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Abstract

The group-III nitrides, InN, GaN, AlN, and their alloys haveemerged to one of the most impor-
tant material classes for opto-electronic devices. The incorporation of quantum dots (QDs) as
active material improves the performance of conventional opto-electronic devices, such as light-
emitting diodes and laser diodes. Moreover, entirely new devices, such as single-photon emitters
and emitters of entangled photon pairs, have already been realized using single QDs as active
medium.

In the present work the electronic and optical properties ofInxGa1-xN/GaN and GaN/AlN
QDs are studied by means of eight-bandk ·p theory. Experimental results obtained by (time-
resolved) photoluminescence and cathodoluminescence spectroscopy on InxGa1-xN/GaN QDs
are interpreted in detail using the theoretical results. The k ·p model for the QD electronic-
structure calculations accounts for strain, piezo- and pyroelectric effects, spin-orbit and crystal-
field splitting, and is implemented for arbitrarily shaped QDs on a finite differences grid. Few-
particle corrections are included using the self-consistent Hartree method. Band parameters for
the wurtzite and zinc-blende phases of GaN, AlN, and InN are derived from first-principleG0W0
band-structure calculations. The parameters agree well with available experimental data. Reli-
able values are also provided for parameters that have not been determined experimentally yet.

The electronic properties of nitride QDs are dominated by the large built-in piezo- and pyro-
electric fields, which lead to a pronounced red-shift of excitonic transition energies and extremely
long radiative lifetimes in large GaN/AlN QDs. In InxGa1-xN/GaN QDs these fields induce a pro-
nounced dependence of the radiative excitonic lifetimes onthe exact QD shape and composition.
It is demonstrated that the resulting variations of the radiative lifetimes in an inhomogeneous
QD ensemble are the origin of the multi-exponential luminescence decay frequently observed in
time-resolved ensemble measurements on InxGa1-xN/GaN QDs.

A polarization mechanism in nitride QDs based on strain-induced valence-band mixing ef-
fects is discovered, that can, in the future, be exploited for the fabrication of QD-based sources
of single polarized photons. Due to the valence-band structure of wurtzite group-III nitrides and
the specific strain situation inc-plane QDs, the confined hole states are formed predominantly by
the two highest valence bands. In particular, the hole ground state (h0 ≡ hA) is formed by theA
band, and the first excited hole state (h1 ≡ hB) by theB band. It is shown that the interband tran-
sitions involvinghA or hB are affected differently by an anisotropic strain field in the basal plane:
hA transitions are linearly polarized parallel to the direction of weakest compression; transitions
involving hB perpendicular to it. Based on this effect, experimentally observed spectra of single
InxGa1-xN/GaN QDs are explained. These spectra contain up to five narrow lines, which are
linearly polarized in orthogonal directions. For GaN/AlN QDs spectroscopic properties, such
as excitonic transition energies, radiative lifetimes, and binding energies of few-particle com-
plexes are correlated to structural properties of the QDs. It is demonstrated how the polarization
mechanism discovered for InxGa1-xN/GaN QDs can be exploited and manipulated to achieve a
well-defined linear polarization in devices based on GaN/AlN QDs for, e.g., future quantum-key
distribution and back lighting of liquid-crystal displays.
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Zusammenfassung

Die Gruppe-III-Nitride InN, GaN, AlN und ihre Legierungen haben sich zu einem der wichtig-
sten Materialsysteme für opto-elektronische Bauelemente entwickelt. Die Verwendung von Quant-
enpunkten (QPen) als aktives Material verspricht zudem eine deutliche Verbesserung der Eigen-
schaften von konventionellen opto-elektronischen Bauelementen wie Leucht- und Laserdioden.
Darüber hinaus wurden bereits völlig neuartige Bauelemente, wie Einzelphotonenemitter und
Emitter von verschränkten Photonenpaaren, unter Verwendung von QPen als aktives Medium
realisiert.

In der vorliegenden Arbeit werden die elektronischen und optischen Eigenschaften von
InxGa1-xN/GaN und GaN/AlN QPen mit Hilfe von acht-bandk ·p -Theorie untersucht. Anhand
der theoretischen Ergebnisse werden experimentelle Ergebnisse aus (zeitaufgelöster) Photolu-
mineszenz- und Kathodolumineszenzspektroskopie an InxGa1-xN/GaN QPen im Detail inter-
pretiert. DasK ·p -Model für die Berechnung der elektronischen Struktur von Quantenpunkten
(QPen) berücksichtigt die Effekte von Verspannung, piezo-und pyroelektrischer Polarisation,
Spin-Bahn- und Kristallfeld-Aufspaltung und ist für Quantenpunkte mit beliebiger Form auf
einem Finite-Differenzen-Gitter implementiert. Mehrteilchen-Korrekturen werden im Rahmen
der selbst-konsistenten Hartree-Methode einbezogen. Bandstrukturparameter für die Wurtzit-
und Zinkblendephasen von GaN, AlN und InN werden von ab-initio Bandstrukturrechnungen in
der G0W0 Näherung abgeleitet. Die Parameter stimmen sehr gut mit allen verfügbaren experi-
mentellen Werten überein. Verlässliche Werte werden auch für solche Parameter bereit gestellt,
die bisher noch nicht experimentell bestimmt wurden.

Die elektronischen Eigenschaften von Nitrid-Quantenpunkten werden von den starken in-
ternen piezo- und pyroelektrischen Feldern dominiert, diein großen GaN/AlN QPen zu einer
deutlichen Rotverschiebung der exzitonischen Übergangsenergien und extrem langen strahlen-
den Lebensdauern führen. In InxGa1-xN/GaN QPen führen die Felder zu einer ausgeprägten
Abhängigkeit der strahlenden exzitonischen Lebensdauernvon der exakten Form und Kom-
position der QPe. Es wird gezeigt, dass die hieraus resultierende Variation der strahlenden
Lebensdauern in einem inhomogenen QP-Ensemble die Ursachedes multi-exponentiellen Lumi-
neszenz-Abklingens ist, das häufig in zeitaufgelösten Ensemble-Messungen an InxGa1-xN/GaN
QPen beobachtet wird.

Ein Polarisationsmechanismus in Nitrid-QPen basierend auf verspannungsinduzierten Valenz-
band-Mischeffekten wurde entdeckt, der zukünftig für die Herstellung von QP-basierten Quellen
von einzelnen polarisierten Photonen ausgenutzt werden kann. Verursacht durch die Valenzband-
struktur von Gruppe-III-Nitriden mit Wurtzitstruktur unddas Verspannungsfeld in QPen auf
der c-Oberfläche, werden die lokalisierten Lochzustände vornehmlich durch die zwei höch-
sten Valenzbänder gebildet. Insbesondere wird der Loch-Grundzustand (h0 ≡ hA) vom A-Band
geformt und der erste angeregte Lochzustand (h1 ≡ hB) vom B-Band. Es wird gezeigt, dass die
Interband-Übergänge unter Beteiligung vonhA oderhB unterschiedlich von einem anisotropen
Verspannungsfeld in der Basalebene beeinträchtigt werden:hA-Übergänge zeigen lineare Polar-
isation parallel zur Achse der schwächsten Kompression;hB-Übergänge senkrecht dazu. An-
hand dieses Effektes werden experimentell beobachtete Spektren von einzelnen InxGa1-xN/GaN
QPen erklärt, welche bis zu fünf scharfe Linien zeigen, die linear in orthogonale Richtungen
polarisiert sind. Die spektroskopischen Eigenschaften von GaN/AlN QPen, wie Exzitonen-
Übergangsenergie, strahlende Lebensdauern und Mehrteilchen-Bindungsenergien, werden mit
den strukturellen Eigenschaften der QPe korreliert. Es wird gezeigt wie der an InxGa1-xN/GaN
QPen entdeckte Polarisationsmechanismus ausgenutzt und manipuliert werden kann um eine
wohldefinierte lineare Polarisation in GaN/AlN-QPen-basierten Bauelementen mit Anwendung
in, z.B., zukünftiger Quantenkryptographie oder als Hintergrundbeleuchtung von Flüssigkristall-
Displays.
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1 Introduction

Semiconductor nanostructures are essential building blocks for modern opto-electronic devices,

such as light-emitting diodes (LEDs) and laser diodes (LDs). Quantum wells or quantum dots

(QDs) in the active regions of these devices convert electric current to light with high efficiency.

Different material systems have to be used for the active regions in order to realize the target

wavelengths of numerous applications in, e.g., entertainment technologies, telecommunication,

and medical engineering.

The group-III nitrides AlN, GaN, and InN and their alloys have become an important and

versatile class of semiconductor materials, in particularfor opto-electronics. Nitride-based semi-

conductor nanostructures have been widely studied in the last decade and revolutionary devices

have emerged from this effort. Current applications in solidstate lighting (LEDs and LDs) range

from the visible spectrum1–4—including white light emitters with the aid of phosphors5–7—to

the deep ultra-violet.8;9 Already at early stages of research the enormous quantum-efficiency of

InxGa1-xN-based opto-electronic devices has been attributed to QD properties of localization cen-

ters inside the InxGa1-xN layer(s).10–13 In addition to well-established benefits of QDs, like high

temperature stability and low threshold currents in LDs,14–16 InxGa1-xN QDs have the advantage

over InxGa1-xN quantum wells that the quantum-confined Stark effect and the corresponding

blue shift of the emission at high charge-carrier densitiesis not observed.17

In recent years a new challenging field of application for semiconductor QDs, beyond LDs

and LEDs, has emerged. The rapidly developing fields of quantum communication and quantum

computing give rise to the demand for electrically triggered sources of single photons. Devices

based on self-assembled QDs are promising candidates for reliable low-cost solutions in this

matter. Quantum dots can be easily integrated into diode structures for electrical triggering and

entire devices can be fabricated using well-established technologies. Moreover, the emission

from single QDs is intrinsically single-photon emission incontrast to, e.g., the use of attenu-

ated laser pulses, where single-photon pulses are achievedby exploiting statistical effects at very

11



12 Chap. 1: Introduction

low intensities. Electrically triggered single-photon emitters with extraordinary spectral purity

have been realized recently using InAs/GaAs QDs.18;19 For application in quantum cryptogra-

phy and computing emission with controlled linear polarization is favorable. This is achieved

for InAs/GaAs QDs at low temperatures by exploiting the fine-structure splitting of the exci-

ton, which splits the excitonic ground-state emission intoan orthogonally polarized line pair.

However, this splitting of up to 500µeV for large QDs,20 is smaller than the homogeneous line

width of the emission lines at elevated temperatures, inhibiting a spectral separation of the cross-

polarized line pair. Devices based on nitride QDs present important alternatives for single-photon

emission, because they have the potential to be operable even at elevated temperatures.21 In

µ-photoluminescence (PL) and cathodoluminescence (CL) spectroscopy narrow emission lines

from single InxGa1-xN/GaN22–29 and GaN/AlN QDs grown on thec-plane21;30–33 anda-plane34

have been observed. Also zinc-blende GaN/AlN QDs are investigated presently.35;36 Optically

pumped single-photon emission from single GaN/AlN QDs at temperatures as high as 200 K has

already been demonstrated.21 In the future the spectral range of nitride QDs can be extended to

the long-wavelength range for fibre-optical communicationemploying InN/GaN.37

1.1 About this Work

Despite the tremendous advances described above, the understanding of the opto-electronic prop-

erties of nitride QDs still needs to be fundamentally improved in order to further advance devices

based on nitride QDs. This work contributes to this researchfield with theoretical investigations

of InxGa1-xN/GaN and GaN/AlN QDs within the framework of eight-bandk ·p theory.

First, a consistent set ofk·p parameters for the zinc-blende and wurtzite phases of InN, GaN,

and AlN is derived from first-principleG0W0 band-structure calculations. It will be demonstrated

that the parameter set is in very good agreement with available experimental data and, therefore,

provides reliable predictions for parameters that have notbeen determined experimentally, yet.

Thereafter, the electronic and optical properties of InxGa1-xN/GaN and GaN/AlN QDs, such

as excitonic transitions energies, radiative lifetimes, and binding energies of few-particle com-

plexes, are calculated. Spectroscopic properties are related to structural properties, such as size,

shape, and composition. It is shown that the electronic properties of nitride QDs are domi-

nated by the large built-in piezo- and pyroelectric fields, which lead to a pronounced red-shift

of excitonic transition energies and extremely long radiative lifetimes in large GaN/AlN QDs.

In InxGa1-xN/GaN QDs these fields induce a pronounced dependence of the radiative excitonic

lifetimes on the exact QD shape and composition. Based on these results it is demonstrated
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that the multi-exponential ensemble-PL decay of InxGa1-xN/GaN QDs frequently observed in

experiments can be fully understood in terms of variations of the radiative lifetimes in an inho-

mogeneous QD ensemble and without dynamical screening effects.

Moreover, it is shown that nitride QDs exhibit a polarization mechanism based on valence-

band mixing effects that leads to a separation of differently polarized emission lines more than

one order of magnitude larger than the fine-structure splitting in InAs/GaAs QDs. Single-QD

CL spectra with up to five narrow lines that are linearly polarized in orthogonal direction are

explained based on this effect. Shortly after the mechanismwas published for InxGa1-xN/GaN

QDs,29;38 similar polarization effects have been reported forc-plane GaN/AlN QDs.32;39 It is

also shown in this work that the same polarization mechanismapplies to GaN/AlN QDs and that

the optical polarization of the interband recombination channels in these QDs is controlled by

anisotropic strain in the basal plane. Hence, the results ofthis work provide the opportunity to

manipulate the optical polarization in opto-electronic devices based on nitride QDs.

