experimental data (dotted line, ZPL at 4.24 eV at 5 K)
and calculated spectrum (solid line), including the effect of SD.

wy, « 5peV (see relation (1.9) in section 1.4). Thus, wy, < we mst < wa sp and the
width of the Voigt profile, as a convolution of Lorentzian and Gaussian profiles, can
be approximated by a Gaussian profile.

4.3 Influence of charge carrier confinement

4.3.1 Investigated dot series and calculated luminescence
spectra

aspect ratio size

h=const
XN T £+ hid=const
| s | I {

h varied
d d a1

Figure 4.5: Investigated series of model QD.

The dependence of X-aP coupling on the morphology of the QDs is analyzed in this
section. Two series of QD structures were modeled and investigated. Both are shown
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schematically in figure 4.5: variation of the QD size and variation of the QD aspect
ratio (ratio of height to base length) at constant size. Fach series contains five dots.
Dots have the shape of a truncated pyramid with a 20 %-elongated hexagonal at the
base. Luminescence spectra shown in this section are calculated without including
the SD effects.

In the series with varied sizes (hereafter size-series - see right panel in figure 4.5)
model QDs have a constant aspect ratio of 0.2. The height increases from 0.8 nm to
2.0 nm, resulting in respective base length variations from 4 nm to 10 nm. This size
variation refers to experimental observations of the size evolution of self-organized
GaN/AIN QDs [Hos04, Kak06, Kin10a|. This series is used to analyze the impact of
the confinement of the charge carriers in the vertical direction' and the influence of
the built-in excitonic dipole-moment, since for GaN/AIN QDS ppui—in scales with
the dot size.

Figure4.6 shows the numerical results for the luminescence spectra of the QDs of
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Figure 4.6: Calculated spectra of model QDs of size-series. At a constant aspect
ratio the dot height is varied from 0.8 nm up to 2.0 nm. The QD emission energy
decreases respectively from 4.8 to 3.6 eV. The ZPL intensity is normalized to 1
and not shown completely.

the size-series. Intensity of the low-energy phonon side-band increases monotonously
with QD size. This tendency is associated with a strong influence of the built-in
piezo- and pyroelectric fields. The taller the dot becomes, the larger is the drop
of the built-in potential within the QD, resulting in an increase of the excitonic
electron-hole dipole-moment. Consequently, the larger the dipole-moment is, the
larger is the coupling to acoustic phonons via piezoelectric coupling.

Here “vertical” means parallel to growth direction. Lateral - parallel to the base plane of the

QD.
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In the series with varied aspect-ratio (hereafter: aspect-ratio series, see left panel

| QD base length
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Figure 4.7: Calculated spectra of model QDs of aspect-ratio series. At constant
height of 1.2 nm, aspect ratio is varied from 0.22 down to 0.14 (base length respec-
tively from 5.5 nm to 8.6 nm). The QD emission energy respectively decreases
from 4.3 to 4.1 eV. The ZPL intensity is normalized to 1 and not shown completely.

in figure 4.5) model QDs have a constant height of 1.2 nm and the aspect ratio
was increased from 0.14 to 0.22, resulting in respective base length variations from
8.6 nm to 5.5 nm. The impact of the lateral extension of the wave-function on X-aP
coupling can be analyzed with the help of this series.

The resulting luminescence spectra for the QDs of aspect-ratio series are shown in
figure 4.7. Here and further on the results for the QDs with the aspect ratio 0.16
and 0.20 are omitted, and only the results for the remaining three QDs of the series
are displayed for illustrative purposes. Almost no influence of the QD base length
on the intensity of the side-band is found. The position of the maximum of the
side-band shifts towards the ZPL with increasing base length.

4.3.2 Influence of dot geometry on coupling mechanisms

For a detailed analysis, the spectral densities for different coupling mechanisms were
obtained from the numerical results for the QDs described above. Figure 4.8 shows
the spectral densities for deformation-potential coupling (S(w)aqef), and figure 4.9 for
piezoelectric coupling to both TA and LA S(w)piezo = S(W)piezo TA + S (W) piezo LA -

Figure 4.8 (top panel) shows how the amplitude of S(w)pieso increases monotonously
with the increasing size of the QD. When the QD height increases, the separation
of the center of the mass for electron and hole wave-function increases too. Thus,
figure 4.8 shows the direct impact of the excitonic dipole moment on the piezoelectric
coupling mechanism.
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Figure 4.8: Calculated spectral densities S(w)piezo for model QDs. Top: Size-series.
Bottom: Aspect-ratio series.

The lateral confinement of the charge carriers, in contrast, has no influence on the
piezoelectric coupling, as illustrated in figure 4.8 (bottom panel). Here the slight
change of the amplitude of the S(w)piezo With change of the QD base lengths is
attributed to the difference of the dipole moments of the model QDs. Although the
height remains constant for the aspect-ratio series of the model QD, the 8-band k - p
calculations revealed different values for the spatial separation between the electron
and the hole wave-functions.

Figure 4.9 (bottom panel) reveals a strong dependence of the deformation potential
coupling on the lateral extension of the wave-functions. The amplitude of S(w)ger
decreases and the maximum shifts to smaller phonon energies when the QD base
length increases: For the stronger lateral confinement of the charge carriers the
deformation potential coupling of X-aP is more effective and it is significant for
large wave-vectors. The same tendency is shown in figure 4.9 (top panel). Both
the amplitude S(w)qer and the wave-vector of the S(w)ger maximum decrease with
the increase of the QD size, which fact is rather attributed to the impact of the
wave-function extension than to the excitonic dipole-moment.

4.3.3 Line-shapes in dependence on emission energy
As described in chapter 3, due to large electron-hole separation in GaN/AIN QDs

the excitonic emission energy is sensitive to changes of the local electric fields. QDs
of this material system exhibit pronounced SD, including large linewidths. The
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Figure 4.9: Calculated spectral densities S(w)gqer for model QDs. Top: Size-series.
Bottom: Aspect-ratio series.

average full width at half maximum (FWHM) of the emission lines scales with the
QD size (i.e. the built-in dipole-moment), as was shown in pPL experiments in
[Kin10b].

Figure 4.10 shows calculated emission spectra for model QDs of varied height and
constant aspect ratio, including the effect of SD. For this purpose the same procedure
as for figure 4.4 is applied to the calculated spectra for QDs of the size-series. FEach
spectrum was convoluted with a Gaussian profile of the width d. The width arrived
at from the dependence of the FWHM of the emission lines on the QD emission
energy, measured for GaN/AIN QDs in complementary pPL experiments ([Kin10b]).
Based on 8-band k - p calculations, the model QDs with the heights 0.8, 1.2, 1.4, 1.6
and 2.0 nm have an emission energy of 4.80, 4.25, 4.03, 3.90, and 3.56 eV respectively.
The widths d then are 1.5, 2.4, 3.4, 4.1 and 6.4 meV respectively (see figure 3.2,
adopted from [Kin10b]).

Figure 4.10 reveals that the phonon side-bands appear significantly larger in lumi-
nescence spectra for smaller recombination energies of the single GaN/AIN QDs. For
larger dots their larger phonon side-bands can become as intense as the broadened
ZPL.

The dependence of the line-shapes on the emission energy helps to explain the
striking discrepancy of the pPL and CL measurements, performed on the same
QDs and shown previously in section 3.2.4 (see figure 3.10 on page 62). In CL
experiments for small emission energies hardly any distinct emission line could be
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Figure 4.10: Convolution of the calculated emission spectra for model QDs of the
size-series with Gaussian profiles of different widths expected for the emission
energy (see text for description). The height and the emission energy of the
model QD is marked for each curve.

resolved, although the spectral resolution of the set-up is better in this spectral
range. Two features specific for CL excitation provide an explanation:

(i) Due to large excitation energies a large number of excited charge carriers
can be excited in a QD already at low currents, creating multiexcitonic
complexes. In contrast, for small laser powers the excitation densities,
created in resonant pPL excitation, can be insufficient to generate mul-
tiexcitonic complexes in the dot. Consequently, it is possible that for
certain excitation conditions in pPL experiments fewer excitonic emis-
sion lines appear in a luminescence spectrum of the dot, than for CL
experiments.

(ii) The excess energy of the hot carriers dissipates by means of enhanced
coupling to phonons in CL excitation, hence the coupling to phonons is
more effective in CL experiments than in pPL experiments.

For GaN/AIN QDs under the CL excitation overlapping of the larger number of
emission lines with large phonon side-bands results in broad band luminescence in
the spectra for detection energies below 4.0 eV. Consequently, individual features of
the QD emission are obscured in the CL spectra. In PL spectra the resolved lines
at small emission energies show the line-shapes, as predicted in figure 4.10.
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4.3 Influence of charge carrier confinement

4.3.4 Discussion

The results obtained from numerical calculations correspond very well to the ex-
perimental finding. In addition to the sample described above, similar asymmetric
line-shapes with significantly large low-energy side-bands were observed for another
investigated sample of GaN/AIN QDs (sample L).

Figure 4.11 shows various spectra of single QDs, emitting in the energy range be-
tween 4.20 eV and 4.55 eV. The side-bands are clearly visible on the low-energy
side of the individual peaks. Here the energy difference of the maximum of the side-
band relative to ZPL varies between 4 meV and 6.4 meV. The form of the side-bands
varies too: the side-bands are convex in panels b and d, and sloping in a and c. The
diversity agrees well with figure 4.7, where the model QDs of similar energies exhibit
various forms of side-bands. For QDs with a larger base length calculations arrive
at a smaller energetic distance of the side-band maximum relative to the ZPL.

In the numerical model only coupling to the neutral exciton (one electron and
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Figure 4.11: CL spectra of emission from single QDs, measured on different mesa
structures at 5 K.
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Chapter 4 Interaction with acoustic phonons

one hole) was considered. Generally speaking, comparison of these results with all
emission lines in a CL spectrum is controversial. No identification of the line origin in
the experiment was yet possible, emission lines might stem e.g. from more complex
excitonic configurations. Acoustic phonons couple to different excitonic complexes
in a different way. Thus, investigating GaAs/AlGaAs QDs in [Pet04] it was found
that the biexciton couples about three times stronger to phonons than the exciton.
Moreover, as shown in the previous chapter excitonic complexes from the same QD
have different built-in dipole-moments and hence the piezoelectric contribution of
X-aP coupling differs, too.

Both S(w)aer and S(w)piezo €xhibit a maximum for a relative energy of 5-10 meV
(see figures 4.8 and 4.9). These values are in the range of fine-structure splitting
of excitonic bright states measured for these QDs [Kin10a]. Consequently, for these
QDs spin-flip processes between the bright-exciton states or from bright into dark
states may occur, since in the presence of spin-orbit-coupling such spin-flip processes
may also be promoted by the interaction with acoustic phonons [Wo002, Tsi05].

The careful modeling presented above showed enhanced piezoelectric coupling of
acoustic phonons to excitons of GaN/AIN QDs, which scales with the QD size. In
[Kru05b] it was shown that choosing the material system with increased piezoelectric
coupling as well as reducing the QD size enhances the dephasing. Therefore a trade-
off for the QD size is necessary to achieve the least dephasing for use of the GaN/AIN
QDs in applications demanding long coherence times.

4.4 Influence of temperature

The dependence of the QD emission lines on temperature was investigated for five
individual QDs. An increase of the linewidth with increasing temperature was ob-
served. The temperature dependence of the FWHM for one of the lines is shown in
figure 4.12. The luminescence spectra for the respective QD are shown in figure 4.1.

For each spectrum the ZPL was fitted with a Gaussian profile. The resulting widths
are depicted as blue circles. For high temperatures (T>120 K) the ZPL could
no longer be separated from the phonon side-bands, therefore these data were not
considered. The red lines show two fits of the ZPL widths with a following function:

2
[*(T) =Ty + (Po +aeT + —2 ) (4.2)
exp(5) — 1

This function is derived from equation (1.11) in section 1.4 under the following
assumptions:
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Figure 4.12: Temperature dependence of the linewidth of a single QD emission
line. Circles depict the FWHM of the experimental emission lines, measured in
CL and fitted with a Gaussian profile. Solid and dashed lines depict fits with
various parameters, as described in the text.

(i)

(iii)

Inhomogeneous broadening of the line is attributed to SD. In the previ-
ous chapter it was shown, that the excitation density in CL experiments
does not change FWHMs of GaN/AIN QDs at 5 K, because all de-
fects, which influence the emission of the QD, are activated under CL
excitation. Therefore with increasing temperature, SD should not raise,
and the inhomogeneous broadening can be approximated to be constant:
2 om(T) = const = T'% . This constant term can be taken into account

inhom
together with the broadening induced by the set-up, which can be as-
sumed to be constant as well, and I}, =T% + I3, in equation (4.2).

There are no reports on dephasing times for GaN/AIN QDs that would
determine I'y. Therefore the homogeneous line width is assumed to be
of similar size as in the other QD material systems, where it was arrived
at by measuring the dephasing times in four-wave-mixing experiments
[Bor01, Bir01, Pal03] and found to be amounting to I'g & 5 peV (see also
relation (1.9) in section 1.4).

The Bose-Einstein function is used to describe the occupation density

— -1 _
of optical phonons Nyo(T') = (exp(%) — 1) , where Aw is the average
optical phonon energy.

The solid red line in figure 4.12 shows a fit with none of the fitting parameters
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Chapter 4 Interaction with acoustic phonons

fixed. The resulting values for the fitting parameters are shown in table 4.1 as fit A.
Coupling to optical phonons v, has a rather small value, compared to the reported
parameters for other material systems [Rud90]:

e.g. 50 meV in InAs/GaAs QDs [Fav03] and 125 meV in non-polar GaN/AIN QDs
[Rol06]

However, the average optical phonon energy is much smaller than the values of LO
phonons GaN (87.3 meV) and AIN (99 meV). Coupling to acoustic phonons 7, is
in contrast very small, which contradicts the enhanced X-aP interaction, described
earlier in the chapter.

Table 4.1: Parameters resulting from the fit of the experimentally measured de-
pendence of QD emission linewidth on temperature with formula (4.2).

fit A | fit O (AIN) | fit O (GaN)

T, TGV 28 25 25

Yoes NV/K | £.9-10°22 50 50

YLo, meV 7.6 3.5-10° 1.0-10°
Ero = hw, meV 7.2 99 (fixed) | 87.3 (fixed)

For another fit the parameter E;o = hw was fixed for the energy of LO-phonons
in GaN and AIN respectively: 87.3 meV and 99 meV. The red dotted line in figure
4.12 shows the fitting curve for Er o = 99meV, which is not significantly different
from the one for E7 o = 87.3meV. The values of the remaining fit parameters are
shown in table 4.1 as fit O. The resulting v,0 appears unreasonably large. Smaller
values of ~,. were usually reported:

5-8 peV/K in polar GaN/AIN QDs [Dem09], 12 eV /K in non-polar GaN/AIN QDs
[Rol06] and 0.1-0.5 1eV/K in In(Ga)As/GaAs QDs [Bay02a, Kam02].

Remarkably, the value for iw = 7meV from the fit A is in the range of the maximum
of the calculated acoustic-phonon spectral-density. The results of the fit of experi-
mental data suggest that it is justified to neglect the contribution of optical phonons
to the emission line broadening. In this case equation (4.2) can be be transformed
into:

I'*(T) =Ty +vN(T) (4.3)

Here v ~ 7TmeV and N(T) = (exp(%) - 1) 1, hw,. - average acoustic phonon
energy, which can be obtained from the spectral density of the acoustic phonons: see
relation (4.1). The term vN(7T'), describing coupling to acoustical phonons becomes
important for I'(T) at elevated T, when kT >> hwge.

All the processes of phonon scattering contribute to the homogeneous linewidth of
excitonic transition I'(7"). Knowing the spectral density of the acoustic phonons
from modeling (relation (4.1)) and accounting for the X-aP coupling parameters, a
more accurate expression for I'(T") can be obtained by the same method as used for
semiconductors e.g. in [Rud90].
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4.4 Influence of temperature

However, interaction of the excitons in GaN/AIN QDs with optical phonons was
observed in the CL experiments. Several weak emission lines at a distance of 83 meV-
100 meV on the low-energy side of the emission lines were often observed for the
investigated QDs. The value is comparable to the LO-phonon energy of GaN and
AIN. Some examples are shown in figure 4.11 b, d. Here the energetic spacing
between the luminescence peaks, indicated by arrows, and the ZPL is 83 meV-
87 meV. The variation of the energy is commonly explained by different distribution
of the strain in the surrounding material, due to differences in QD size and Ga-
incorporation [Hei96]. The replicas appear broadened up to tens of meV, which can
be attributed to SD, same as the ZPL broadening. A detailed investigation of the
interaction of the LO-phonons and further evaluation of the coupling strength in
terms of the Huang-Rhys factor [Hua50] is beyond the scope of the present work.
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Chapter 4 Interaction with acoustic phonons

Conclusion

In this chapter the influence of lattice vibrations on the excitonic emission from
single GaN/AIN QDs was investigated. Enhanced acoustic-phonon coupling in single
GaN/AIN QDs was evidenced in temperature dependent CL experiments. X-aP
interaction was modeled and analyzed with respect to QD size and geometry and
the role played by coupling mechanisms.

The carrier-phonon interaction is calculated in the framework of the independent
Boson-model using realistic electron and hole wave-functions obtained from 8-band
k - p theory in combination with the Hartree-Fock method. This model accounts
very well for the experimental observations of the shape and position of the phonon
side-bands. The intensity ratio of the ZPL to the phonon side-bands obtained by
numerical calculations matches the experimentally measured one only when SD is
superimposed. The importance of taking SD into account is again emphasized and
the major impact of SD on the inhomogeneous line broadening is proven.