1.2 Thesis Structure

This work is organized in eight chapters: After a brief introduction to the fundamentals of self-

assembled QDs and, particularly, group-III nitride QDs in chapter2, thek·p method used in the

present work will be described in detail in chapter3. In chapter4 k ·p parameters for the group-

III nitrides are derived from first-principle band-structure calculations. Chapter5 deals with

the valence-band structure of strained wurtzite group-IIInitrides. The results of the electronic

structure calculations for QDs will be given thereafter: InxGa1-xN/GaN QDs are discussed in

chapter6, GaN/AlN QDs in chapter7. Each of the chapters4 through7 will be concluded by a

brief summary. A conclusion and outlook for the entire thesis will be given in chapter8.
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2 Fundamentals

In this chapter fundamental concepts helpful for the comprehension of this thesis will be ex-

plained. First a brief introduction to self-assembled quantum dots (QDs) in general will be given

in Sec.2.1. Then, the specific characteristics of group-III-nitride QDs (Sec.2.2) and, particularly,

the wurtzite-nitride typical polarization effects (Sec.2.3) will be discussed.

2.1 Three-dimensional Confinement in Self-assembled Quan-

tum Dots

Semiconductor QDs40;41 are nanometer-scale objects (composed of a semiconductingmaterial)

that confine charge carriers in all three spatial directions. Self-assembled QDs are typically

grown by epitaxial methods, such as molecular-beam epitaxyor metal-organic chemical vapor

deposition,42 by deposition of the QD material on a different semiconductor matrix. Quantum

dots in most material systems are grown in the strain-induced (i.e. induced by the lattice mis-

match between matrix and QD material) Stranski-Krastanow or Volmer-Weber growth modes,43

as in the case of GaN/AlN QDs, which are the subject of Chap.7. Depending on the mate-

rial system and growth conditions the formation of three-dimensional islands (QDs) is energeti-

cally favorable over the formation of closed layers. The formation of islands may occur directly

(Volmer-Weber growth mode) or after exceeding a critical layer thickness (Stranski-Krastanow

growth mode) between 1 and 2 monolayers. But also other growthmodes that leads to the for-

mation of nanometer-scale localization centers are possible. For instance, the InxGa1-xN/GaN

QDs discussed in Chap.6 are formed by composition fluctuations in thin InxGa1-xN layers.24;44

Here, the driving forces for the QD formation are not fully understood, yet. The different growth

mode results in significant differences of the QD shape compared to Stranski-Krastanow QDs (cf

Sec.6.1).

15
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Figure 2.1: Schematic single-particle energy
level diagram of a type-I QD. The hole spectrum
is typically denser than the electron spectrum
due to the larger effective masses of holes. In an
experiment free carriers can be generated in the
matrix and then captured into the QD where they
recombine radiatively, emitting a photon with an
energy that is characteristic for the QD.

Electronically, two different classes of QDs can be distinguished by the band offsets at the

hetero-interfaces between QD and matrix material: If the conduction-band edge inside the QD

lies below that of the matrixandthe valence-band (VB) edge inside the QD above the VB edge of

the matrix, the QD is named a type-I dot. If one of both alignments is the other way around, the

dot is of type II. All QDs considered in this work are type-I. Thus, if the QDs are large enough and

the band discontinuities are not to shallow, the QDs containbinding energy levels for electrons

and holes. A schematic one-dimensional energy-level diagram is shown in Fig.2.1. Inside the

QD the density of states is discrete for electrons and holes,but the level spacing between different

hole states is typically much smaller due to their larger effective masses. The mechanism of a

typical experiment with non-resonant excitation is also sketched in Fig.2.1: electron-hole pairs

are generated in the matrix by, e.g., absorption of light (photoluminescence) or current injection

(electroluminescence) and are then captured into the QDs. The confined charge carriers then

recombine within the QD, emitting a photon with an energy that is characteristic for the QD.

An important subject of the present work is to calculate the wave-functions and energies

of the confined electron and hole states for realistic QD structures. After including additional

few-particle effects, the characteristic transition energies of the ground states and the excited

states of the QDs are obtained from these calculations. The transition energies depend crucially

on parameters like size, shape, and chemical composition ofthe QDs and, of course, on the

magnitude of the built-in piezo- and pyroelectric fields (cfSec.2.3). These dependencies will be

analyzed in detail for InxGa1-xN/GaN and GaN/AlN QDs in Chap.6 and7.
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Figure 2.2: Band gap and in-plane lattice parametera0 of the group-III nitrides AlN, GaN, and
InN and their ternary alloys. The vertical black lines indicate the border between visible and
ultra-violet spectrum (≈ 380 nm) and visible and infra-red spectrum (≈ 750 nm), respectively.

2.2 Nitride-based Quantum Dots

So far, three different groups of nitride QDs45 have been realized: InxGa1-xN/GaN,22–24;26–28

GaN/Al(Ga)N,30;31;33–36 and InN/GaN.37 From an application-driven point of view, the differ-

ent material systems can be classified by the spectral range they cover (Fig.2.2). Neglecting

red-shifts induced by the quantum-confined Stark effect (cfSec.2.3), QDs emit photons with an

energy higher than the band gap of the QD material. The difference between the band gap of

the QD material and the QD ground state energy is attributed to confinement effects and strain-

induced band-shifts. Thus, GaN/AlN QDs emit in the ultra-violet spectral region, InGaN/GaN

QDs can be used for the visible spectrum, and InN/GaN QDs will, in the future, extend the spec-

tral range of nitride QDs to the infra red. The latter is of particular importance for fibre-optical

communication technologies. However, this picture does not hold once the quantum-confined

Stark effect (cf Sec.2.3) is included in the consideration: The built-in piezo- and pyroelec-

tric fields inside the QDs induce a red-shift of the transition energies. Indeed, GaN/AlN QDs

have frequently been reported to emit light well below the band gap of GaN in the visible spec-

trum.46–48 This effect can, however, hardly be exploited technologically. The long emission wave

lengths is implementable attainable only in devices that operate at very low injection densities,
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such as single-photon emitters. (At higher excitation densities, in devices like light-emitting

diodes or laser diodes the injected charge carriers screen the electric fields and the emission

wave length shifts back to higher energies.) But, these devices would then suffer from very low

repetition rates due to the (field-induced) extremely long radiative excitonic lifetimes, rendering

them practically unusable.

Another property distinguishing the three different material systems are the effective elec-

tron and hole masses in the QD material. This shall be discussed here using the effective elec-

tron masses as an example. All three materials, AlN, GaN, andInN, show much larger effec-

tive masses [meff(InN) ≈ 0.07m0, meff(GaN) ≈ 0.20m0, meff(AlN) ≈ 0.33m0] than, e.g., InAs

[meff(InAs)≈ 0.03m0], which is a well-established QD material. Regarding confinement effects,

this means that a GaN QD has to be about 6-7 times smaller than acomparable InAs QD in order

to achieve comparable confinement/quantization effects (neglecting effects arising from the dif-

ferent band offsets to the matrix material). On the other hand, the lower limit for the QD size, at

which the QD does not contain localized electron levels any more, is lowered by the same factor.

A similar line of thought applies, of course, to the differences between the different nitride QDs,

because the effective electron mass of InN is three times smaller than that of GaN, resulting in

larger quantization energies in InxGa1-xN/GaN QDs than in GaN/AlN QDs.

Nevertheless, all nitride QDs have a number of common characteristics, such as the huge

built-in polarization fields (Sec.2.3) and a rich-featured spectrum of confined hole states that

results from the complex VB structure of strained group-III-nitrides (Chap.5).

2.3 Polarization Fields in Group-III Nitride Heterostructures

A prominent feature of nitride-based nanostructures are the large built-in electrostatic fields,

which occur due to piezo- and pyroelectric polarization effects. Piezoelectric polarizations are

induced by non-hydrostatic strain along polar axes49 of the crystal (here the [0001] axis). Thus,

it only occurs in strained structures, such as the non-lattice-matched nanostructures considered in

this work. Pyroelectric, or spontaneous, polarization occurs without any external stress applied.

Due to the deviation of the bonds from the ideal tetrahedral structure in wurtzite, the dipoles of

the polar bonds in each unit cell do not completely cancel, resulting in a residual dipole moment

of the hole unit cell. The effect increases if the crystal structure deviates from ideal wurtzite, i.e.

if the a0/c0 ratio and/or the internal lattice parameteru deviate from their ideal values.50

In this section, these fields shall be discussed using two examples: A GaN/AlN quantum well

(QW) and an In0.2Ga0.8N/GaN QW, both grown along the [0001] direction and with a thickness
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Figure 2.3: Local band-edge profiles in a GaN/AlN (a) and an In0.2Ga0.8N/GaN (b) QW along
[0001]. The built-in electrostatic potentials (c,d) consist of a piezoelectric and a pyroelectric part.

of 2 nm. Both examples can be solved analytically. Only the mathematical detail needed for

the discussion in this section will be given here. Complete details on how the calculations are

performed for QDs can be found in Chap.3.

Both QWs are compressively strained in the growth plane (here,x-y-plane), resulting in a

relaxation (an extension) along the growth direction (here, z direction). The strain in thex-y

plane induced by the lattice mismatch isεxx = εyy = −0.022 (−0.024) for the In0.2Ga0.8N/GaN

(GaN/AlN) QW, resulting in a tensile lattice distortion alongz of

εzz = −2C13

C33
εxx/yy = 0.012 (0.013). (2.1)

The strain shifts the band edges inside the QWs; unstrained and strained local band-edge profiles

are shown in Fig.2.3(a,b) (black solid and red dashed lines, respectively).

The pyroelectric polarization depends only on the materialand has a finite component only
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along [0001], which is denotedPsp. The values ofPspused in this work are−0.034 C
m2 ,−0.090 C

m2 ,

and−0.030 C
m2 for GaN, AlN, and In0.2Ga0.8N, respectively (cf appendixA). The piezoelectric

polarization, in contrast, is strain-induced. For the systems considered in this chapter its only

non-vanishing component is also along [0001]. The compressive biaxial strain and the Ga-faced

orientation (growth along [0001]) induce a polarization field in growth direction. The piezoelec-

tric polarization inside the QWs is

Ppz,z= 2e31εxx/yy +e33εzz = 0.034
C
m2 (2.2)

for In0.2Ga0.8N/GaN and 0.037 C
m2 for GaN/AlN. The piezoelectric polarization outside the QW

is zero, because the matrix material is unstrained for idealQWs (infinitely extended in the growth

plane and no thickness fluctuations).

The piezo- and pyroelectric polarizations are rather abstract quantities. More tangible are

the piezo- and pyroelectric charges that occur at discontinuities of the polarizations. The surface

chargesρ at the hetero interfaces of the QW can be calculated byρ = ∂Pi
∂z . The electric field and

potential inside the QW is obtained from these charges analogous to the field in a plane-parallel

capacitor.51 The field outside the QW (i.e. in the matrix) cannot be calculated without further

information about how the structure continues in larger distance from the QW.

The local band edges including the electrostatic potentials are also shown Fig.2.3(a,b) (blue

long-dashed lines). Figures2.3(c,d) show the decomposition of the total electrostatic potentials

into the piezo- and pyroelectric parts. In both systems the electrostatic potentials are of the

same order of magnitude as the band offsets at the hetero junctions. Also, in both systems the

electron energy inside the QW decreases along [0001] (i.e.,the electrostatic potential increases).

Therefore, an electron in the QW is expected to be located close to the upper hetero interface and

a hole at the lower one.

In the GaN/AlN QW the potential arising from the pyroelectric part [red dashed line in

Fig. 2.3(c)] is larger than the piezoelectric one (black solid line). In sum the potential drop

inside the QW exceeds 2 eV. In the In0.2Ga0.8N/GaN QW pyroelectric effects are almost neg-

ligible; the potential drop inside the QW of almost 1 eV can beattributed almost solely to its

piezoelectric component.

Regardless of the origin of the built-in fields, in both cases they have a large impact on the

electronic and optical properties of the nanostructures. The aforementioned field-induced band

bending and resulting spatial separation of electrons and holes result in a significant red-shift of

excitonic transition energies and increase of the radiative lifetimes due to the reduced overlap
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Figure 2.4: Schematics of the quantum-confined Stark effect (QCSE). (a) The built-in electro-
static fields cause a band bending inside the QD, which in turnleads to a spatial separation of
the charge carriers and a red shift of the transition energy.(b) A large number of charge carriers
inside the QD can screen the electric fields compensating theeffects of the QCS

of electron and hole wave function [Fig.2.4(a)]. An upper limit for the red-shift∆EX is given

by the potential drop inside the nanostructure, i.e.∆EX < 2.1 eV for the GaN/AlN QW and

∆EX < 0.8 eV for the In0.2Ga0.8N/GaN QW. The whole effects (charge separation and red-shift

of the transition) is known as thequantum confined Stark effect (QCSE).52 It is important to note

that a large number of electron-hole pairs in the QW leads to ascreening of the built-in fields by

the electron and hole charges themselves, which in turn leads to a compensation of the effects

of the QCSE, i.e. to a blue shift of the emission [Fig.2.4(b)]. When interpreting spectroscopic

results on (c-plane) group-III nitride nanostructures it is important to note whether the screened

or unscreened luminescence is observed. The difference between the screened and unscreened

emission energy for, e.g., GaN/AlN QDs exceeds 1 eV for largeQDs.48;53
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3 The k·p Method for Strained

Semiconductor Nanostructures

For the electronic structure calculations presented in this thesis a three-dimensional strain-depen-

dent eight-bandk·p model has been used. The model is implemented on a finite differences grid

within the envelope function scheme.54 It includes piezoelectric and pyroelectric effects as well

as crystal-field splitting and spin-orbit interaction. Few-particle states are calculated using a self-

consistent Hartree (mean field) approach. Thek·p model is based on the one originally developed

by Stieret al.,55 which has been successfully applied to various types of zinc-blende material

quantum dots (QDs).55–57 The model has been extended to QDs in materials with wurtzitecrystal

structure.

K ·p models for wurtzite nitride QDs have been presented before,most prominent by Andreev

and O’Reilly58 and Fonoberov and Balandin.59 The differences between these two models and

the model used in the present work have been discussed in Ref.60 and shall be summarized

briefly here:

(i) The method introduced by Andreev and O’Reilly58 includes all important effects except spin-

orbit splitting, which has been neglected in order to reducethe dimensions of the Hamiltonian

from 8 x 8 to 4 x 4. This simplification can be justified, given that the spin-orbit splitting is small

in GaN (17 meV) and AlN (19 meV) and modifies the absolute valueof the exciton transition

energies roughly by the same amount. InN shows an even smaller spin-orbit splitting of 5 meV.61

However, neglecting spin-orbit splitting leads to an artificial degeneracies in the hole spectra, in

particular of the hole ground states.60

(ii) Fonoberov and Balandin59 use a 6 x 6 Hamiltonian for the valence bands (VBs), and the

effective mass approximation for the conduction band (CB). This method neglects the coupling

between VBs and CB, which is justified for large band-gap materials such as GaN and AlN. InN,

in contrast, has a much smaller band gap of≈ 0.7 meV (cf Chap.4) and therefore requires the

23
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inclusion of VB/CB-coupling.

Meanwhile, also a full-fledged eight-bandk ·p implementation for for wurtzite and zinc-

blende QDs is (freely) available within the nextnano3 project.62 Calculations for group-III-

nitride QDs using the atomistic tight-binding model63 have been presented for InGaN/GaN-

QDs,64 GaN/AlN-QDs,65 and recently for pure InN/GaN-QDs.66;67 An in-depth comparative

discussion is beyond the scope of the work.

In the following sections the method used in the present workis described in detail, starting

with the calculation of the strain field (Sec.3.1) and the built-in electrostatic potential (Sec.3.2),

followed by the description of thek·p Hamiltonian (Sec.3.3), the calculation of exciton energies

(Sec.3.4), recombination probabilities, and radiative lifetimes (Sec.3.5). All equations are given

for wurtzite crystals.

3.1 Strain Field

The correct description of the strain field inside the QDs andin their direct vicinity is crucial to

a proper description of the QD’s electronic properties. Theinhomogeneous strain field modifies

the electronic properties of the QDs in two separate ways: directly by strain-induced band shifts

and indirectly by strain-induced piezoelectric polarizations.

In the present work the strain field has been calculated usingthe continuum mechanical

model,68 by solving the fundamental equations:

∂σi1

∂x
+

∂σi2

∂y
+

∂σi3

∂z
= 0 (i = 1,2,3) . (3.1)

Here,x,y,z are cartesian coordinates, andσij are the components of the stress tensor. In linear

approximation (Hooke’s Law) they are related to those of thestrain tensorεij by
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, (3.2)

where—for wurtzite-type crystals and thez-axis along the [0001]-direction—the tensor of com-
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pliancesĈ is given by69

Ĉ =























C11 C12 C13 0 0 0

C12 C11 C13 0 0 0

C13 C13 C33 0 0 0

0 0 0 C44 0 0

0 0 0 0 C44 0

0 0 0 0 0 C11−C12
2























. (3.3)

3.2 Built-in Electric Fields: Piezo- and Pyroelectric Potentials

In contrast to QDs in most other material systems, such as thewell-known InAs/GaAs system,

polarization effects play a dominant role in wurtzite group-III-nitride QDs for two reasons. First,

in wurtzite semiconductors biaxial strain in the basal plane [(0001)-plane] causes a piezoelectric

field parallel to theC-axis ([0001]-axis). Since most heterostructures are grown on the(0001)-

plane, the corresponding biaxial strain is usually large. Second, due to the high ionicity of the

bonds, the piezoelectric constants of group-III-nitridesare significantly larger than those of most

other semiconductor materials.70

In additon to the piezoelectric fields, spontaneous (pyroelectric) polarization occurs in wurtzite

crystals. For GaN/AlN QDs, the built-in potentials resulting from the spontaneous polariza-

tion are of the same order of magnitude as those resulting from piezoelectric effects.58;59 For

InxGa1-xN/GaN QDs, however, the spontaneous-polarization potential is much weaker than the

piezoelectric one, because the difference between the spontaneous polarization constants of InN

and GaN is much smaller (cf Sec.2.3).

The total polarizationP in wurtzite-type semiconductors is given by

P = PPZ+PSP , (3.4)

wherePPZ is the strain-induced piezoelectric polarization andPSP the spontaneous polarization.
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The piezoelectric polarizationPPZ can be calculated from the strain tensor components by

PPZ = ê
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. (3.5)

Here,ê is the electro-mechanical tensor for wurtzite crystals. With the positivez-axis along the

[0001]-direction, it takes the form:

ê=







0 0 0 0 e15 0

0 0 0 e15 0 0

e31 e31 e33 0 0 0






. (3.6)

The spontaneous polarizationPSP is given by

PSP=







0

0

PSP






. (3.7)

The corresponding electrostatic potentialφ (r) is obtained by first calculating the polarization

charge densityρ (r), using

ρ (r) = −∇ ·P(r) , (3.8)

and subsequently solving Poisson’s Equation:

ε0∇ · [εr (r)∇φ (r)] = ρ (r) . (3.9)

3.3 The K·p-Hamiltonian

The k ·p -Hamiltonian used in the present work is based on the one introduced by Gershoniet

al.71 for zinc-blende crystals and its extension to wurtzite crystals structures on Refs.72–74.

Following Gershoniet al.71 the Hamiltonian is expanded into the basis

(

|S↑〉, |Px ↑〉, |Py ↑〉, |Pz ↑〉, |S↓〉, |Px ↓〉, |Py ↓〉, |Pz ↓〉
)T

, (3.10)
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and takes the block matrix form

Ĥ =

(

G(k) Γ
−Γ G(k)

)

. (3.11)

G(k) andΓ are both 4 x 4 matrices and the overline denotes the complex conjugate.G decom-

poses into a sum of 4 x 4 matrices:

G = G1 +G2 +GSO+GST . (3.12)

The matrixG1 represents the pure 4 x 4-k ·p description of the conduction and valence band

neglecting all remote band contributions. For wurtzite crystals it is given by

G1 =













ẼC +∆CR+ h̄2k2

2m0
iP2kx iP2ky iP1kz

−iP2kx E′
V +∆CR+ h̄2k2

2m0
0 0

−iP2ky 0 E′
V +∆CR+ h̄2k2

2m0
0

−iP1kz 0 0 E′
V + h̄2k2

2m0













. (3.13)

Here,m0 is the free electron mass.EC andE′
V are the conduction and valence band edges, given

by

E′
C = EV +EG +∆CR+

∆SO

3
+Vext , (3.14)

E′
V = EV +Vext . (3.15)

EV is the average VB edge on an absolute scale [the VB edge of the unstrained matrix material

(GaN or AlN) is arbitrarily set to 0 meV throughout this work]. ∆SO and ∆CR are the spin-

orbit and crystal-field splitting energies of the given material. Vext can be any additional scalar

potential. In our case it is the built-in piezoelectric and pyroelectric potential.ẼG is identical

to the fundamental band gapEG for all materials with a positive crystal-field splitting∆CR, i.e.

GaN and InN, andEG + |∆CR| for materials with negative∆CR, i.e. AlN. The parametersP1/2

are proportional to the absolute value of the CB/VB dipole matrix elements atΓ. They are

customarily expressed in terms of the Kane parametersEP1/2:

P1/2 =

√

h̄2

2m0
EP1/2 . (3.16)
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The matrixG2 describes the influences of all bands not considered explicitly by the 4 x 4-

matrix. For wurtzite crystals it is given by

G2 =













A′
2

(

k2
x +k2

y

)

+A′
1k2

z B2kykz B2kxkz B1kxkz
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x +M1k2
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z N′
1kxky N′
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3kx

B2kxkz N′
1kykx M1k2
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3ky M3
(

k2
x +k2

y

)

+L′
2k2

z













.

(3.17)

The parameters inG2 are defined in terms of optical matrix elements in, e.g., Ref.73. The

parameters are related to the more commonly used effective electron masses,m‖
e andm⊥

e , and

Luttinger-like parameters,Ai, by

A′
1 =

h̄2

2

(

1

m‖
e

− 1
m0

)

− P2
1

Eg
,

A′
2 =

h̄2

2

(

1
m⊥

e
− 1

m0

)

− P2
2

Eg
,

L′
1 =

h̄2

2m0
(A2 +A4 +A5−1)+

P2
1

Eg
,

L′
2 =

h̄2

2m0
(A1−1)+

P2
2

Eg
,

M1 =
h̄2

2m0
(A2 +A4−A5−1) ,

M2 =
h̄2

2m0
(A1 +A3−1) ,

M3 =
h̄2

2m0
(A2−1) ,

N′
1 =

h̄2

2m0
2A5 +

P2
1

Eg
,

N′
2 =

h̄2

2m0

√
2A6 +

P1P2

Eg
,

N′
3 = i

√
2A7 . (3.18)

The parametersB1/2 occur due to the lack of inversion symmetry in wurtzite crystals. Since

no reliable values are available for these parameters, theyhave been set to zero throughout this

work.
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The matricesGSO andΓ describe the spin-orbit splitting. They are given by

GSO =
∆SO

3













0 0 0 0

0 0 −i 0

0 i 0 0

0 0 0 0













(3.19)

and

Γ =
∆SO

3













0 0 0 0

0 0 0 1

0 0 0 −i

0 −1 i 0













. (3.20)

GST describes the strain-dependent part of the Hamiltonian:

GST =
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(
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. (3.21)

Here,a1 anda2 are the CB deformation potentials. The parametersl i , ni , andmi are related to

the VB deformation potentialsDi by

l1 = (D2 +D4 +D5) ,

l2 = D1 ,

m1 = (D2 +D4−D5) ,

m2 = (D1 +D3) ,

m3 = D2 ,

n1 = 2D5 ,

n2 =
√

2D6 . (3.22)
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3.4 Excitonic Corrections: Self-consistent Hartree-method

In order to predict the energies and properties of excitons and excitonic complexes correctly

additional few-particle effects have to be taken into account. These are the direct (mean-field)

Coulomb interaction between all charge carriers confined in the QD, exchange effects, and the

quantum-mechanical Coulomb correlation. A method to account for all three effects is the con-

figuration interaction (CI) scheme,75 where the few-particle Hamiltonian is expanded into a basis

of anti-symmetrized products of the bound single-particlestates. This method has been applied

successfully to QDs in other material systems, such as InAs/GaAs.76–78 However, due to the

large computational effort involved in solving the Poissonintegrals in three dimensions and, in

many cases, the lack of a sufficiently large number of bound single-particle states, the CI basis

for three-dimensional QD calculations has to remain incomplete. Whether or not the expansion

into the incomplete basis yields acceptable results depends, of course, on the basis size, but also

crucially on the size and chemical composition of the QDs. Ina simplified picture, in which the

individual wave-functions of the particles in a few-particle complex are separable, e.g. Hartree

(mean-field) ansatz, the wave-function of each particle changes its shape, size, and position in

response to the Coulomb interaction with the other particles. Hence, the wave functions of the

particles in the complex differ from the corresponding single-particle wave functions; this ef-

fect will be denotedwave-function renormalizationin the following. The question with respect

to the CI expansion is whether or not the (incomplete) CI basis is able to reproduce the renor-

malized wave functions. Due to the small effective masses ofInAs, confinement effects are

strong in InAs/GaAs QDs. Thus, renormalization effects aresmall and the resulting few-particle

wave-function is well-approximated by Slater determinants of the bound single-particle wave

functions; a small CI basis yields satisfying results. This has been demonstrated by conver-

gence tests and comparison to quantum monte-carlo simulations.79;80 The effective masses of

GaN and InxGa1-xN, however, are much larger. Therefore, renormalization effects are stronger.

Moreover, the charge carriers are spatially separated by the large built-in electrostatic fields. In

a few-particle complex the separation is reduced by the attractive Coulomb interaction between

electrons and holes; consequently a (small) CI basis formed from the single-particle states cannot

reproduce the few-particle wave functions accurately. InxGa1-xN/GaN QDs additionally do not

contain enough bound electron levels to form an appropriateCI basis.

For the reason detailed above a simpler model will be appliedin this work, the self-consistent

Hartree method.81 Although this approach does not account for exchange and correlation effects,

it has the advantage that it can be performed self-consistently. Thus, at least the direct (mean-

field) Coulomb interaction is accounted for correctly.
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In the Hartree approximation the ansatz for the few-particle wave functionΨ(r1, . . . , rn) is

given as a product of single-particle wave functionsϕi(r i):

Ψ = ∏
i

ϕi . (3.23)

The particles interact solely through the direct Coulomb interaction; thus, the total energy of the

few-particle statei is given by

E =
n

∑
i

d
∫

ϕ∗
i (r)Hϕi(r)d

3r

+
1
2

n,n

∑
i,j
i 6=j

qiqj

4πε0

∫ ∫ |ϕi(r)|2|ϕi(r ′)|2
εr(r ′)|r − r ′|2 d3rd3r ′ . (3.24)

Here,n is the number of participating particles andqi is the charge of thei-th particle, i.e.,−|e|
for electrons and|e| for holes;H is the single-particle Hamiltonian. Equation (3.24) is minimized

self-consistently in order to obtain the few-particle corrections.