The influence of the excitonic built-in dipole moment and the lateral extension of
charge-carrier wave-functions was analyzed with respect to X-aP coupling. QDs
of different sizes and aspect ratios were considered in the model. The spectral
phonon densities for the X-aP interaction mechanisms were considered. Piezoelectric
coupling is found to be of the same order of magnitude as deformation-potential
coupling for this QD material system. The interaction with TA phonons is found
to be of greater importance as compared to coupling to LA phonons. Numerical
simulation reveals enhanced phonon side-bands for larger QDs, in other words for
larger dipole-moments. The lateral extension of the wave-functions is responsible for
the energetic position of the side-band relative to the ZPL. The important role of the
aspect ratio on the acoustic-phonon side-band was also confirmed in CL experiments
by variation of the line-shapes of the QD emission peaks of the same energy.

Strength of SD and phonon coupling increase with the QD size. The numerical
calculation showed, that the combination of both effects leads to relative increase of
the side-band with respect to the ZPL. The acoustic-phonon side-bands can grow
almost as large as the ZPL with decreasing QD emission energy. This tendency
explains the discrepancy in measurements by means of pPL and CL on the same
mesa structure. No discrete emission lines could be observed in CL spectra of
single QDs for detection energies smaller than 4.0 eV. Overlapping of different lines,
significantly broadened by SD and with intense acoustic-phonon side-bands obscure
the individual features of single QDs in CL experiments. Side-bands of emission
lines observed in nPL experiments verify the dependence of the line-shapes on the
QD size, found in numerical calculations.

The temperature dependence of emission linewidth was analyzed. For low temper-
atures it is mainly due to SD. At higher temperatures acoustic phonon scattering
plays a major role in the increase of the homogeneous linewidth, while the contri-
bution of optical phonons can be neglected.
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5 Strain-induced growth and
luminescence properties

This chapter presents the investigations of the first test-structures with site-controlled
quantum dots (QDs) by means of cathodoluminescence (CL) spectroscopy. The
structures are grown with a new approach. The novel “bottom-up” technique for
the lateral positioning of semiconductor QDs is based on the strain modulation by
means of a buried stressor. This stressor controls the local self-organization of QDs.
The results illustrate the fundamental principle of strain-mediated growth and its
influence on the luminescence properties.

The chapter begins with a short overview of the state of the art in section 5.1. A
brief introduction of the new concept, backed up with calculations of the strain dis-
tribution, follows in section 5.2. This section also includes the experimental findings
of the influence of the buried stressor on the optical properties of an overgrown het-
erostructure, demonstrated in CL experiments with the help of quantum well (QW)
test-structures. A description of the fabrication of the first site-controlled QD struc-
tures follows in section 5.3. Section 5.4, constituting the main part of the chapter,
describes the CL experiments on the resulting InGaAs/GaAs QD structures. These
experiments elucidate, how the stressor triggers the formation of the QDs and influ-
ences their luminescence. The influence of size and position of the buried stressor on
luminescence properties of the QDs is investigated. The following optical properties
were investigated: spatial and spectral distribution of QD luminescence, spectral
diffusion (SD), and emission polarization.

©The method of site-controlled growth of QQDs was originally developed by the team
of D. Bimberg at Technische Universitit Berlin in cooperation with V. Haisler. The
calculation of the strain distribution were performed by Andrei Schliwa.
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Chapter 5 Strain-induced growth and luminescence properties

5.1 State of the art

The wide range of possible applications for QDs requires further development of
growth techniques. Up to now the self-assembly growth approaches (e.g. for the
Stranski-Krastanow mode [Gol85, Ape95, Dau97, Shc98]) produce large amounts of
QDs with large areal density and a finite size distribution, which leads to a distinct
inhomogeneous broadening of the QD ensemble luminescence. Small inhomogeneous
broadening (< 10 meV) is crucial to efficient QD lasers [Led08] and infrared detec-
tors [Kri05]. Many applications such as solid-state cavity quantum electrodynamics
[Hen07, Gal08], single- and entangled-photon emitters [Loc06, Shi07, Joh08, Sal10b],
single-QD lasers [Rei08], single photon detectors [Kom00] demand a precise control
of the emission energy and the position of the single QD.

The principles of self-assembled QD growth can impede the controlled positioning
of the QDs. Minimization of the total energy of the coherently strained islands,
growing upon a strained layer, is in the base of formation of QDs [Shc95, Shc98].
These islands - the QDs - are formed if the reduction of strain energy due to island
formation exceeds the energy expenses associated with newly formed surfaces and
edges. QDs grow on the sites of increased strain energy or lower facet formation
energy [Shc04]. On natural surfaces only surface steps act as nucleation sites of the

QDs [N6t98].

Different attempts are being made to avoid the process of spontaneous nucleation of
QDs and to achieve controlled positioning of QDs. Physical or chemical templates
pre-define the nucleation site, where the QD will then grow epitaxially. Various
successful techniques were reported for the site-controlled growth of QDs: pattern-
ing of the substrate material [Atk08], use of strain fields [Lee01], and surface re-
lief features [Sch09¢]. For the substrate pre-patterning electron beam lithography
[Sch07b, Sch08b, Atk08, Mer09, Dal10, SS11], focused ion beam lithography [Leell],
local oxidation [MS05] or nano-imprinting [Hak10] are used.

These methods are per se sophisticated. The challenge is to achieve at a good
optical quality of the resulting QDs. The positioned QDs should potentially possess
a narrow spectral distribution, a pre-defined emission range and narrow linewidths
of emission lines of single QDs. Successful integration of the positioned QDs into
nanophotonic devices was demonstrated e.g. by the teams of O. G. Schmidt [Sch07b,
Atk08] and A. Forchel [Siin08, Sch09c, Hugl1]. Here the best value for the linewidth
of the emission line of an excitonic transition of a site-controlled QD is reported
to be 43 peV [Hugll]. Excellent results were achieved by the team of E. Kapon in
EPFL with QD growth in inverted pyramidal recesses [Har97, Har99, Wat04, Gal08,
Fel09, Moh10b]. Generation of entangled photons was demonstrated for these highly
symmetrical dots [Moh10a).

Several difficulties are characteristic for substrate pre-patterning techniques:

(i) Controlled QD-nucleation is possible in close vertical vicinity to the
structural patterning. Missing QDs at shallow holes, patterned on a
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5.2 Strain engineering by buried stressor

growth surface, is often reported [Leell, SS11]. Etching of the surface
during pre-patterning results in numerous defect sites around the QDs.
This reduces structural and optical properties of the QDs. Although
sophisticated cleaning procedures are performed prior to growth, these
pre-patterning techniques produce QDs with lower radiation efficiency
and broader linewidths, compared to QDs grown on planar substrate
surfaces [SS11, Leell]. The linewidth of QD emission lines is sensitively
dependent on imperfections of the material [Bay02a].

(ii) These technologies involve precise nm-scale fabrication steps and are not
easily scalable to large wafer sizes.

(iii) There is no self-alignment of an electrical current path relative to the
QD. This is important for the efficient injection of the charge carriers
into single QDs in future devices.

5.2 Strain engineering by buried stressor

5.2.1 Concept

The novel method of site-controlled growth of QDs was originally developed by
the team of D. Bimberg at Technische Universitidt Berlin in cooperation with V.
Haisler. A buried stressor layer induces strain fields in the matrix material. A
spatial modulation of the strain due to the structure of the stressor layer results in
a local modification of the surface free energy. Thus the subsequent growth of the
QDs on such a surface will preferentially take place at its local minima of strain. The
stressor is created by volume change of an outer part of the buried layer while leaving
the volume of the inner part of the layer unchanged. This can be performed e.g.
in a chemical reaction by substituting one of its atomic components by a different

type.

aperture

GaAs
cap layer

s stressor
AlOx |ayer

100 nm

GaAs (001) substrate

Figure 5.1: Schema of the mesa structure, used in the calculations.
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Chapter 5 Strain-induced growth and luminescence properties

The method is applied to the technologically important InGaAs/GaAs QD material
system in the present work. The stressor layer is formed by an Al,Ga;. As layer.
If it is embedded into mesa structures, then As-atoms are substituted by oxygen
during the oxidation process. Additionally, the volume of Al,Ga;_As decreases due
to oxidation [Cho97]. Thus a controlled oxidation of mesa structures would result in
a strain layer with an outer region of aluminum oxide AlO, and an inner (Al,Ga)As
region (see figure 5.1). The volume contraction of the (Al,Ga)As region induces
strain in the neighboring material.

InAs has a larger lattice constant than GaAs, and in the In,Ga; (As/GaAs system
the QD formation occurs due to the interfacial lattice mismatch ~ 3-7 % for x > 0.30.
The points of maximum tensile strain at the GaAs surface correspond to the points
of lowest strain for the In,Ga; As layer, growing on top of the GaAs. During
growth, the atoms will move to the minima of their respective surface strain energy
if the surface diffusion length is sufficiently large.

5.2.2 Strain distribution calculations

aperture aperture
2 um 1 Mm
I — €
x
®
(S
£
S

Figure 5.2: Calculated sum of the in-plane strain components e(x,y) = €4, + €4y
at the surface of a GaAs(001) substrate for a buried (Al,Ga)As/AlOy stressor
structure covered by 100 nm GaAs for aperture diameters of 2 ym (left) and 1 pm
(right). The green dashed line indicates the aperture border, here e(x,y) = 0.
The white dashed arrows show the positions of the cross sections shown in the
next figure (5.3).