3.5 Transition Probabilities and Radiative Lifetimes

An important property of a confined exciton is its recombination probability, i.e., its radiative

lifetime. The radiative lifetimesτrad of the confined excitons can be calculated by82

τrad =
2πε0m0c3

0h̄2

ne2E2
ex feff

. (3.25)

Here,ε0 is the permittivity of free space,m0 the free-electron mass,c0 the vacuum speed of light,

h̄ the reduced Planck constant, andEex the transition energy of the exciton.n is the refractive

index of the matrix material (GaN or AlN in this work), which can be described as a function

of the emission wavelength by a Sellmeier-type law (cf appendix A). The effective oscillator

strengthfeff has been calculated by integrating the (anisotropic) oscillator strengthfe over the

unit sphere:

feff =
1

4π

∫

∂O
fede ; fe =

2h̄2

m0Eex
|〈Ψe|e· p̂|Ψh〉|2 . (3.26)

Here,|Ψj〉 are thek ·p electron and hole wave functions, which consists of a sum over all k ·p
basis states|i〉 (Bloch functions) multiplied with the respective envelope functionsϕi: |Ψj〉 =
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∑8
i=1 ϕi|i〉. When calculating the matrix elements contribution arisingfrom the Bloch parts and

the envelope-function parts of the wave functions have beenaccounted for.e is a unit vector

indicating the polarization of the light.



4 Material Parameters for Group-III

Nitrides

The correct choice of material parameters is crucial for thequality of simulations of nanos-

tructures and/or (opto-)electronic devices. This is true not only for thek ·p simulations, but

also for all other methods that can be used to simulate large-scale heterostructures at reason-

able computational expense, such as the empirical tight-binding method63–65;83 or the empirical

pseudo-potential method.84

All these methods are typically parameterized for bulk structures and are applied to het-

erostructures with finite size (e.g. micro- and nanostructures). Ideally, the parameters are de-

termined entirely from consistent experimental input. Forthe group-III-nitrides, however, many

of the key band parameters have not been conclusively determined until now despite extensive

research effort in this field.85;86 In a comprehensive review Vurgaftman and Meyer summarized

the field of III-V semiconductors in 2001 and recommended up-to-date band parameters for all

common compounds and their alloys including the nitrides.87 But only two years later they re-

alized that most nitride parameters had already been superseded. Therefore, they published a

revised and updated description of the band parameters for nitride-containing semiconductors in

2003.61 While this update includes evidence supporting a revision ofthe band gap of InN from

its former value of 1.9 eV to a significantly lower value around 0.7 eV,88–92 they had to concede

that in many cases experimental information on certain parameters was simply not available.61

This was mostly due to growth-related difficulties in producing high-quality samples for unam-

biguous characterization. In the meantime the quality of, e.g., wurtzite InN samples has greatly

improved85 and even the growth of the zinc-blende phase has advanced.93 Nevertheless, many

of the basic material properties of the group-III nitrides are still undetermined or, at least, con-

troversial. On the theoretical side, certain limitations of density-functional theory (DFT) in the

local-density approximation (LDA) or generalized gradient approximation—currently the most

33
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wide-spreadab-initio electronic-structure method for poly-atomic systems—have hindered an

unambiguous completion of the missing data.

Here, a consistent set ofk ·p parameters for the zinc-blende and wurtzite phases of GaN,

AlN, and InN is derived from first-principle band-structurecalculations (Sec.4.1). To overcome

the deficiencies of DFT the parameters are derived fromG0W0 calculations based on DFT calcu-

lations in the exact-exchange optimized effective potential approach (OEPx). It has been previ-

ously shown that the OEPx+G0W0 approach provides an accurate description of the quasiparticle

band structure for GaN, InN and II-VI compounds.94;95

However, due to the lack ofG0W0 calculations for strained states of these materials it was not

possible to determine the strain-dependentk ·p parameters in the same way. Also other parame-

ters needed for the quantum dot simulations, such as elasticconstants or piezo- and pyroelectric

constants have to be taken from the literature. The completeset of material parameters used for

the simulations is given in appendixA.

4.1 Band Dispersion Parameters Derived fromG0W0 Calcula-

tions

In this section a consistent set ofk·p band parameters [effective masses, Luttinger(-like) andEP

parameters] for AlN, GaN, and InN in the zinc-blende and wurtzite phases will be derived from

first-principle calculations in theG0W0 approximation. TheG0W0 method has been combined

with DFT calculations in the OEPx approach. A detailed description of the method can be

found elsewhere.94;96 Here, only the derivedk ·p parameters will be discussed and compared to

available experimental data (Sec.4.1.1).

Key energy differences at critical points serve as first indicators of the quality of band-

structure calculations. Particularly, the fundamental band gapEG, which can be accessed easily

in experiments, is known with great accuracy for most materials. TheG0W0 band gaps for the

three materials and both phases are reported in Tab.4.1 together the experimental values. The

G0W0 value of 0.69 eV for wurtzite InN supports recent observations of a bandgap at the lower

end of the experimentally reported range. For zinc-blende InN, which has been explored far less

experimentally, the calculated band gap of 0.53 eV also agrees well with the recently measured

(and Burstein-Moss corrected) 0.6 eV.112 For GaN the band gaps of both phases are well estab-

lished experimentally and theG0W0 values of 3.24 eV and 3.07 eV agree to within 0.3 eV. For

AlN experimental results for the band gap of the wurtzite phase scatter appreciable, whereas for

zinc blende only one value has—to the best of the author’s knowledge—been reported so far.
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param. G0W0 Exp. LDA OEPx
wurtzite

wz-AlN Eg 6.47 6.0-6.397–103 4.29 5.73
∆CR -0.295 -0.23098 -0.225 -0.334

wz-GaN Eg 3.24 3.586 1.78 3.15
∆CR 0.034 0.009-0.03886 0.049 0.002

wz-InN Eg 0.69 0.65-0.888–90;104–107 1.00
∆CR 0.066 0.019-0.024107 0.079

zinc blende
zb-AlN EΓ−Γ

g 6.53 4.29 5.77
EΓ−X

g 5.63 5.34108 3.28 5.09
zb-GaN Eg 3.07 3.3109–111 1.64 2.88
zb-InN Eg 0.53 0.6112 0.81

Table 4.1: Band gaps (Eg) and crystal-field splittings (∆CR)113 for the wurtzite and zinc-blende
phases of AlN, GaN, and InN. All values are given in eV.

Contrary to GaN, theG0W0 band gaps for AlN are larger than the reported experimental ones.

It has to be emphasized that the agreement of theG0W0 values is significantly better than for

DFT calculations. For comparison, also the band gaps and crystal-field splitting energies from

LDA and OEPx calculations are given in Tab.4.1. (For a more detailed comparison of different

methods see Ref.96.) It will be shown in the following section that similarly good agreement

with available experimental data is found for thek ·p parameters derived from theG0W0 band

structures.

TheG0W0 band structures of InN, GaN, and AlN in the zinc-blende and wurtzite phases in

the vicinity of theΓ-point have been used to directly parameterize a 4 x 4k ·p Hamiltonian. To

determine thek ·p Hamiltonian for a given band structure with band gapEg and crystal-field

splitting ∆CR the parametersmi
e, Ai, γi, and Ei

P are fitted. This is achieved by least-square-

root fitting of thek ·p band structure to theG0W0 band structure in the vicinity ofΓ. For the

wurtzite phases the directionsΣ, Λ, T, and∆ have been included in the fit, each represented by

22 equidistantk-points fromΓ to M
8 (L

8 , K
8 ) and 22 equidistant points fromΓ to A

4 . For the zinc-

blende phases the directionsΣ, ∆, andΛ have been included, each with 22k-points fromΓ to K
8

(X
8 , L

8 ).

The parameters obtained by fitting to theG0W0 band structures are listed in Tab.4.2. The

resultingk ·p band structures are plotted in Figs.4.1 and4.2 (black solid lines) together with

the respectiveG0W0 data (black circles). The excellent agreement of thek ·p andG0W0 band

structures illustrates that the band structures of the wurtzite and zinc-blende phases of all three
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Figure 4.1: Band structure of wz-AlN (a), wz-GaN (b), and wz-InN (c) in thevicinity of Γ.
The graphs show theG0W0 band structure (black circles), the correspondingk ·p band structure
(black solid lines), and thek·p band structure using the parameters recommended by Vurgaftman
and Meyer61;114 (VM ’03) (red dashed lines).

materials are accurately described by thek ·p -method within the chosenk-ranges. Additionally,

thek ·p band structures based on the parameters recommended by Vurgaftman and Meyer61;114

(VM ’03) are shown (red dashed lines). As alluded to before, their recommendations are based

on available experimental data and selected theoretical values, representing the state-of-the-art

parameters up until the year of compilation (2003). The parameters will also be compared to

more recent experimentally derived parameters (see Tab.4.3).

4.1.1 Comparison to Experimental Values

For the comparison of the theoretical and experimental effective hole masses two points regard-

ing the relation between the valence-band (VB) parametersAi and the effective hole masses in

wurtzite crystals have to be emphasized: (i) Two different sets of equations connecting the effec-

tive hole masses to theAi parameters are used in the literature. Reference73 lists both; one is

labeled “Near the band edge (k→ 0)” and the other “Far away from the band edge (k is large)”.

The latter is widely used to calculate the effective hole masses.124–127 However, the experimen-

tally relevant effective masses are those close toΓ. Thus, throughout this thesis the “Near the

band edge” equations are used (see AppendixC). Quoted values differ from the original publi-

cations in cases where the original work uses the “Far away from the band edge” equations. (ii)
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Figure 4.2: Band structure of zb-AlN (a), zb-GaN (b), and zb-InN (c) in thevicinity of Γ. The
graphs show theG0W0 band structure (black circles), the correspondingk·p band structure (black
solid lines), and thek ·p band structure using the parameters recommended by Vurgaftman and
Meyer61;114 (VM ’03) (red dashed lines).

The Luttinger-like parameters,Ai, are independent of the spin-orbit and crystal-field interaction

parameters∆SO and∆CR; the effective hole masses, in contrast, differ for different ∆SO and∆CR

parameters. Only theA-band (C-band in AlN) hole masses can be calculated from the Luttinger-

like parameters alone. All other hole masses additionally depend on the choice of the spin-orbit

and crystal-field splitting energies.73 Thus, effectiveB- andC-band (A- andB-band in AlN) hole

masses derived from different sets of Luttinger-like parameters are comparable only if the same

∆SO and∆CR values are assumed.

The available experimental values for the wurtzite phases are listed in Tab.4.3. For the ther-

modynamically metastable zinc-blende phases of GaN, AlN, and InN hardly any experimental

reports on their band dispersion parameters are available so far. Therefore, the discussion will be

restricted to the wurtzite phases, for which experimental data on, at least, the effective electron

masses are available. For wz-InN alsoEP has been determined, by fitting a simplifiedk ·p -

Hamiltonian to the experimental data.120;121 For wz-GaN, values forEP
116;117 and the effective

hole masses are available (see Tab.4.3).

Wurtzite GaN. TheG0W0 effective electron masses in wz-GaN (m‖
e = 0.19m0, m⊥

e = 0.21m0)

are in very good agreement with experimental values, which scatter aroundme = 0.20m0.86
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wurtzite phases zinc-blende phases
param. AlN GaN InN param. AlN GaN InN

m‖
e 0.322 0.186 0.065 me(Γ) 0.316 0.193 0.054

m⊥
e 0.329 0.209 0.068 γ1 1.450 2.506 6.817

A1 -3.991 -5.947 -15.803 γ2 0.349 0.636 2.810
A2 -0.311 -0.528 -0.497 γ3 0.597 0.977 3.121

A3 3.671 5.414 15.251 m[001]
hh 1.330 0.810 0.835

A4 -1.147 -2.512 -7.151 m[110]
hh 2.634 1.384 1.368

A5 -1.329 -2.510 -7.060 m[111]
hh 3.912 1.812 1.738

A6 -1.952 -3.202 -10.078 m[001]
lh 0.466 0.265 0.080

A7 (eVÅ) 0.026 0.046 0.175 m[110]
lh 0.397 0.233 0.078

E‖
P (eV) 16.972 17.292 8.742m[111]

lh 0.378 0.224 0.077
E⊥

P (eV) 18.165 16.265 8.809EP (eV) 23.844 16.861 11.373

Table 4.2: Band parameters for the wurtzite (left) and zinc-blende (right) phases of GaN, InN,
and AlN derived from theG0W0 band structures. The effective hole masses for theHH and
LH band of the zinc-blende phases have been calculated from theLuttinger parameters. (see
appendixC)

However, the present calculations predict an anisotropy ofthe electron masses of about 10 %,

which is larger than values found experimentally (< 1 % - 6 %128–130). TheEP values of 17.3 eV

and 16.3 eV support those obtained by Rodina and Meyer116 (≈ 18.3 eV and≈ 17.3 eV), rather

than a larger value ofEP ≈ 19.8 eV reported recently by Shokhovetset al.117

A detailed analysis of the effective hole masses has been presented by Rodinaet al.118 Note,

that only theA-band masses in their work have been extracted directly fromexperimental data.

All other effective hole masses have been calculated from the A-band effective masses and the

spin-orbit and crystal-field splitting energies within thequasi-cubic approximation. The effective

A-band masses derived here (m‖
A = 1.88m0 andm⊥

A = 0.33m0) agree very well with the experi-

mental values derived by Rodinaet al. (m‖
A = 1.76m0 andm⊥

A = 0.35m0). Adopting their values

for the spin-orbit and crystal-field splitting parameters (∆SO = 0.019 eV,∆CR = 0.010 eV), also

good agreement for theB- andC-band masses is found (see Tab.4.3).

Wurtzite AlN. The available experimental data on the band dispersion of wz-AlN are limited

to the effective electron mass, which has been determined tobe in the range of 0.29 to 0.45m0.115

TheG0W0 values ofm‖
e = 0.32m0 andm⊥

e = 0.33m0 fall within this range.
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param. G0W0 exp. VM ’0361

(recommended)

AlN

m‖
e 0.32 0.29-0.45115 0.32

m⊥
e 0.33 0.29-0.45115 0.30

E‖
P (eV) 16.97 - -

E⊥
P (eV) 18.17 - -

m‖
C 3.13 - 3.57

m⊥
C 0.69 - 0.59

GaN

m‖
e 0.19 0.2086 0.20

m⊥
e 0.21 0.2086 0.20

E‖
P (eV) 17.29 17.8-18.7116, 19.8117 -

E⊥
P (eV) 16.27 16.9-17.8116, 19.8117 -

m‖
A 1.88 1.76118 1.89

m⊥
A 0.33 0.35118 0.26

m‖
B 0.37119 0.42118 -

m⊥
B 0.49119 0.51118 -

m‖
C 0.26119 0.30118 -

m⊥
C 0.65119 0.68118 -

InN

m‖
e 0.065 0.07120, 0.05121, 0.04122, 0.085123 0.07

m⊥
e 0.068 0.07120, 0.05121, 0.05122, 0.085123 0.07

E‖
P (eV) 8.74 10120, 9.7121 -

E⊥
P (eV) 8.81 10120, 9.7121 -

m‖
A 1.81 - 1.56

m⊥
A 0.13 - 0.17

Table 4.3: Band parameters of wurtzite group-III nitrides: Comparison to parameters from the
literature. Listed are experimental values and the parameters recommended by Vurgaftman and
Meyer61 (VM ’03).
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Wurtzite InN. Experimentally derived effective electron masses of wz-InN scatter over a wide

range (see Tab.4.3). The most reliable seem to be the ones reported by Wuet al.120 and Fu

et al.,121 since they explicitly account for the high carrier concentration of their samples and

the non-parabolicity of the conduction band in their analysis. Their effective electron masses of

0.05m0
121 and 0.07m0

120 in conjunction with values forEP of 9.7 eV and 10 eV, respectively,

are in good agreement with those derived from theG0W0 calculations (m‖
e = 0.065m0, m⊥

e =

0.068m0 andE‖
P = 8.7 eV,E⊥

P = 8.8 eV), which also predict an anisotropy of the electron masses

of about 5 %. A similar anisotropy has been reported by Hofmann et al.122 (see Tab.4.3).

The parameters derived from theG0W0 calculations match all available experimental data to

good accuracy and, therefore, provide reliable predictions for all parameters which have not been

determined experimentally so far.

4.1.2 Comparison to the Parameters Recommended by Vurgaftman and

Meyer

For none of the group-III nitrides a complete set of band parameters has so far been derived

from experimental values alone. Therefore, Vurgaftman andMeyer61 (VM ’03) have compiled

parameter sets comprising experimental and the most reliable theoretical values in the year 2003.

For wz-GaN, VM’03 recommend the experimental value of the effective electron masses of

m‖
e = m⊥

e = 0.20m0 and Luttinger-like parameters derived from calculation using the empirical-

pseudopotential method (EPM) by Renet al.126, which yield effective hole masses in good

agreement with experimental and theG0W0 data (see Tab.4.3). The parameter set yields a band

structure that agrees well with theG0W0 band structure for the conduction band and the two top

VBs (see Fig.4.1). It deviates, however, for theC VB (the third valence band counted from the

valence band maximum), where the curvatures in the EPM band structure are too large.

Of all the compounds and phases discussed here wz-GaN is the best characterized experi-

mentally. The good agreement between our quasiparticle band structures and those based on the

parameter set recommended by VM’03 proves the quality of ourG0W0 band structures.

For wz-AlN the effective electron masses recommended by VM’03 are the averages over

several theoretical values; the recommended VB parametersare theoretical values by Kimet

al.131 derived from LDA calculations. These parameters yield a band structure which is in good

overall agreement with theG0W0 band structure (see Fig.4.1a). The anisotropy of the effective

electron masses, however, has the opposite sign, similar toother LDA calculations.96

For wz-InN, VM’03 recommend the experimental effective electron masses by Wuet al.120
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(m‖
e = m⊥

e = 0.07m0) and the EPM values from Pughet al.127 for the VB. The pseudo potentials

used by Pughet al.were designed to reproduce their LDA calculations, which had been “scissor

corrected” to the incorrect band gap of 2.0 eV. These parameters are therefore to no avail from

today’s perspective.

The compilation by Vurgaftman and Meyer is a thorough revision of band parameters for the

group-III nitrides available in the year 2003. However, parts of the parameters have by now been

superseded, for instance by thek ·p parameters derived in the present work. However, Vurgaft-

man and Meyer also provide recommendations for a number of parameters not addressed in this

chapter. For the quantum dot electronic structure simulations in the following chapters, there-

fore, the parameters by Vurgaftman and Meyer will be complemented with thek ·p parameters

derived here.

4.2 Summary

In this chapter a consistent set ofk ·p band parameters for the wurtzite and zinc-blende phases

of GaN, AlN, and InN has been derived from first-principle band-structure calculations within

the G0W0 approximation. It has been demonstrated that the band parameters are in very good

agreement with available experimental data, proving the reliability of the method. Thus, it was

possible to derive reliable values for parameters which have not yet been determined experimen-

tally, such as, e.g., the band parameters of the zinc-blendephases of GaN, AlN, and InN and the

Ep and VB parameters of wurtzite phases. These parameters are essential for understanding the

physics of these materials and accurate modelling of nitride-based devices and nanostructures.

The parameters derived here (complemented with additionalmaterial parameter from the

literature as described in appendixA) present the basis for the quantum-dot electronic structure

calculations presented in Chaps.6 and7.
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5 Valence-band Structure of Strained

Group-III Nitrides

To understand the electronic properties of nitride-based QDs it is important to have a detailed

understanding of the valence-band (VB) structure of the involved materials. In this work QDs

with wurtzite crystal structure are considered. Therefore, the VB structure of the wurtzite phases

of the group-III nitrides under different forms of strain shall be analyzed here in detail. GaN

will serve as an example where quantitative results are presented, but the considerations can be

fully transfered to wurtzite InN or InGaN. AlN is an exception, because the crystal-field splitting

(see below) is negative in this material. First, the VB structure under symmetric biaxial strain

in the basal plane, typical for quantum dots (QDs) or quantumwells (QWs) grown on thec-

plane, will be discussed in Sec.5.1. Thereafter, an additional strain anisotropy in the basal plane

will be considered in Sec.5.2. The later analysis is of particular importance for the electronic

structure of QDs with low symmetry of the confinement potential in the basal plane due to,

e.g., an elongated shape, an inhomogeneous composition profile, or externally induced strain

anisotropy. The results of this analysis will be used in Secs. 6.5and7.4to interpret the results of

the QD electronic structure calculations.

5.1 Group-III Nitrides under Biaxial Strain

Similar to the “heavy hole, light hole, and split-off” bandsin zinc-blende III-V semiconductors,

wurtzite III-V or II-VI semiconductors also have three different VBs energetically close to the

fundamental band gap. These bands are labeledA, B, andC in wurtzite crystals, whereA denotes

the highest VB. The energy separation between the bands is, inunstrained crystals, determined

by the spin-orbit and crystal-field splitting energies∆SO and∆CR. The energies (with an arbitrary

43
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Figure 5.1: Calculated bulkk ·p VB structure of (a) zb-InAs, (b) wz-InN, and (c) wz-GaN;
unstrained (black solid lines) and under compressive biaxial strain (-3 %) in the basal plane with
elastic relaxation along [0001] ([001] in the case of InAs) direction (red dashed lines). The
splitting between theA andB VB at Γ is ≈ 3 meV in strained and unstrained InN and 11 meV
(5 meV) in strained (unstrained) GaN. (In hexagonal crystals thek points A and M correspond
to k =

√
2π/(

√
3a0) · (0110) andk = π/c0 · (0001), respectively.)

offset) of theA, B, andC VBs atΓ are given by73

EA(k = 0) = ∆CR+
∆SO

3
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. (5.1)

Note that∆CR is negative in wz-AlN. Therefore, the band labeled "C" in Eqs.5.1is the uppermost

VB and, consequently, would have to be labeled "A" in this material. However, to preserve

consistency with the other materials, I will stick to the labeling scheme of Eqs.5.1 throughout

this work. The splittings between the different VBs are affected by (non-hydrostatic) strain. The

shifts of the band edges for specific strain situations can begenerally derived from equations

given in Chap.3 or in Ref.73. Here, only a qualitative discussion of strain effects relevant in the

considered systems will be given.

In quantum dots or wells with larger lattice constants than the surrounding matrix, such as

GaN/AlN, InxGa1-xN/GaN, or InAs/GaAs the dominant strain components are compressive hy-

drostatic strain and compressive biaxial strain in the growth plane. The compressive hydrostatic

strain simply widens the band gap. The biaxial strain modifies the VB structure: In zinc-blende
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InAs QDs it leads to a splitting of the two top VBs—the heavy hole (HH) and the light hole (LH)

band—resulting in a clear separation of all three VBs (HH, LH, and split-off band) [Fig.5.1(a)].

In wurtzite InN and wurtzite GaN, by contrast, the already existing splitting between the two

top VBs—theA and theB band—does not significantly increase if similar strain is applied

[Fig. 5.1(b,c)]. Note, that this is true only forcompressivebiaxial strain in the basal plane.

Moreover, theA and theB bands show a similar dispersion along thez-axis, which is the di-

rection of the strongest confinement in[0001]-grown heterostructures. Therefore, in contrast to

InAs/GaAs QDs, the energetically highest confined hole states in the QDs considered in this

work are formed by two different bands, theA and theB band. This strain field is realistic for

QWs or QDs grown on thec-plane.

5.2 Anisotropic Strain in the Basal Plane

In order to gain further insight in the character of the hole states it is useful to expand the three

VB states atΓ, |A〉, |B〉, |C〉, into another set of basis states:|Px〉, |Py〉, and|Pz〉. This basis set is

widely used fork ·p calculations (also in the present work), because the optical matrix elements

of the states|Pi〉 with the conduction-band state atΓ, |S〉, are simply

〈S|p̂i|Pj〉 = δij Pi , (5.2)

wherePi are material constants. This is favourable for the implementation of ak ·p method in

rectangular coordinates, but can also be helpful for the analysis of the band edges and, later on,

confined hole states in QDs. The|A〉, |B〉, and|C〉 states expressed in this basis are given by:118

|A ↑〉 =
1√
2
|(Px + iPy) ↑〉 ,

|A ↓〉 =
1√
2
|(Px − iPy) ↓〉 ,

|B ↑〉 =
ia√
2
|(Px + iPy) ↓〉− ib|Pz ↑〉 ,

|B ↓〉 =
a√
2
|(Px − iPy) ↑〉+b|Pz ↓〉 ,

|C ↑〉 =
ib√
2
|(Px + iPy) ↓〉+ ia|Pz ↑〉 ,

|C ↓〉 =
b√
2
|(Px − iPy) ↑〉−a|Pz ↓〉 , (5.3)
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wherea andb are defined by

a =
1√

x2 +1

b =
x√

x2 +1

x =
−(3∆CR−∆SO)+

√

(3∆CR−∆SO)2 +8∆2
SO

2
√

2∆SO
. (5.4)

The nanostructures considered in the present work, GaN/AlNand InxGa1-xN/GaN QDs (and

QWs in the present example), are compressively biaxially strained in the basal plane, because

they are grown along the [0001]-axis on substrate material with a larger lattice constanta0. In

this case Eqs.5.3simplify in the following way:73;118

|A ↑〉 =
1√
2
|(Px + iPy) ↑〉 ,

|A ↓〉 =
1√
2
|(Px − iPy) ↓〉 ,

|B̃ ↑〉 =
i√
2
|(Px + iPy) ↓〉 ,

|B̃ ↓〉 =
1√
2
|(Px − iPy) ↑〉 ,

|C̃ ↑〉 = i|Pz ↑〉 ,

|C̃ ↓〉 = −|Pz ↓〉 . (5.5)

The characters of these states determine the polarization of light emitted or absorbed by ex-

citons that are formed including these hole states (the involved electron state is always of|S〉
character). The optical matrix element〈S|p̂|Px〉 is polarized inx-direction (the[1120]-direction),

while the matrix elements〈S|p̂|Py〉 and〈S|p̂|Pz〉 are polarized iny- ([1100]) andz- ([0001]) di-

rection, respectively.

In QDs that are asymmetric in the basal plane the strain-fieldwill also be asymmetric in

the basal plane. The effects of such a strain field on the band structure is shown in Fig.5.2:

Figure5.2(upper panel) shows, once again, the VB structure of wurtzite GaN, but this time along

thex andy directions. The dispersions along both directions are similar. This does not change

under symmetric biaxial strain in the basal plane [Fig.5.2(center panel)], but the bands split and

their characters change in the ways described in the previous section. If now, in addition, the

biaxial strain is unsymmetrical in the basal plane [Fig.5.2 (lower panel)], the splitting between
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Figure 5.2: Valence band structure of bulk GaN in the vicinity ofΓ. Upper panel: unstrained.
Center: under symmetric biaxial strain in the basal plane, typicalfor c-plane QDs.Lower: With
an additional strain anisotropy in the basal plane, e.g., inasymmetric QDs. The splitting between
the two top bands increases and their characters change fromA- andB-like to Px- andPy-like.

theA and theB band increases and their dispersions are unsymmetrical. Even more important,

the band-edge states change their character again: the uppermost band (theA-band) turns toPx

character, the direction of least compressive strain, and the next band (theB band) toPy character.