To analyze the strain in the material, calculations with a continuum mechanical
model were performed. The structure used for the calculations is a rectangular mesa
with 6 pm sides as schematically shown in figure 5.1. The interface between the outer
AlOy and inner (Al,Ga)As regions of the stressor layer is approximated as an inward-
pointing parabola. The inner region is hereafter called aperture. Transformation
from (Al,Ga)As to AlO, was assumed to contract the unit cell volume by 7 %
isotropically. This value is regarded as the lower limit of the experimentally observed
AlGaAs volume contraction during oxidation [Kel04]. Here the plastic relaxation
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5.2 Strain engineering by buried stressor

effects play a major role, as the bond lengths difference is expected to result in a
volume contraction of 20 %. The difference in the thermal expansion is neglected,
since the temperatures of the oxidation process and the QD growth are more or less
the same (see section 5.3.1).

3.0 e aperture 1 um

. aperture 2 um
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Figure 5.3: Cross-sectional line-scans of the strain distribution e(x,y) = €4, + €4y
at the surface of GaAs(001), indicated with arrows in figure 5.2, for structures
with aperture side lengths of 2 ym (red line) and 1 um (black line). The green
line indicates the border between tensile and compressive strain.

A GaAs layer follows the aperture. The InGaAs QDs nucleate on the GaAs surface.
The strain distribution e(z, y) at the surface of GaAs was calculated. The distribu-
tion of the sum e(x,y) = €44 + €, is depicted in figure 5.2 for two different sizes of
the aperture. Then negative values of £(x,y) correspond to the compressive strain,
while positive £(z,y) - to tensile. The rectangular form and crystallographic orien-
tation of the aperture is due to the observed anisotropic oxidation of the (Al,Ga)As
layer. The contracted volume of AlOy leads to a region of compressive strain above
and a tensile force onto the region at the boundaries between the oxide and the
(Al,Ga)As. For the aperture of 2 pm side length (right panel of figure 5.2) the max-
imum in-plane strain is surrounding the inner part of the aperture. For an aperture
side length of 1 pm (left pane of figure 5.2) the maximum strain is found at the
center of the aperture.

Depending on the GaAs layer thickness on top of the stressor layer, the magnitude
of the interfacial strain varies. Here a GaAs layer with a thickness of 100 nm was
assumed, resulting in £(z,y) in the order of 1-1.5 %. This magnitude of the surface
strain is sufficient for the QD growth. Figure 5.3 shows the quantitative profile
of e(x,y) for the line scans in [100]-direction across the center of the apertures
(indicated by the white dashed arrows in figure 5.2). For the larger aperture (side
length of 2 pm) two separate maxima of the tensile in-plane strain are located above
the aperture boundary. For the smaller one (side length of 1 pm) - the maxima
merge to a single centered strain maximum. The strain maximum remains nearly
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constant for about 200 nm, afterwards a transition to compressive strain occurs
within the following 200 nm.

The growth rates of In,Ga;.,As will be highest at the minima of surface strain-
energy distribution: as can be seen in figure 5.2 preferentially above the aperture
boundaries and corners. For the small enough aperture sizes (here side length of
1 um) the area of In,Gaj «As growth then merges into a region in the middle of the
aperture. Outside the aperture the strain energy for In,Ga;_ As increases abruptly.
Consequently, in certain areas of the aperture the amount of In, Ga;_As will increase.
Increased concentration of In-atoms triggers the QD nucleation [Toy93]. Selective
growth of QDs at the aperture boundaries is expected.

5.2.3 Quantum well test-structures

To test the influence of the buried stressor, a structure with a QW was grown first.
The mesa structures were fabricated as briefly described above (see figure 5.1). A
60 nm-thick GaAs buffer layer followed the stressor layer and then a 5-nm thick
Ing15GaggsAs QW was grown, capped with a GaAs cap-layer. In this section the
results for the mesa structure with a diameter of 40 pm are shown. Oxidation of
the stressor layer resulted in the aperture size of ~ 20 ym for this mesa diameter.

8.8 nm —
600 nm

Figure 5.4: Left: Surface image at the center of a mesa surface taken by AFM
after oxidation of the buried aperture layer. The surface height modulation is due
to the volume reduction of the buried layer during oxidation. Right: SEM image
of the mesa structure before QD overgrowth seen from the side.

Oxidation leads to a surface height modulation across the aperture, which is revealed
by atomic-force microscopy measurements (AFM) of the mesa structure after the
oxidation process (left panel in figure 5.4)." This surface modulation is a consequence
of the volume reduction due to oxidation and can therefore be assigned to the
aperture boundaries. The volume reduction of the buried stressor layer is clearly
visible on the SEM image of the mesa structure (right panel in figure 5.4).

The overview CL spectrum of the sample is shown at the bottom of figure 5.5.
The luminescence of the QW is observed here as a peak at 1.42 eV with FWHM

LAll the AFM data were kindly provided by André Strittmatter.
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of 17 meV. The bulk GaAs excitonic luminescence is seen as a weak band around
1.50 eV. The top of figure 5.5 shows the spatial distribution of CL intensity, so-called
cathodoluminescence spectral images (CLSIs). To obtain a CLSI a CL spectrum is
taken for each excitation spot of the beam on the sample: see section 2.1. The two
CLSIs in the figure are shown for two energy ranges: at the low- and the high-energy
side of the QW-peak, as indicated in the figure.
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Figure 5.5: Bottom: integral CL spectra with luminescence of the QW and GaAs
bulk measured on the mesa structure with a diameter of 40 pm. Top left: CLSI for
the low-energy and the high-energy side of InGaAs-QW peak. Top right: CLWI
for the emission energies of 1.418-1.421 e¢V. Both CLSI and CLWI have the spatial
dimensions of 36 pm x 44 pm. Black dotted line indicates aperture boundary.
The areas with the luminescence of low SNR are blacked out.

These two CLSIs appear to be close to their complementary counterparts. The sites
of low CL intensity for a detection energy of 1.414-1.418 eV are the sites of high CL
intensity for a detection energy of 1.420-1.424 eV and vice versa. This cannot be
an experimental artifact, as these patterns vary depending on the size of the mesa
structure. The cathodoluminescence wavelength image (CLWI - distribution of the
wavelength of maximum intensity: see section 2.1), displayed in the top panel of
figure 5.5 shows a site-dependence of the energy of the QW excitonic transition.

A buried stressor induces anisotropic strain in the overgrown structure. The indi-
vidual variation of the components ¢,, and ¢, differs from the distribution of the
€22 + €4y, shown for the model structure in the previous section (see e.g. figure
5.16). Also, change of ¢,, and €, influence ¢,,. Certain relations between e,,, €,
and e,, govern the energetic positions of the conduction and valence bands in the
QW, and consequently the transition energy of the heterostructure (see e.g. [Sin03]).
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Both CLSIs and CLWI reveal, how strain anisotropy results in a spatial variation of
the transition energy and the intensity of the QW structure in correlation with the
buried stressor.

To sum it up, the QW test-structures showed the possibility to significantly influence
the luminescence of a heterostructure by means of a buried stressor. Fabricating
stressors with different shapes and at various distances to the overgrown active
layers (QW, QDs, etc) makes it possible to design structures with site-controlled
optical properties.

5.3 Site-controlled quantum dot growth

5.3.1 Sample fabrication
The samples with controlled QD positioning were grown by metal-organic chemical

vapor deposition (MOCVD) at Technische Universitat Berlin, Germany. Figure 5.6
shows sample structure and growth steps, which are listed below in detail.
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Figure 5.6: Schema of the sample structure (left) and growth steps (right).
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(i) The layers for creating the stressor were grown at a temperature of
700 °C. First, a GaAs buffer layer was grown on GaAs(001) substrates.
It was followed by a sandwich structure which consists of a graded 10
nm thick AlygoGajg1As layer, a 40 nm AlygGag1As layer, a 30 nm
AlAs layer, another 40 nm Aly¢Gag1As layer, and an oppositely graded
Alpg.0Gag1.1As layer. Finally, a GaAs 100 nm thick layer was grown on
top of the sequence.

(ii) Circular mesa structures of a height of 300 nm were fabricated ex-situ
by conventional photolithography and reactive ion etching in order to
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5.3 Site-controlled quantum dot growth

(iif)

expose the side facets of the (Al,Ga)As layers. The mask layout provides
different mesa sizes, varying from 25 to 10 pm in steps of nominal 0.07 pm
on the same wafer. Thus, similar oxidation times result in different
aperture sizes depending on the mesa diameter.

Oxidation of (Al,Ga)As into AlO, was done in a special reaction cham-
ber using a mixture of 3 slpm nitrogen and 50 sccm? water vapor as
the oxidizing agent. The reactor chamber was held at a total pressure of
50 mbar while the sample was heated to 450 °C. In a hot water steam en-
vironment the As-atoms are substituted by oxygen in a chemical reaction
during the oxidation process. The oxidation rate at a given temperature
and pressure decreases exponentially with the Al content for AlGaAs
and is zero for GaAs. For an Al-content of 0.92 < xa; < 1.0 the vol-
ume of Al,GaiAs decreases by ~ 6.7 % to 13 % during the oxidation
process [Cho97]. The anisotropic oxidation rates of the (Al,Ga)As layer
along the [010] and [100] crystallographic directions result in rectangular
aperture shapes. For an oxidation depth of 7-8 pm, square-like apertures
were obtained for mesa diameters larger than 14 pm. Mesas of diameters
smaller than 13 nm are fully oxidized.

For subsequent overgrowth with QDs, the substrates were loaded back
into the MOCVD reactor. The QD growth sequence started with a
bake out of 5 min at 715° C under arsenic atmosphere followed by a
50 nm thin GaAs buffer layer grown at 685° C before lowering the tem-
perature to 515° C for QD growth. After initial deposition of 2 ML of
Ing 5Gag 5As (~ critical thickness for the 2D /3D growth mode transition),
QDs are formed during a growth interruption. Under such conditions,
the QD densities on planar wafers (without buried stressor layer) are re-
producible in the range of mid 107 - low 10® cm™. To avoid the negative
impact of surface states on the luminescence intensity, the QDs were
consequently covered by 50 nm GaAs, 10 nm Aly4GaggAs and 5 nm
GaAs.

5.3.2 AFM investigations

The samples with uncapped QDs were investigated with AFM. It was found that
the QDs aligned in a square-like pattern, tracing the boundaries of the aperture.
Figure 5.7 shows AFM images for mesa structures of different sizes. The correspond-
ing nominal mesa diameters and aperture sizes are indicated. The QDs appear as
hillocks and show clear lateral ordering in a square-like pattern for the larger mesa
diameters (20 and 16 pm). Here the QDs align along the sides of the square stressor
boundary at an areal density of 1.25 - 101 em™. With decreasing the aperture size

Zslpm - standard litres per minute (unit of gas flow rate); sccm - standard cubic centimeters per
minute (unit of gas flow rate)
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Figure 5.7: AFM images of the centers of mesa structures overgrown with quantum
dots. Mesa diameters and corresponding aperture sizes are indicated.

the square-like QD arrangement transforms into a single cluster of about 50 QDs
for aperture sizes of less than 700 nm (14 pm mesa size). For an aperture size of
less than 500 nm only 2 QDs are left at the center of the aperture. Here, the slight
circular elevation of the mesa center indicates the remaining stressor size.

These results agree very well with predictions, presented in section5.2: QDs align at
the inner aperture boundaries with the lowest strain energy of InAs. Also, the width
of the QD alignment region is very close to the numerical results. For an aperture
size below 600 nm the QD ensemble merges to one centered cluster, as predicted.

5.4 Site-dependent luminescence properties

5.4.1 Spatial distribution of luminescence

The basic optical properties of the samples were analyzed by spatially resolved CL at
a temperature of 5 K. For this purpose, CLSIs were recorded and CLWIs analyzed.
For the experimental data shown below the acceleration voltage was 3 kV, yielding
a lateral resolution of ~ 300 nm. Most of the single spectra and CLSI were taken
with integration times of 10 ms - 30 ms and with a spectral resolution of the set-up
of 140 peV in the spectral range of 1.20 eV-1.40 eV (30 pm slit, grating 1200 lines
per mm), unless otherwise indicated.

The integral CL spectra of the mesa of a diameter of 20 pm is shown in the bottom
panel of figure 5.8. It reveals the luminescence of the wetting layer (WL), centered at
1.38 €V, and a broad luminescence ranging from 1.19 eV up to 1.37 eV. This broad
luminescence stems from QDs, which can be seen in the highly-resolved spectra
shown in the section below and which will be called QD hereafter. The top panel of
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5.4 Site-dependent luminescence properties
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Figure 5.8: Bottom: Integral CL spectrum, showing luminescence of the QDs and
WL for a mesa structure with a diameter of 20 ym. Top: CLSI for different
detection energies: low- and high-energy QD luminescence (1.19-1.25 eV and 1.25-
1.37 €V) and WL luminescence (1.37-1.41 eV). CL spectra were measured with a
spectral resolution of 560 peV (30 pum slit, grating 300 lines per mm).

figure 5.8 shows the CLSI for three detection energy ranges: 1.37 - 1.41 eV (WL),
1.25 - 1.37 eV (called “high-energy QD" hereafter) and 1.19 - 1.25 eV (“low-energy
QD” hereafter). The bulk GaAs excitonic luminescence was also observed but is not
shown here.

The analysis of the CLSI for different energies provides information about the site-
dependent distribution of the WL- and QD-luminescence. Figure 5.8 shows that the
intensity of WL luminescence decreases to a minimum on those sites, where intense
luminescence of QDs is found. The intensity of the WL-peak decreases, when the
recombination of the charge carriers is effective in the QD structure.

The luminescence of low-energy QDs is distributed over the mesa and becomes
intensive on its edges, where it shows a four-fold symmetry. The same distribution of
luminescence of low-energy QDs was found for mesa structures with a fully-oxidized
stressor layer. The luminescence of high-energy QDs is strong on the edge of the
mesa and is intense along the square-shaped boundary in the middle. This boundary
coincides with the border of the aperture, an effect which could be observed in the
SEM image of the sample surface during measurement. For the mesa structure of
20 pm in diameter, the aperture was observed to be a rectangle with 2 pm sides.
Hence, the intense luminescence of high-energy QDs in the CLSI in figure 5.8 occurs
over the aperture boundary.

121



Chapter 5 Strain-induced growth and luminescence properties

To investigate the QD luminescence, single spectra were measured for distinct sites
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Figure 5.9: Single spectra, showing luminescence of high-energy QDs for a mesa
structure with a diameter of 20 pm. The schema shows the positions on the mesa,
where the spectra were taken. Spectra from the region outside the aperture are
similar to the spectra ¢ and are not shown here.

on the mesa structure with the best spectral resolution of the set-up. Here the
range of high-energy QDs was analyzed, as it correlates distinctly with the aperture
boundary, in contrast to low-energy QDs. These measurements exhibited spectrally
separated peaks, varying for different excitation points: the emission lines of different
emission energies and intensities appear in the spectra on different sites. The typical
spectra are shown on figure 5.9. Such behavior is typical for QD emission: The sharp
emission peaks indicate 3D localization of the charge carriers. Since the excitation
conditions used assure a spatial resolution of 300 nm, the site-dependent variation
of the CL spectra reveals the formation of individual QDs.

The spectra in figure 5.9 also indicate the dependence of the density of the QDs on
the position on the mesa structure. Indeed, all over the mesa except for the aperture
boundary, widely spaced spectrally sharp luminescence lines are observed (similar to
figure 5.9 ¢). For the excitation points close to the aperture boundary and the mesa
edges, the number of the lines in the spectra increases (see figure 5.9 b): the QD
density increases. This turns into a broad luminescence band on the sites over the
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5.4 Site-dependent luminescence properties

aperture boundary (figure 5.9 a): In these areas the QDs with the highest densities
are grown.

The samples with QDs grown on planar substrates without a stressor layer under-
neath with low QD density (< 10% cm™) exhibit spectra similar to figure 5.9 c: see,
for example, [Seg06]. Samples with QDs of a higher density (~ 1...5 - 10 cm™)
exhibit spectra as shown in figure 5.9, a and b: see e.g. [Rod05]. These findings
agree very well with the results of the AFM investigations of uncapped samples,
described in the previous section.

As shown in section 5.2.2, theoretical calculations predict dependence of the QD
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Figure 5.10: CLSIs of mesa structures with increasing mesa diameter showing in-
tegrated CL intensity for detection energies of 1.25 - 1.37 eV. CL spectra were
measured with a spectral resolution of 560 peV (30 pum slit, grating 300 lines per

alignment on the size of the aperture. To verify this experimentally, mesa of diam-
eters of 10 pm, 16 pm, and 20 pm were investigated. Due to the same oxidation
time these mesa structures have following aperture sizes: 0 (the stressor layer is
fully oxidized), 0.9 pm and 2 pm respectively. Figure 5.10 shows the CLSIs of inte-
gral intensity distribution for these mesa structures, displayed for detection energies
between 1.25 eV and 1.37 V. All three mesa show the intense luminescence of high-
energy QDs on the edge of the mesa. No other areas of intense QD luminescence
were found in the mesa structure with fully oxidized stressor. A high intensity of
luminescence of high-energy QDs at the center shows up for a mesa diameter of
16 pm, which turns into a square-like pattern for a diameter of 20 pm.

The areas of intense QD luminescence in CLSIs, correlated with aperture size and

position, agree very well with the theoretical predictions and AFM investigations of
the uncapped QDs (figure 5.7).
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Chapter 5 Strain-induced growth and luminescence properties

5.4.2 Quantum dot luminescence bands

Figure 5.11 shows the CLWI for the emission energies 1.24 -1.35 eV (”high-energy
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Figure 5.11: CLWI for the emission energies 1.24 -1.35 €V, for the mesa of diame-
ter of 16 pm. The different QD luminescence bands are well spatially separated.
Single integral spectra are extracted for particular sites, showing the QD lumines-
cence bands LB I (a), LB II (b), LB III (c). CL spectra were measured with the
spectral resolution of 560 peV (30 pm slit, grating 300 lines per mm). The areas
with the luminescence of low SNR are blacked out.