This strain field, therefore, leads to a linear polarizationof light emitted (or absorbed) byA and

B excitons in orthogonal directions. This effect can potentially be exploited for applications

where polarized light emission is desired. Examples are single-photon emitter for quantum key

distribution or back lights for liquid-crystal displays.

5.3 Summary

In this chapter the VB structure of wurtzite group-III nitrides under different forms of strain has

been analyzed. It has been shown, that the energy separationbetweenA- andB VB does not

increase under biaxial strain in the basal plane, in contrast to other QD materials like In(Ga)As.

It will be shown in the following chapters (6 and7) that this results in confinedA- and B-band

hole states in nitride QDs grown on thec-plane. An additional anisotropy of the strain in the basal
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plane leads to a linear polarization of the interband transitions between conduction and valence

band.A- andB-band transitions are polarized in orthogonal directions.This analysis will be used

in Secs.6.5and7.4to interpret linear polarization phenomena in the spectra of single QDs.



6 InGaN/GaN Quantum Dots

The InxGa1-xN/GaN system has evolved into one of the most important material systems for

solid-state light emitters. Applications include green and blue light emitting diodes,1;2 laser

diodes,3;4 and white light emitters.5–7 As already alluded to in Chap.1, InxGa1-xN/GaN quantum

dots (QDs) and QD-like localization centers have always played an important role in this research

field. The electronic structure of InxGa1-xN/GaN QDs, however, is yet poorly understood. In

this chapter the electronic and optical properties of InxGa1-xN/GaN QDs will be investigated

theoretically. The calculations will be used to interpret anumber of experimental results, which

will also be detailed in the following sections.

In Sec.6.1 the model structures used in the calculation will be described and motivated

based on experimental observations. Thereafter, a number of important general features of the

electronic structure of InGaN QDs will be discussed in Sec.6.2. In the subsequent sections cal-

culations will be presented that were performed with the aimto understand certain experimental

findings: In Sec.6.3the dependence of the excitonic transitions energies on structural properties

of the QDs will be compared to experimental luminescence data of the InxGa1-xN/GaN QDs.

The radiative lifetimes of excitons confined in the QDs will be investigated in Sec.6.4. The the-

oretical results will be compared to an analysis of the multi-exponential decay of the ensemble

photoluminescence (PL) signal of the InxGa1-xN/GaN QDs. Another experimentally observed

phenomenon will be addressed in Sec.6.5: The linear polarization of single-QD emission lines

observed in single-QD cathodoluminescence (CL) will be traced back to recombinations of ex-

citonic complexes either viaA or B valence band (VB) states.

6.1 Model Quantum Dots

Despite the fact that many of the results presented in the following sections are of general charac-

ter and are therefore, at least qualitatively, applicable to all InxGa1-xN QDs, the model structures

49
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(a) (b)

Figure 6.1: (a) Schematic drawing of the structure of the InxGa1-xN/GaN-QD sample inves-
tigated in the experiments.(b) X-TEM/DALI-image of the active layer. The theoretical model
QDs have been design to resemble the localization centers inthe active layer of this sample.

used in the present work are designed to reproduced a specificseries of samples that has been

grown at Technische Universität Berlin. These samples were grown on Si(111) substrate by

low-pressure metal-organic chemical vapor deposition (MOCVD) using a horizontal AIX200

RF reactor. An AlAs layer was grown and subsequently converted to AlN as a nucleation sur-

face.132 In the following step an Al0.05Ga0.95N/GaN buffer layer was grown at T=1150◦C up to

a total thickness of 1µm. The InxGa1-xN layer was grown at 800◦C with a nominal thickness of

2 nm using trimethylgallium, trimethylindium, and ammoniaas precursors. The QDs are formed

by alloy fluctuations in the InxGa1-xN-layer.24 The growth was finished with a 20 nm GaN cap

layer grown during the heat-up phase to 1100◦C. The sample structure is schematically shown in

Fig. 6.1(a). Figure6.1(b) shows the results of the investigation by cross-sectional transition elec-

tron microscopy (X-TEM) in conjunction with the digital-analysis-of-lattice-images (DALI)133

technique, where the inter-atomic distances observed in X-TEM are mapped to an indium con-

centration profile. Unfortunately, a quantitative determination of indium concentrations or the

exact shape of the QDs from these images is not possible. Still, the composition fluctuations are

clearly visible. The model structures used in this work are derived not only from these structure

images and related growth information,24;134;135 but also from more general knowledge about

composition fluctuations in thin InxGa1-xN-layers (see, e.g., Ref.44). A broad distribution of

QD sizes, shapes, and indium concentrations can be generally expected. Due to the QDs’ growth

mode, based on phase separation mechanisms in thin layers, their shapes differ significantly

from the shape of, e.g., InAs/GaAs QDs. Moreover, no wettinglayer is present, but the QDs are
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Figure 6.2: The CL spectrum of the entire InxGa1-xN/Gan QD ensemble (back line) has its
maximum slightly above 3 eV and a FWHM of≈ 80 meV. Sharp emission lines of discrete QD
states were observed in spatially resolved measurements (red line) from 2.8 to 3.2 eV indicating
QD origin of the entire emission.

embedded in a quantum well (QW).

The sample luminescence has been investigated by CL24;29 and PL25 spectroscopy. In both

cases measurements on the ensemble and on single QDs have been performed. An example CL

spectrum is shown in Fig.6.2. The emission peak of the entire InxGa1-xN-layer has its maximum

slightly above 3 eV and a full width at half maximum (FWHM) of about 80 meV. Sharp emission

lines of discrete QD states were observed in spatially resolved measurements from 2.8 to 3.2 eV

indicating QD origin of the entire emission (red line in Fig.6.2).24;25;29

Due to their particular growth mode, the shape of the InxGa1-xN/GaN QDs differs signif-

icantly from the shape of QDs grown in Stranski-Krastanow orVolmer-Weber growth mode,

e.g., GaN/AlN QDs (cf Chap.7). In this work an ellipsoid has been chosen as the shape of the

model InxGa1-xN/GaN QDs, which agrees with the experimental findings and does not lower the

confinement symmetry more than justified by the structure images. The model QDs are shown

schematically in Fig.6.3. The ellipsoids have a heighth and lateral diameterd and are embedded

in a 2 nm thick InxGa1-xN QW with indium concentrationxw. The indium concentration inside
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Figure 6.3: Schematic drawing of the model
InxGa1-xN QDs used for the calculations. El-
lipsoids with a height ofh and lateral diameter
of dx = dy. The indium concentration inside the
QDs is modeled with a linear gradient from the
maximum indium fractionxc at the center of the
QDs toxw at their border. The QDs are embed-
ded in an InxwGa1−xwN layer with a height of
2 nm. The layer itself is embedded in a matrix
of pure GaN.

the QDs increases linearly from the indium fraction of the surrounding QW (xw) to the maximum

indium concentrationxc at the QD center. Starting with a QD with a height ofh= 2 nm, a lateral

diameter ofd = 5.2 nm, and indium concentration ofxc = 0.5, the influences of three different

structural parameters have been investigated: The QD height (with h varying between 1.2 and

2.8 nm), the lateral diameter (withd varying between 2.8 and 7.6 nm), and the indium concen-

tration inside the QD (xc between 0.3 and 0.6). All three series have been calculated with the

QDs embedded in an In0.1Ga0.9N QW, in an In0.05Ga0.95N QW, and directly in the GaN matrix,

without a QW. In the last case QDs with slightly higher In concentration (xc = 0.7) or slightly

larger diameter (d = 8.8 nm), respectively, have been included in order to cover theexperimen-

tally observed energy range. Note that due to the concentration gradient inside the QDs, the

average indium concentration inside the QDsxavg is much lower than the maximum indium con-

centration ofxc = 0.3-0.6 (0.7) at the QD center. A maximum indium concentration ofxc = 0.3

corresponds to an average concentration ofxavg≈ 0.08-0.15 depending on the indium concentra-

tion in the QW (xw = 0.0-0.1). An xc of 0.6 (0.7) corresponds toxavg≈ 0.15-0.23 (0.18-0.25).

The magnitude of the deviation∆x = xavg− xw ≈ 0.08-0.15 is in good agreement with typical

values for alloy fluctuations in InxGa1-xN QWs.44
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Figure 6.4: Line-scan of the built-in electric potential along the [0001] direction through the
center of an InxGa1-xN/GaN QD. The black solid line shows the overall potential. The red
dashed line and the blue dotted line show the contributions of the piezoelectric polarization and
the pyroelectric polarization. The dotted ellipse indicates the position of the QD.

6.2 Electronic Structure of InGaN Quantum Dots

In this section the general features of the electronic structure of InxGa1-xN/GaN QDs will be

discussed. One specific model QD will be used as an example forthis discussion. The QD has a

shape as described in Sec.6.1, a height ofh= 2 nm, a diameter ofdx/y = 6.4 nm, a center indium

concentration ofxc = 50 %, and is embedded in an InGaN QW withxw = 10 %. The chosen

structural properties do not restrain the generality of theresults.

6.2.1 Built-in Electric Fields

Figure6.4shows a line-scan of the built-in electric potential along the [0001] direction through

the center of the QD. A large potential drop of≈ 650 meV inside the QD is observed along the

[0001]-direction. The potential is attractive for electrons at the upper side of the QD (i.e. positive

z values in Fig.6.4) and attractive for holes at the lower side (i.e. negativez values in Fig.6.4).

The decomposition of the total electrostatic potential into a piezoelectric and a pyroelectric

part (also shown in Fig.6.4) shows that the large built-in electric potential is mainlycaused by
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Figure 6.5: ±230 mV isosurfaces of the over-
all built-in electric potential. The surface of the
InxGa1-xN/GaN QD is shown in the middle in
light gray. The positive isosurface is located
atop the QD, making this area attractive for elec-
trons. The negative one is found beneath it; this
area is attractive for holes.

piezoelectric effects; the contribution of the pyroelectricity is small for InxGa1-xN/GaN QDs.

For this specific QD the piezoelectric potential is about eight times larger than the pyroelectric

potential.

Figure6.5 shows the±230 mV iso-surfaces of the potential, illustrating its spatial distribu-

tion in all three dimensions: The symmetry of the built-in electric potential in the basal plane

reproduces the symmetry of the structure. As a result of the electromechanical properties of

wurtzite materials, the polarization effects do not lead toany additional symmetry lowering

in the basal plane. This is an important difference to QDs in zinc-blende materials (assuming

growth along [001]), where the piezoelectricity lowers theconfinement symmetry in the growth

plane, typically fromC4v (neglecting atomistic interface and strain effects here),imposed by a

(truncated-)pyramidal structure, toC2v.

The modifications to the confinement potential by piezoelectric and pyroelectric effects are

of the same order of magnitude as the band offsets between thedifferent materials. The built-in

electric potentials in the QDs considered here cannot be regarded as (small) distortions to the

confinement potential, but have to be seen as a constituting part of it.

6.2.2 Local Band-edge Profile

Figure 6.6 shows a line-scan of the local band edge profile along thez-axis through the QD

center, neglecting [6.6(a)] and including [6.6(b)] the piezoelectric and pyroelectric potentials.
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Figure 6.6: Line-scan of the local band-edge profile along the [0001] direction through the
center of the InxGa1-xN/GaN QD. (a) without electric potentials. (b) including electric potentials.
The dashed ellipses indicate the position of the QD.

Neglecting the built-in electric potentials

Due to the symmetry of the model structure the field-free local band edges are symmetric with

respect to the center of the QD and the resulting confinement potential minima are in the QD

center for both charge-carrier types [Fig.6.6(a)].

The VBs show pronounced shifts, caused by the strain in the QD and its vicinity. Biax-

ial strain in the basal plane—always present in lattice mismatched heterostructures grown on

[0001]—, does not split the|A〉 and |B〉 VBs. Both are energetically shifted in the same way:

upwards by the negative biaxial strain inside the QD and downwards by the positive biaxial strain

in the QD vicinity. For the|C〉 VB the biaxial strain has the opposite effect: the band energy is

reduced by the negative biaxial strain inside the QD, and increased in the area surrounding the

QD. Thus, the hole ground states and the first few excited holestates are expected to be mainly

of |A〉- and|B〉-character.
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Figure 6.7: Bound single-particle states in an InxGa1-xN/GaN QD: electron ground state (e0),
hole ground state (h0), and the first two excited electron and hole states (e1/e2 andh1/h2). The
picture shows the 65% isosurfaces of the probability density distribution |Ψ|2 in top and side
view. Each state is twofold spin-degenerate. The energies of the single-particle states are listed
in Tab.6.1.

Including the built-in electric potentials

The built-in electric fields cause dramatic modifications ofthe local band edges [Fig.6.6(b)].

The symmetry along the [0001]-direction is broken, as the conduction band (CB) and the VBs

are lifted up beneath the QD’s center and lowered above it. The confinement potential is more

attractive for electrons (holes) in the upper (lower) part of the QD. The band-edge profile implies

a spatial separation of electron and hole states together with a redshift of the corresponding

exciton transition energies compared to the field-free QD. This effect is known as thequantum

confined Stark effect (QCSE)(cf Sec.2.3).