QDs” in the previous section), obtained from CLSI for the mesa structure with a
diameter of 16 pm, shown in figure 5.8. Spatially well-separated areas of QD lumi-
nescence at different emission energies are eye-catching in the figure. For a number
of these areas, CL spectra, integrated over the region of ~ 1 pm?, are obtained and
shown ibid. These spectra reveal different QD luminescence bands: LB I (centered
at 1.35 eV, FWHM - 30 meV, figure 5.11 a), LB II (centered at 1.33 eV, FWHM -
50 meV, figure 5.11 b) and LB III (centered at 1.27 eV, FWHM - 60 meV, figure

5.11 c).

The knowledge about spatial distribution of high- and low-energy QD luminescence,
described in the previous section, can be enlarged. To analyze the dependence of
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Figure 5.12: CLWI for the emission energies 1.24 -1.35 eV for the mesa structures
of diameters of 10 m, 16 pm and 20 pm. LB I, LB II and LB III exhibit a clear
site-dependence. Crystallographic directions are the same for all the structures
and are marked with white arrows. Aperture boundaries are roughly indicated
by white dashed lines. CL spectra were measured with a spectral resolution of
560 peV (30 pm slit, grating 300 lines per mm). The areas of luminescence with
low SNR are blacked out.

the QD luminescence on the size and position of the mesa structure, the CLWIs
were obtained from CLSIs in figure 5.10. LB I, LB II, LB III can be well identified
on the resulting CLWIs, displayed in figure 5.12.

The low-energy tail of LB III is detected over the AlOy-area already for the fully-
oxidized stressor layer (red-yellow colors in figure 5.12). On the edge of the mesa
structures areas of LB III show a distinct four-fold symmetrical alignment (green
color). LB I (magenta color) and LB II (blue color) of very weak intensity are
observed on the edge for the mesa diameter of 10 pm. For larger diameters the
areas of luminescence of both types become larger and the luminescence intensity
stronger. On the edge distribution of LB II exhibits an eight-fold symmetry and of
LB I - a two-fold symmetry.

Intense luminescence of the types LB I and LB II is found in the center of the mesa
structures with an (Al, Ga)As-aperture. For the mesa diameters of 16 pm and 20 pm,
displayed in figure 5.12, the aperture sizes are ~ 1 pm and 2 pm respectively. In the
center of these mesa structures LB I is well correlated with the aperture boundary:
For the small non-oxidized (Al, Ga)As the luminescence is concentrated in the very
center, while for the larger aperture sizes it forms a rectangular shape on the inner
part of the aperture boundary (~ 2 pm for the mesa diameter of 20 pm). LB II
fringes the luminescence LB 1.

Such a symmetrical distribution of the luminescence of different bands correlated
with aperture position and size results from strain modulation induced by the buried
stressor layer. As described in section 5.2.2, the difference of the lattice constants
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Chapter 5 Strain-induced growth and luminescence properties

between the (Al,Ga)As and AlOy is responsible for a region of maximum compres-
sive strain on the inner part of the aperture boundary. The volume contraction of
the buried stressor layer also leads to increased compressive strain on the edge of the
mesa structures. Consequently, two regions of QD alignment are created - on the
edge of the mesa and at the borders of the aperture. During QD growth, the mod-
ulation of the strain energy influences the deposition of the InGaAs in pronounced
correlation with these two regions. Moreover, strain fields have a strong impact on
the electronic properties of the QD [Gru95]: e.g. a QD with a higher hydrostatic
strain inside has a higher transition energy than a QD of the same size with lower
strain fields.

The luminescence bands LB I, LB II, and LB III are distinguished spectrally. How-
ever, it is impossible to define the difference of the respective QDs only by their
emission energy. Since the strain energy on the GaAs-surface favors growth of In-
GaAs QDs, ensembles of QDs with different size or In-content possibly grow on
different sites of the mesa. The exciton transition energy indeed increases with the
decrease of the dot size [Sti99] or In-content [Sch07a]; the exciton emission of a QD
is red-shifted to the one of a dot with smaller a base length and the same volume
[Sch07a]. Additional information about the luminescence properties of the QDs
is needed to determine which parameter (geometry, composition or strain) distin-
guishes the dots with LB I, LB II or LB III. Additional data on e.g. spectroscopic
shifts of biexciton or trion transition energy relative to exciton transition energy
could help to clarify the morphological peculiarities of the QDs [Sch09a).

Theoretical predictions suggest that mesa structures with a small aperture size are
the best candidates for the controlled growth of a single QD directly in the center
of the mesa. Such structures are needed to create single-QD device, e.g. a single-
photon source [Loc06, Shi07]. The analysis of site-dependent luminescence of QDs
suggests several key points to improve the growth method for site-controlled QDs:

(i) The CL experiments showed, that the QDs still nucleate all over the
mesa and that QDs with high densities grow on the edges and over the
aperture boundaries. It is therefore important to lower the QD densities,
emerging all over on the mesa structure.

(ii) The QDs of different luminescence types are spatially well separated,
but the spectral ranges of LB I - LB III overlap. Further optimization of
growth conditions should aim at the clearly distinct spectral separation
of the luminescence bands. A structure with buried stressor together
with spectral filtering of the particular emission energy could result in
the desired structure with one or more well-positioned QDs and a certain
range of luminescence (see figure 5.12 for e.g. LB I as an example).

In summary, the investigation of the CL from mesa structures with QDs grown on
the buried stressor confirmed the feasibility of this QD-positioning approach. The
formation of the QDs occurs in correlation with the aperture boundary. The strain
in the buried stressor induces formation of different QD ensembles which can be well
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5.4 Site-dependent luminescence properties

distinguished spectrally and spatially.

5.4.3 Spectral diffusion

In many approaches of controlled QD growth with substrate pre-patterning, the
etching procedure leads to many defects in the surrounding of a QD. This results
in enhanced SD of the QD emission lines, i.e. line broadening, spectral jitter or
intensity variation (see section 1.3.2). For assessment of the quality of individual
QDs grown with the positioning concept presented above, linewidths of the QD
emission lines were measured and SD-behavior was investigated.
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Figure 5.13: SD-patterns and respective single spectra (top), obtained from two
sites of the mesa with a large oxidized stressor (diameter 25 pm, aperture size
~7 nm). Left: Measured over the non-oxidized aperture. Right: Measured over
oxide-area, arrows indicate lines showing spectral jitter.

Luminescence of the QDs of luminescence types LB I and LB II is detected in the
center of mesa sizes in strong correlation with aperture position and size. Closer
investigation of the SD-behavior of these QDs is therefore particularly important for
the characterization of the growth method. However, the QDs of luminescence type
LB I, aligned over the inner parts of the aperture boundaries, exhibit rather high
densities. Without further approaches, like e.g. applying a metal mask (section 2.2),
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Chapter 5 Strain-induced growth and luminescence properties

these QDs cannot be examined separately. The excitonic transitions in the spectral
range of LB IT and LB III could be resolved as spectrally sharp emission lines in the
spectra, measured with the best spectral resolution. Thus, the SD-behavior of single
dots was investigated only for the QDs with emission energies between 1.27 eV and

1.33 eV.

Some of the typical spectra with individual emission lines were already shown in
figure 5.9. The FWHM values of these peaks reveal site-dependence: emission lines
of QDs inside the aperture boundaries have a FWHM varying from 170 peV down to
the spectral resolution of the set-up.® Similar FWHM values are measured for QDs
grown on planar substrates without a stressor layer underneath. In contrast, for the
QDs grown above the oxide-area of the stressor layer increased values of FWHM
from 190 eV up to 350 peV were measured. These larger FWHM suggest, that
QDs grown over the (Al,Ga)As have a more defect-free environment compared to
the QDs grown over AlO,. The defects in the material, grown over oxidized regions
of stressor layer enhances SD and increases the FWHM of single QD emission lines.

SD-patterns for different sites on the mesa structure were measured (the procedure
is described in chapter 3). The obtained intensity-coded graph for two sites on a
mesa having a diameter of 25 pm are shown in figure 5.13. For each single spectrum
an integration time of 100 ms was set. The emission lines, measured at the center of
the mesa (over a non-oxidized site, left panel in the figure), exhibit stable spectral
positions and intensity. In contrast to these findings, the spectra measured outside
the aperture boundaries over an oxide area of the stressor layer reveal spectral
jitter (shown in the right panel in figure 5.13 and indicated with arrows) and on/off
blinking for some lines.

For optimization of the growth it is vital to understand, which defects influence the
spectral jitter and the line broadening. Since the distance of QDs from the stressor
layer is too large, any Stark shift of the excitonic transition energy (see section 1.3)
caused by defects in the stressor layer is negligible. The same is valid for the top and
side surfaces of the mesa. Impurities, structural and native defects can influence the
SD: see the discussion of the nitride-based QDs in chapter 3 and e.g. [Rod06] for
SD in InGaAs/GaAs QDs. However, the obvious difference in SD-behavior between
the QDs grown over oxidized and non-oxidized areas of the stressor indicates, that
more defects originate in GaAs during crystal growth above the area of the AlO,.