Additionally, the electric fields change the projections ofthe hole wave functions on the

different VBs. In the area beneath the QD, the|C〉 band is more attractive for the holes than the

|A〉 and |B〉 band. The absolute energetic maximum of the|C〉 band (1.1 nm below the QD’s

center) is as high as the maximum of the|A〉 band (0.7 nm below the QD’s center). This suggests

an increase of the|C〉-band part of the bound hole states, caused by the electric fields.

6.2.3 Bound Single-particle States

Figure6.7shows the probability density distribution|Ψ(r)|2 of the ground state and the first two

excited states for electrons and holes. The corresponding single-particle energies are given in
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Table 6.1: Single particle energy levels in an InxGa1-xN/GaN QD and projections of the corre-
sponding states on bulk bands. The energies are given with respect to the VB edge of unstrained
GaN. The corresponding quantities for a calculation omitting the built-in electric fields are also
listed.

E (meV) |〈S|Ψ〉|2 |〈A|Ψ〉|2 |〈B|Ψ〉|2 |〈C|Ψ〉|2
incl. electric fields
e0 3208 0.95 0.01 0.01 0.03
e1 3379 0.94 0.02 0.02 0.02
e2 3379 0.94 0.02 0.02 0.02
h0 292 0.0 0.82 0.13 0.05
h1 286 0.0 0.16 0.79 0.05
h2 254 0.0 0.70 0.23 0.07
without electric fields
e0 3261 0.95 0.01 0.01 0.03
e1 3343 0.94 0.02 0.02 0.02
e2 3343 0.94 0.02 0.02 0.02
h0 138 0.0 0.84 0.14 0.02
h1 132 0.0 0.18 0.81 0.01
h2 102 0.0 0.72 0.26 0.02

Tab. 6.1. The table also lists the projections of the single-particle states on the different bulk

bands and the corresponding quantities for a calculation omitting the built-in potential.

Impact of the built-in electric fields

The electronic states are governed by the QCSE. First, the electron and hole orbitals are verti-

cally (along[0001]) separated according to the positions of the electronic-band minima resulting

from the built-in electric potentials (Fig.6.7). For this specific QD, the separation of the cen-

ters of mass of the electron and hole ground-state orbital is1.3 nm. Second, compared to the

field-free case, the energies of the electron and hole groundstates are strongly modified in the

field-dependent calculation: the electron ground-state energy is lowered by about 50 meV and

the hole ground-state energy is increased by about 150 meV. Omitting excitonic effects, the re-

sulting ground-state transition energy is red-shifted by about 200 meV.

Symmetry properties and band-mixing effects

The projections of the single-particle states on the bulk bands (Tab.6.1) show that the electron
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states all have a clear (95 %) CB (|S〉) character. The shape of the electron ground-state envelope

function reproduces the symmetry of the confinement potential, i.e., it is comparable to thes

state in an atom. The envelope functions of the excited electron levels have the shape of ap-like

state. Thus, they preserve orthogonality to the ground level.

The situation is different for the hole states. The probability density distributions of the hole

ground and first excited state are almost identical; both resemble the symmetry of the confine-

ment potential. The orthogonality of the two states is preserved by the orthogonality of the

different VBs. Accordingly, the projection of the hole ground state on the bulk bands yields

about 80 %|A〉-band character, whereas the first excited hole state is of|B〉-type also with about

80 %. The energy separation between both states is mainly determined by the spin-orbit and

crystal-field splitting. The splitting of the ground and first excited state (7 meV) is of the same

order of magnitude as the splitting of the|A〉 and the|B〉 band in bulk InxGa1-xN [3.2-5.2 meV

at Γ61;73].

The splitting between the first and second excited state is larger (32 meV). The probability

density distribution of the second excited state differs significantly from those of the two lower

states. The orthogonality to the lower states is attained bythe shape of the envelope function, i.e.,

the probability density distribution shows a knot in its center. The state has an|A〉-band character

(70 %), but less pronounced than the ground state.

Comparison to the field-free QD shows that the built-in fields increase the intermixing with

the |C〉 band as expected from the band-edge profiles (cf Sec.6.2.2). Its contribution to the hole

ground state rises slightly from 2% in the field free case to 5%when the fields are included (see

table6.1).

Despite the large intermixing of all three VBs, a clear|A〉-type hole ground state and clear

|B〉-type first excited state was found for all QDs investigated in this work. Higher excited hole

states are formed by different portions of all three VBs.

Number of Bound States

Bound excited electron levels have only been found for parts of the QDs. Many QDs contain only

one localized electron level. The maximum number of bound electron levels for the investigated

QDs is three: thes ground state and two degenerate excitedp states. The splitting between

the electron ground level and the two excited levels is largecompared to the holes states with

(≈ 100 meV - 250 meV).
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The number of confined hole states, in contrast, is much larger. For all considered QDs,

several bound hole levels have been found. As discussed above, the splitting between the ground

and first excited state is caused by the spin-orbit and crystal-field splitting. It is always 6−7 meV

and shows almost no dependence on the QD morphology. The splitting between the first and

second excited state depends on the QD structure (≈ 10 meV−40 meV). The total number of

bound hole levels could not be determined within the presentcalculations. The large number

of confined hole-states exceeds the capabilities of the numerical method. Test calculations for a

number of QDs have revealed that they contain at least twelvebound hole levels. The local band-

edge profile shown in Fig.6.6does not show a stronger confinement for holes than for electrons.

The significantly larger number of bound hole states is caused by, first, the larger effective hole

masses, and second, the presence of bound|A〉- and |B〉-type (and alsoC-type, in the case of

higher excited states) hole states, which significantly increases the density of the hole spectrum.

6.3 Exciton Transition Energies

When a QD sample is excited either optically (e.g., in PL experiments) or electrically (e.g., in

electroluminescence or CL), free charge carriers (electrons and holes) are generated in the sam-

ple. The electrons and holes can be trapped inside the QDs, where they form confined excitons or

excitonic complexes. When these confined excitons (more complex excitonic complexes shall be

neglected throughout this section) recombine, they emit light with a specific photon energy (the

exciton transition energy) that depends on the exact shape and composition of the QDs. Since

not all QDs within the ensemble are identical, the luminescence spectrum of the entire ensemble

is the superposition of a large number of different single-QD spectra (inhomogeneous broad-

ening). This ensemble luminescence spectrum is obviously one of the most important optical

characteristics of the QD sample.

The PL spectrum of the InxGa1-xN/GaN QD sample is shown in Fig.6.8(a). Experimental

details of the PL measurements will be given in Sec.6.4. As alluded to in Sec.6.1, sharp emis-

sion lines from QDs could be observed over the whole spectralrange of the ensemble-PL peak

from 2.8 eV up to 3.2 eV. This broad distribution of excitonictransition energies is the result

of structural variations of the QDs. In order to clarify how certain structural parameters affect

the transition energies, calculations were performed for alarge number of QDs with varying

structural parameters. These model structures have been described in detail in Sec.6.1. The ob-

tained excitonic transitions energies are shown in Fig.6.8(b-d). The investigated structural QD

properties, height, diameter, and chemical composition, have all a drastic effect on the excitonic
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Figure 6.8: (a) PL Spectrum of the InxGa1-xN/GaN QD ensemble. (b-d) Calculated exciton
transition energies for varying QD structures.
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transition energies.

These calculations show that slight variations of the QD morphology have a strong impact

on the transition energy. Therefore, the presumably large inhomogeneity of QD ensembles re-

sults in broad ensemble peaks as measured in luminescence experiments.24–26;136 The obtained

transition energies agree with the experimentally observed energy range. However, to determine

which structural parameter is the reason for the broad distribution of transition energies, further

experimental input is needed.

6.4 Radiative Lifetimes of Confined Excitons

Time-resolved PL (TRPL) measurements are an excellent tool to investigate the effects of the

built-in piezo- and pyroelectric fields, which strongly affect the carrier dynamics in the QDs.

Both, the charge carrier separation by the QCSE (and the corresponding increase of the radiative

lifetimes) and its dynamical screening are visible in TRPL. In this section a detailed analysis of

photon-energy dependent TRPL measurements of the ensemble luminescence of InxGa1-xN/GaN

QDs will be presented. The decay of the ensemble luminescence is strongly multi-exponential

for all detection energies. Excitation-density dependentmeasurements yield no indication for

dynamical screening effects (Sec.6.4.1). Using an inverse Laplace transformation of the tran-

sients, a photon-energy-dependent decay-time distribution function is derived that agrees well

with recently published single-QD TRPL measurements25 (Sec.6.4.2).

The dependence of the radiative lifetimes on the structuralproperties of the QDs has been

calculated and it will be shown that a broad distribution of radiative lifetimes and, in turn, a

multi-exponential decay of the ensemble luminescence can be generally expected in this material

system (Sec.6.4.3): The broad distribution of excitonic lifetimes is caused by the built-in electric

fields inside the QDs. An ensemble of field-free QDs yields a very narrow lifetime distribution;

the individual lifetimes are almost independent from variations of the QD size and structure. If

the piezo- and pyroelectric fields are included in the calculations, even slight variations of the

QDs’ structure lead to pronounced changes of the radiative excitonic lifetimes. Variations of the

material composition in the direct vicinity of the QDs also induce drastic changes of the radiative

lifetimes .

6.4.1 Experimental Results

For the TRPL measurements the QD luminescence was excited at 353 nm by the second harmonic

of a mode-locked Ti:sapphire laser. The temporal width of the laser pulses was 2 ps at a repetition
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Figure 6.9: Time-resolved PL of an
InxGa1-xN/GaN QD subensemble at
different detection energies. The
PL decays have been fitted (white
lines) using the Kohlrausch func-
tion (Eq. 6.1). The inset shows the
time-integrated PL of the sample.
Black arrows indicate the detection
energies for the three TRPL decays
shown. The shape of the PL peak
is attributed to Fabry-Pérot oscilla-
tions.

rate of 80 MHz. The measurements were performed in a helium-flow microscope cryostat at

a temperature of 4 K. The luminescence was collected througha microscope objective. The

detection system consisted of two 0.35 m McPherson monochromators in subtractive mode and

an ultrafast photo detector (micro-channel plate) providing a spectral resolution of about 0.6 meV

and a temporal resolution better than 30 ps. Further experimental details and the results of single

dot TRPL are given elsewhere.25

Figure6.9 shows the temporal evolution of the PL of the InxGa1-xN/GaN-QD ensemble at

different detection energies. The PL decay is non-exponential for all transition energies, which

is typical for such InGaN layers.137–140 Two different mechanisms, responsible for the non-

exponential decay, have been proposed in the literature: (a) Temporally varying lifetimes due

to dynamical screening effects141;142 and (b) a broad lifetime distribution within the QD en-

semble.25 The first mechanism proposes the screening of the QCSE by photo-generated charge

carriers. At low excitation densities electrons and holes are spatially separated by the piezo- and

pyroelectric fields inside the QDs. Their wave-function overlap is reduced, and thus, the exci-

tonic lifetimes are long. At high excitation densities enough carriers are generated to significantly

screen the electric fields and, hence, the excitonic lifetimes decrease. Thus, in TRPL measure-

ments the luminescence decays quickly at first and then slowsdown as the excitons recombine.

Consequently, the shape of the transients would have to depend on the excitation power. The
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Figure 6.10: Excitation-density de-
pendence of the TRPL signal at fixed
detection energy (3.02 eV). The de-
cay can be approximated with the
Kohlrausch function (gray lines) for
all excitation densities using the
same β and τ∗ (β = 0.84, τ∗ =
0.81).

PL decay of the investigated sample, however, does not show an excitation density dependence

(Fig. 6.10). Also, the mono-exponential decays observed in single-QDTRPL experiments per-

formed on the same sample25 contradict the screening hypothesis. A similar behaviour—multi-

exponential decay of the macro PL and mono-exponential decay in single-QD measurements—

has also been reported by Robinsonet al.138. Riceet al.27 have even convincingly demonstrated

that they observe the decay of single excitons and biexcitons in their experiments on single

InxGa1-xN QDs. It will be shown in the following sections that the multi-exponential decay of

the ensemble PL can be fully understood in terms of a broad lifetime distribution within the QD

ensemble and without any dynamical screening effects.

6.4.2 Distribution of Excitonic Lifetimes

All QDs with the same excitonic transition energyE can be considered a subensemble within

the entire QD ensemble. The distribution of decay timesτ within each subensemble shall be

described by the distribution functionfE(τ). This distribution function can be approximated

from TRPL measurements of the subensembles: To eliminate thenoise of the experimental data,

the multi-exponential subensemble PL decays are approximated by the Kohlrausch (or stretched-

exponential) function143 (solid white lines in Fig.6.9):

IE(t) = IE,0exp[−(t/τ∗E)βE] . (6.1)

Here,τ∗E andβE are the time and stretching parameters for the given energyE. τ∗E is identical
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Figure 6.11: (a) Lifetime distribution functionsfE(τ), obtained by inverse Laplace transforma-
tion of the multi-exponential PL decay of different InxGa1-xN/GaN-QD subensembles (different
detection energiesE). The integral of eachfE(τ) is normalized to 1. (b)f (E,τ) as gray-scale
plot together with the decay times of single InxGa1-xN/GaN QDs reported in Ref.25. The single-
dot lifetimes agree well with the obtained distribution function.

to the decay time of the systemτE only if βE = 1. It has no direct physical meaning forβE 6= 1.