5.4.4 Strain-induced polarization

For polarization-dependent experiments an optical analyzer foil was mounted into a
slot in front of the monochromator. To minimize the transmittance characteristics
of the monochromator in dependence on the polarization of the detected light, the

3In the supplementary experiments on the same samples with p-PL (not shown here), the QDs
exhibit a FWHM of 80 peV - again the resolution limit of the respective set-up.
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5.4 Site-dependent luminescence properties

linear polarizer foil was placed only in two perpendicular directions with respect to
the direction of the polarization of the monochromator. The measurements below
were performed with an integration time of 30 ms and for a spectral range between
1.27 eV and 1.33 eV (this energy range is chosen for the same reason as explained
in the previous section).
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Figure 5.14: Single emission spectra measured for two polarization directions along
the [110] and [110] crystallographic axis for QDs in the center of the mesa struc-
tures with diameters of 15.5 pm (top panel) and 25 pm (bottom panel).

The QDs grown in the center of the mesa structures showed no spectral jitter, while
the QDs grown over the oxide-region of the mesa structures exhibited enhanced
SD. If the bright exciton states of the QD have a fine structure splitting (FSS),
these states can be resolved in the polarization-dependent measurements as cross-
polarized doublets. To exclude energetic shifts of the emission peaks by means
of SD, it is helpful to perform measurements on the excitonic lines without jitter.
Consequently, only the single QDs in the center of the mesa were investigated with
respect to polarization of their emission lines.

The linear polarizer foil was aligned along the [110] and [110] crystallographic di-
rections, since for InGaAs/GaAs QDs the polarization of the emission lines from
bright exciton states is parallel to these directions. Figure 5.14 shows spectra for
two orientations of the polarizer foil for QDs within the centers of the mesa struc-
tures. Mesa structures with either a small aperture size (mesa diameter of 15.5 pm,
aperture size 0.8 pm) or a large aperture size (mesa diameter of 25 pm, aperture
size 7 nm) were investigated. No doublets of cross-polarized lines could be identified
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Chapter 5 Strain-induced growth and luminescence properties

within the resolution limit of the set-up (the emission lines in the spectra, measured
for two polarization directions, coincide in figure 5.14). Using line shape analysis,
the difference of the energetic position of single lines could be determined with an
accuracy of 30 pneV (see chapter 2).

The absence of cross-polarized doublets in polarization-dependent measurements on
single QDs can be explained as follows: either the FSS is less than 30 neV, or none
of the emission lines in the spectra stem from exciton or biexciton. Other excitonic
complexes show different polarization characteristics, e.g. charged trions do not
exhibit polarization.

Additionally to the individual QDs, polarization properties of the luminescence of
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Figure 5.15: Spatial distribution of the polarization degree P of CL, recorded for
integral intensities of the QD with emission energies of 1.31 eV-1.36 eV and po-
larization directions along the [110] and [110], indicated with white arrows. The
aperture boundary is approximately marked by a dashed line.

QD ensemble was investigated. For a mesa structure with a large aperture size (mesa
diameter of 25 ym) the CLSIs were measured for emission energies of 1.31 eV-1.36 eV
in polarization directions along the [110] and [110]. These energies were chosen,
because QD luminescence, measured in the center of the mesa, falls in this spectral
range (LB I and LB II in figure 5.12). Figure 5.15 shows the spatial distribution of
the polarization degree

I — I
R [110]
Ii110) + g

where Ij119) and Ij3q) are the integrated CL intensities, resolved in polarization along
[110] and [110] crystallographic directions.

A strong anisotropy is observed for the polarization of QD luminescence over the
aperture boundary: Along one side of the rectangle of the aperture luminescence
intensity polarized along [110] is larger than the one along [110]: P > 0, for the
perpendicular side, on the contrary, luminescence intensity polarized along [110] is
smaller than the one along [110] Ij110) < Ijy50 - On the remaining parts of the mesa
structure no significant polarization is observed.
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Various factors can lead to polarization of the QD ensemble: anisotropy of the QD
form, material content, or strain in the matrix. E.g. in [Nak02] in polarization-
resolved measurements showed that lateral patterning of the matrix with so-called
wall-shaped structures resulted in strong optical anisotropy of InGaAs/GaAs. Fur-
thermore, changing the matrix into free-standing air-bridge structures reduced the
anisotropy. The excitonic transitions of strong elongated CdTe/CdMgTe QDs in
[Bes00] were observed to be linearly polarized along the two orthogonal principal
axes of the dot. The effect of composition modulation of polarization of the lumi-
nescence of heterostructures was reported for AlAs/InAs short-period super-lattice

in [Fra00] and InP/InGaP QDs in [Sug99].

Without further experiments it is impossible to define the decisive reason for po-
larization anisotropy within the framework of this work. Figure 5.16 schematically
shows the deformation of a unit cell of the InGaAs under the influence of compressive
strain in GaAs, induced by the buried aperture. Along the perpendicular sides of
the boundaries the ratio €,,/e,, is different. In addition, the significant difference of
ad-atom mobilities for different crystallographic directions is responsible for the for-
mation of elongated QDs. QD elongation and strain anisotropy influence the spatial
distribution and overlap of the charge carrier wave-functions (e.g. [Seg05, Sch07al).
As a result, different polarization of the QD luminescence is observed for QDs along
the perpendicular aperture sides, as shown in figure 5.15.
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Figure 5.16: Schema of the deformation of the InGaAs unit-cell (solid lines) under
the influence of the strain induced by the buried stressor in comparison to the
non-strained shape of the unit-cell (dashed line). The green line indicates the
aperture boundary.

In the scope of the present work no individual QDs grown along the aperture bound-
ary were investigated. It is, however, possible to speculate about the FSS of the
bright exciton states of these dots. The anisotropy of the QD morphology and of
the strain in the material results in a reduced potential symmetry of the charge
carrier confinement and consequently in non-zero FSS of the bright exciton states.
Similar to the site-dependence of the QD ensemble polarization, there should be
a correlation between the excitonic FSS value and the QD position relative to the
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aperture. Moreover, monotonous change of the strain components along the aper-
ture boundary (figure 5.16) can result in monotonous variation of the excitonic FSS.
If for some dot the external strain together with the piezoelectric potential of the In-
GaAs/GaAs QD result in C4v symmetry of the confinement potential, the excitonic
F'SS is zero for this dot. This strongly suggests that the proposed growth approach
is a promising method to produce QDs with desirable FSS.
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Conclusion

By the CL experiments, a novel technique for the site-controlled growth was proved.
The method was applied to grow QDs in the technologically important InGaAs/GaAs
material system. The principle of the method relies on the modulation of the strain
energy of the surface, on which the QDs are grown. The modulation is created by
a buried stressor. In the present work the stressor layer is formed by partial oxida-
tion of an (Al,Ga)As layer underneath the GaAs in an etched mesa structures. The
calculation of the strain distribution on the GaAs surface predict the growth of the
QDs above the inner regions of the boundary of non-oxidized (Al,Ga)As region as a
result of the minimization of the surface free energy during growth of QD layer.

The characterization of optical properties of the QDs in the first test-structures,
grown with the method described was performed by CL. In these investigations
CL has been proven as the method of choice due to its large spatial and spectral
resolution. Strong influence of the buried stressor on the growth and luminescence
properties of the overgrown heterostructures was observed. In contrast to the forma-
tion of QDs with small areal density over the whole mesa, two regions of nucleation
of QDs were identified on the boundaries of the apertures and edges of the mesa
structure. Here growth of QDs is triggered by the strain in the buried stressor,
which leads to the self-organized formation of QDs with a high areal density.

The luminescence of the QDs in the areas of a high-density growth decomposes into
three distinct bands, which can be distinguished spectrally and spatially. The strain
modulation due to volume contraction in the stressor layer results in anisotropic
InGaAs deposition during the QD growth and may lead to formation of QDs with
different In-content, aspect ratio and size. The QDs, grown in this structures, ex-
perience anisotropic strain distribution, induced by the stressor. As a result QDs
of different emission energies correlated to position on the mesa are observed. Also,
anisotropic strain distribution results in a strong polarization anisotropy of QD en-
semble luminescence of the QDs grown along the sides of the aperture boundaries.

When spectrally resolved, the QD luminescence on the areas with low dot densities
disintegrates into sharp emission lines. Site-dependence of the SD of emission lines
of individual QDs indicates enhanced formation of defects in the GaAs above the
oxidized regions of the stressor layer. Best FWHMs (170 peV down to resolution of
the set-up), stable spectral positions and intensities were found only for the indi-
vidual QDs in the center of the mesa structures over the (Al,Ga)As region. These
characteristics are similar to the self-assembled QDs, grown without a buried stres-
sor. Therefore, the new approach allows for growth of the QDs with good optical
quality:.

Mesa structures with very small apertures (< 1 pm) seem best suited to further
develop test-structures resulting in a single QD in the center of the mesa. The CL
investigations of test-structures suggest the key issues for further growth optimiza-
tion: QD densities, formed all over on the mesa structure, should be lowered, or the
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QDs aligned on the aperture boundaries should be better separated spectrally.
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Summary

This work presents the results of the investigation of the optical properties of nitride-
based and arsenide-based quantum dots (QDs) by means of cathodoluminescence
(CL) spectroscopy. Both QD material systems are vital for quantum-communication
and solid-state quantum computing systems. Nitride-based QDs are promising can-
didates for the development of single-QD applications functioning at elevated tem-
peratures. The InGaAs/GaAs QD material system was chosen for the present in-
vestigation to verify a new method of controlled QD growth. Development of new
approaches of deterministic positioning of QDs with desirable optical properties is
of tremendous importance for tailoring single QD-devices. In the investigations CL
has been proven as the method of choice due to its large spatial and spectral reso-
lution combined with the possibility to directly image topographic structures of the
sample surface by means of conventional SEM imaging.

Charge trapping and release processes in the vicinity of a QD influence the QD
excitonic emission. This effect - so-called spectral diffusion of single-QD lumines-
cence (SD) - can be detrimental for the performance of single-QD based devices,
which require stable spectral position and intensity of the single QD emission line.
Pyro- and piezoelectric effects result in huge built-in fields in nitride-based het-
erostructure and cause a significant spatial separation of the electron and the hole
wave-functions. The created electrostatic dipole moment makes the nitride-based
QDs particularly sensitive to local electric field fluctuations, induced by defects.
Therefore, SD was thoroughly investigated in the present work on the example of
nitride-based QDs.

In the present work it was shown, that SD is composed of different components,
which exhibit significantly different timescales. Different mechanisms originate each
of the components. The analysis of the dependence of SD on various excitation
conditions and sample fabrication methods allowed to conclude which defect types
are responsible for each type of SD and what are the way to possibly eliminate the
negative effects of SD. Large emission linewidths, as a result of fast spectral jitter,
appear to be an intrinsic property of the nitride-based QD material system in the
current fabrication methods and cannot be avoided even by the resonant excitation
of the QD. In contrast, the slow spectral jitter is induced only in non-resonant
excitation. The phenomenon of luminescence intermittence of the emission lines
is related to a defect, specific for certain growth procedure (in the present work -
growth with metal-organic vapor deposition) or impurity concentrations. However,
such effect of on/off blinking can be reduced by means of post processing, like e.g.
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thermal annealing.

The investigation of slow spectral jitter revealed aspects of fundamental importance.
A specific pattern of the oscillation of single-QD emission lines, the so-called y-
pattern, was reported for the first time. This pattern allows to obtain absolute
values of the built-in dipole moment of excitonic complexes of the investigated QDs
without applying an external electric field. Also, a model of a moving charge,
suggested to explain these patterns, can be generalized for the slow spectral jitter
in nitride-based QDs. For the first time the ratio of the built-in dipole moments
of excitonic complexes of the same dot were determined quantitatively from the
characteristic shifts of the emission lines, stemming from the same QD. Built-in
dipole moments of various excitonic complexes from the same dot were shown to
differ significantly.

The interaction of excitons confined in the dots with acoustic phonons increases at
elevated temperatures and coupling to phonons can be a limiting factor for QD-
applications, requiring strong coherence of the exciton state. Therefore, another
focus of the work was placed onto investigation of the interactions of excitons in
GaN/AIN QDs with lattice vibrations. Temperature-dependent CL experiments on
the single QDs revealed enhanced coupling to acoustic phonons, much stronger than
observed e.g. in arsenide-based QDs.

Theoretical modeling performed in the frames of this work accounts very well for
the experimental observations of the shape and position of the phonon side-bands.
The analysis of the impact of the QD geometry on the exciton acoustic-phonon
coupling mechanisms revealed the enhanced role of piezoelectric coupling for this
QD material system. As a result, the acoustic-phonon side-bands scale together
with the built-in dipole-moment. As was shown in [Kru05b] increased piezoelectric
coupling to phonons enhances the dephasing of exciton state, the interaction with
acoustic phonons can therefore become an obstacle for utilization of nitride-based

QDs.

The CL spectroscopy proved to be the most useful tool for the characterization
of the optical properties of QDs in test-structures, grown using a new method of
controlled QD alignment. The feasibility of the growth concept was proven on the
example of InGaAs/GaAs QD material system. The unambiguous influence of the
strain from the buried stressor structure on luminescence properties, such as spec-
tral diffusion and ensemble polarization, was evidenced in CL experiments. Single
QDs, grown with the new method show a good optical quality, comparable with
the self-assembled QDs, grown by conventional methods. The formation of differ-
ent spectrally distinguishable QD luminescence bands was revealed. These bands
are located in strong correlation with the stressor position. These site-dependent
luminescence properties prove the possibility to control fundamental QD properties
and formation by means of strain from a buried stressor structure. Also, the CL
experiments suggested the key issues for further growth optimization: lowering of
QD densities or spectral separation of the QD luminescence bands.
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Despite new knowledge gained in the frames of the present work, in the field of
the investigated QD systems there remain further problems to be solved. Also, new
questions arose during this work. Some ideas for further complementing experiments
are listed below.

The investigation of fundamental optical properties of single GaN/AIN QDs should
be continued. The fingerprint of the single QD luminescence can be exploited for
deciphering the QD spectrum. Polarization-dependent measurements should be per-
formed as a next step. Linear polarized luminescence of GaN/AIN has been often
reported for the single GaN/AIN QDs [Bar08, Kin09, Amll1] and is usually at-
tributed to valence band mixing effects [Bar08, Win08]. A thorough experiments on
polarization characteristics and investigation of fine structure splitting is of particu-
lar importance for applications of nitride-based QDs as single- or entangled photon
sources.

Since one and the same mesa can be investigated in cathodoluminescence (CL)
and micro-photoluminescence (1PL) spectroscopy, combined experiments with both
techniques can be performed on a single QD in a sample processed as mesa struc-
tures. Lines stemming from the same QD can be identified from SD-patterns by
means of CL excitation. The dependence of the QD luminescence on the excita-
tion density and polarization of excitation light can be then measured by means
of nPL. Polarization-dependent measurements of QD emission lines is possible to
obtain with either of the techniques. As a result the origin of the emission lines can

be identified.

Influence of acoustic phonons on stable single-photon emission up to elevated tem-
peratures should be investigated further. Experiments revealing the dephasing time
in nitride-based QDs are of particular importance for the quantum computing ap-
plications. Also, experimental and theoretical investigation of coupling between the
optical phonons and excitons in QDs is needed to substantiate the knowledge about
exciton-phonon interaction in GaN/AIN QDs.

In the investigations of SD the built-in dipole moment of the different excitonic
(multi)complexes were found to differ significantly. Since the exitonic dipole-moment
influences the piezo-electric coupling to acoustic phonons, it can result in signifi-
cantly different acoustic-phonon coupling to these complexes and different dephasing
due to phonons. A thorough modeling of the exciton-phonon interaction is necessary
to explore and, probably, exploit this fact.
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Non-polar nitride QDs is another interesting QD material system for further investi-
gations [Dau08]. Since the huge built-in field should be absent in these heterostruc-
tures, it is important to investigate spectral diffusion issues and interaction with
lattice vibrations in this material system as well.

The development of the proposed approach of QD positioning appears feasible and
should be continued further. Several key points to improve the growth method were
suggested, based on the CL experiments on the first test-structures. Reduction of
the QD densities or distinct spectral separation of the luminescence bands is needed.
Also, a different stressor shape might be exploited.

Applying a shadow mask to the existing mesa structures with site-controlled In-
GaAs/GaAs QDs and performing single-dot spectroscopy could be employed to in-
vestigate the optical properties of these novel QDs for a complete comparison to
conventional self-assembled QDs. Information about fine structure splitting of the
excitonic states of these QD is important for the further implementation of these
structures for quantum information applications.
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0D

nPL
AFM
CL
CLSI
CLWI
def
FSS
FWHM
LA
MBE
ML
MOCVD
piezo
QCSE
QD
QW
RT
SD
SEM
S-K
SNR
TA
TEM
WL

zero-dimensional (for 1D, 2D, 3D one-/two-/three-dimensional respec-

tively)

micro-photoluminescence

atomic force microscopy
cathodoluminescence
cathodoluminescence spectra images
cathodoluminescence wavelength images
deformation potential (coupling)
fine structure splitting

full width at half maximum
longitudinal acoustic (phonons)
molecular beam epitaxy

monolayer

metal-organic chemical vapor deposition
piezo-electrical (coupling)

quantum confined Stark effect
quantum dot

quantum well

room temperature

spectral diffusion

scanning electron microscope
Stranski-Krastanow (growth mode)
signal to noise ratio

transverse acoustic (phonons)
transmission electron microscopy

wetting layer
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X (XX)  exciton (biexciton)
X-aP exciton-acoustic phonon (coupling/interaction etc.)

ZPL zero-phonon line
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