The decay of the PL signal at eleven different equidistant detection energies between 2.82 eV and

3.18 eV has been analyzed. The shapes of the transients depend on the detection energy, resulting

in varying fit parameters for different QD subensembles (0.35 ns≤ τ∗E ≤ 0.85 ns; 0.55≤ βE ≤
0.84).

The PL decay of each QD subensemble can also be expressed as anintegral over the (expo-

nential) single-QD PL decays of all QDs that form the subensemble. Thus, using the Kohlrausch

function to describe the decay, Eq.6.1can be expanded to

IE(t) ∝ exp[−(t/τ∗E)βE] ∝
∫ ∞

0
fE(τ)exp(−t/τ)dτ . (6.2)

Mathematically, the subensemble decayIE(t) is, hence, the Laplace transform of the lifetime

distribution functionfE(τ) within the subensemble, which can, in turn, be obtained by aninverse

Laplace transformation ofIE(t).144;145

The results of the inverse Laplace transformation are shownin Fig.6.11. A broad distribution

of lifetimes is found for all transition energies, in good agreement with the single-QD TRPL

results from Ref.25 [black symbols in Fig.6.11(b)], which also show an appreciable scatter

for identical transition energies. All single-QD time constants fall in the range covered by the
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lifetime distribution function.

For GaN/AlN QDs a drastic increase (several orders of magnitude) of the excitonic lifetimes

for lower transition energies is observed (cf Chap.7), which is caused by the increasing QCSE

for increasing QD height. Such an effect can not be observed in the lifetime distribution function

in Fig. 6.11: The maximum of the distribution function is constant at≈ 1.2 ns up to transition

energies of≈ 3.05 eV; for higher transition energies it shifts slightly to shorter lifetimes, accom-

panied by a broadening of the distribution. The broadening of the distribution at higher transition

energies can be explained with the delocalization of chargecarriers that are only weakly bound

to shallower localization centers.

6.4.3 Quantum Dot Structure and Radiative Lifetimes

The broad lifetime distribution of the InxGa1-xN/GaN-QD ensemble can be understood in terms

of varying electron-hole wave-function overlap in different QDs. It will be shown here that the

variation of the overlap is caused by differences in the built-in piezo- and pyroelectric fields

inside each localization center.

The radiative excitonic lifetimes for all InxGa1-xN/GaN QDs described in Sec.6.1have been

calculated (Fig.6.12). Neglecting the built-in piezo- and pyroelectric fields [Fig. 6.12(a)] all QDs

show similar excitonic lifetimes around 0.8-1.0 ns. The radiative lifetimes are insensitive to the

exact QD shape and composition. The slight trend to shorter lifetimes at larger transition energies

is caused by the small energy dependence of the transition probability (combining Eqs.3.25and

3.26yieldsτrad∼ 1/Eex for a given optical matrix element) and the wavelength dependence of

the refractive indexn. This lifetime distribution would lead to a mono-exponential decay of the

ensemble PL for all transition energies. Indeed, such a behaviour has been observed by Sénèset

al.146 for InxGa1-xN/GaN QDs grown by molecular beam epitaxy, were field effectsare reported

to be negligible.146

For the MOCVD-grown QDs investigated in this work a strong deviation from the mono-

exponential decay has been observed for all transition energies. This deviation can be explained

if the built-in electrostatic fields are included in the calculations [Fig.6.12(b-d)]. The radiative

excitonic lifetimes now scatter across a wide range between1.0 and 5.5 ns. Pronounced de-

pendencies on the different structural parameters height,lateral size, and chemical composition

can be observed. Interestingly, the radiative lifetimes significantly decrease, when the indium

concentration of the surrounding QW is decreased from 10 % to5 %, or even to 0 %. Then,

the matrix exerts an increasing compressive strain along the z-axis ([0001]-axis) inside the QDs

which reduces the built-in field from≈ 2.5−4.3 MV/cm if embedded in a 10 % QW down to
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Figure 6.12: Radiative excitonic lifetimes as a function of the transition energy calculated
with eight-bandk ·p theory: (a) All model InxGa1-xN/GaN QDs considered in this thesis (cf
Sec.6.1), neglecting the built-in piezo- and pyroelectric fields. (b-d) As a function of the QD
height, diameter, and composition, including piezo- and pyroelectric effects.
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Figure 6.13: Calculated radiative decay times of all InxGa1-xN/GaN QDs (including built-in
electric fields) as a function of the charge-carrier separation inside the QDs.

≈ 1.7−3.1 MV/cm (≈ 1.0−2.6 MV/cm) in a 5 % (0 %) QW. The separation of the centers of

mass of the electron and hole wave functions decreases from≈ 0.9−1.6 nm to≈ 0.7−1.2 nm

(≈ 0.4− 0.8 nm). Thus, not only the exact geometry and chemical composition of the QDs

themselves, but also the properties of the direct surrounding area of the QDs are decisive for the

radiative lifetimes.

The radiative lifetimes are closely related to the electron-hole wave-function overlap, i.e.,

the spatial separation of both charge-carrier types insidethe QDs. Among all considered QD

structures the separation (along [0001]) of the centers of masses of the electron and hole wave

functions within the exciton complexes varies between 0.7 and 1.6 nm. (It is zero for all QDs

in the field-free case.) Figure6.13reveals a general trend to longer radiative lifetimes for larger

wave-function separations, but also an appreciable scatter of the radiative lifetimes for identical

wave-function separations is observed. This scatter is caused not only by theτrad∼ 1/Eex de-

pendence of the radiative lifetimes on the transition energy, but also by the fact that the effect of

the charge carrier separation varies in strength dependingon the exact shapes and extensions of

the electron and hole wave functions.

A large variety of different time constants is found even foridentical transition energies.

For instance, among all considered model QDs, six differentQDs emit at≈ 3.1 eV (Fig.6.12).

Although all six QDs have nearly the same transition energy,their radiative lifetimes scatter ap-
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Figure 6.14: Comparison of the lifetime distribution function determined from the experimental
PL decays (gray-scale, cf Fig.6.11) and calculated excitonic lifetimes: White circles and gray
lines show the theoretical values from Fig.6.12(d): InxGa1-xN/GaN QDs with different indium
concentrations embedded in a 10, 5, or 0 % InGaN QW.

preciably between 1.3 ns and 4.2 ns. Therefore, no unambiguous relation between the transition

energy and the radiative lifetimes of the QDs exists. Luminescence at a certain detection en-

ergy originates from a subensemble of QDs, all of which have the same transition energy, but

significantly different excitonic lifetimes.

It is clearly not possible to isolate one single structural parameter that is responsible for the

broad distribution of transition energies within the QD ensemble. However, an eligible con-

cept should at least reproduce the key features of the lifetime distribution function shown in

Fig. 6.11. Theoretically, shifts of the transition energy can be achieved by changing the QD

height [Fig.6.12(b)], lateral diameter [Fig.6.12(c)], indium concentration in the QD [Fig.6.12(d)],

and, of course, various combinations of these factors. Varying either height or diameter of the

QDs yields increasing time constants for lower transition energies [Fig.6.12(b,c)], which is not

supported by the experimental findings (cf Fig.6.11). Varying the indium concentration inside

the QDs, in contrast, does not lead to a significant increase of the time constants on the low-

energy side of the spectrum [cf Fig.6.12(d)]. The calculated lifetimes of the QDs with varying

indium concentration are plotted in Fig.6.14(white circles and solid lines) together with the life-

times distribution function obtained from the experimental subensemble PL decays (gray-scale

plot). The theoretical lifetimes of this ensemble also reproduce the broadening of the lifetime

distribution on the high energy side, which is caused by the delocalization (leaking of the wave
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function into the matrix and/or into the QW) of the confined electron states in QDs with shallow

confinement potential (those embedded in QWs with high indiumconcentration). The concept

of varying indium concentration in QDs embedded in different surrounding QWs describes the

experimental results well qualitatively, but quantitatively the calculated lifetimes are generally

larger than the measured ones. On the one hand the uncertainties of the material parameters of

InxGa1-xN provide a reasonable explanation for this systematic deviation. On the other hand,

Narvaezet al.147 have shown for InGaAs/GaAs QDs that the lifetimes of chargedexcitons (pos-

itive or negative trion) are shorter than that of the excitonby a factor of≈ 0.5. Another possible

explanation is, hence, that the PL originates from the decayof charged excitons rather than neu-

tral ones. But also a misconception of the QD structure or an oversimplification in the calculation

of the radiative lifetimes are possible. Thus, the reason for the deviation has to remain unclear

for the time being.

Still, it can be concluded from the qualitative agreement that a broad distribution of exci-

tonic lifetimes and, consequently, a multi-exponential decay of the ensemble PL is generally

expected in this material system in the case of unscreened fields. A mono-exponential decay of

the ensemble luminescence, on the other hand, indicates vanishing field effects.

6.5 Polarized Emission Lines:A- and B-type transitions

In the present section another experimental peculiarity ofInxGa1-xN/GaN QDs will be investi-

gated: In single-QD cathodoluminescence up to five spectrally narrow lines from one and the

same QD can be found. The lines show a pronounced linear polarization in orthogonal direc-

tions (Sec.6.5.1), which could be exploited for the implementation of quantum key distribution

protocols148 using QD-based single-photon sources. It will be shown thatthe polarization of the

lines is owed to the VB structure of wurtzite group-III nitrides and the specific strain distribution

in QDs grown on (0001). The calculations reveal that an electron in the ground state (e0) has a

substantial probability to recombine with a hole in either the ground state, which is formed by the

A VB (h0 ≡ hA), or the first excited state, which is formed by theB VB (h1 ≡ hB). The different

characters of theA andB VBs lead to orthogonal polarization directions of both transitions if

a slight structural anisotropy of the QD is present (Sec.6.5.2). The observed polarizations can

thus be explained by recombinations of confined excitonic complexes involving holes in theA

or B hole states. Examples for such complexes are theA exciton (XA, with the hole occupying

hA), B excitons (XB, with the hole occupyinghB), or higher excitonic complexes involvinghA

or hB. Biexcitons with a mixed configuration (XXAB), i.e., with one hole occupyinghA and one
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Figure 6.15: Temporal evolution of a typical
InxGa1-xN/GaN QD spectrum. The intensity is
coded in gray scale. The series consists of 160
spectra, each being integrated for 300 ms. Two
groups of lines that show the same jitter are
marked by the full and empty dots. The white
rectangles highlight characteristic kinks in the
jitter traces.

occupyinghB, have already been observed in bulk GaN.149

6.5.1 Experimental Results

The sample was investigated using a JEOL JSM 840 scanning electron microscope equipped with

a CL setup.150 It was mounted onto a He-flow cryostat providing temperatures as low as 6 K.

The luminescence light was dispersed by a 0.3 m monochromator with a 2400 lines/mm grating

and detected with a liquid-nitrogen cooled Si-charge-coupled-device camera, giving a spectral

resolution of 310µeV at 3 eV. In order to increase the spatial resolution Pt shadow masks have

been applied onto the sample surface with aperture diameters of 200 nm.151 The light emission

perpendicular to the sample surface (k ‖ c-axis) is detected. For the determination of each line’s

polarization direction a polarization filter in the detection path was rotated and the corresponding

spectra were recorded. The angle of maximum light emission was determined by fitting a cos2

formula to the intensities of the single lines as a function of the angle of the polarizer. The angles

were mapped to crystal directions based on the substrate orientation as given by the supplier of

the silicon substrates.

When measured through one of the apertures the peak from the InxGa1-xN layer decomposes
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into sharp lines. The lines show a FWHM of less than 1 meV, the narrowest of 0.48 meV. These

lines can be found over a wide energy range from 2.8 to 3.2 eV. Since the line density is very

high the high energy side of the ensemble peak has been investigated where the single lines are

well resolved. The individual lines are not stable, but varyover a timescale of some 100 ms in

their energetic positions and intensities.

This jitter is caused by variations of the local electric field at the position of each QD. Hence,

all lines originating from the same QD show the same jitter pattern.24;31;151;152 An example is

shown in Fig.6.15. Groups of lines originating from one and the same QD have been suc-

cessfully identified in other material systems (InAs/GaAs,152 CdSe/ZnSe,151 GaN/AlN31) using

these characteristic jitter patterns. Groups of up to five lines displaying the same jitter are found,

indicating the existence of a number of different excitoniccomplexes in the same QD (Fig.6.16).

The typical energetic spread of the five lines was found to be. 20 meV. All lines show a pro-

nounced linear polarization in orthogonal directions. Thepolarization directions scatter around

the [1120] and [1100] direction. Both directions were found in each investigated line group.

(Fig. 6.17) Such behavior has not been observed before and deserves closer investigation. In

III-V arsenides, phosphides and II-VI materials polarizedemission lines from QDs have been

assigned to the fine structure of the exciton20;153–156 or charged biexciton emission.157;158 The

source for both effects is the anisotropic exchange interaction between confined electrons and

holes, which leads to a systematic pattern of the polarized lines (polarized doublets, similar or-

der or similar energetic distance of co-polarized lines fordifferent QDs). No such scheme can be

deduced from the recorded spectra here (Fig.6.16). Hence, a different mechanism responsible

for the polarization of the lines is suggested.

6.5.2 A- and B-band Hole States

It has been demonstrated in Sec.6.2thatA- andB-type hole states can be found in InxGa1-xN/GaN

QDs. The confined hole ground state (hA) is predominantly ofA-type, while the first excited hole

state (hB) is predominantly ofB-type. Both have ans-type envelope function and are energet-

ically separated by≈ 7 meV. It will be shown in the following that the transitions between the

electron ground state (e0) and both of these hole states have substantial oscillator strengths and

that even a small structural anisotropy of the QDs leads to pronounced polarization of these

transitions in orthogonal directions. The structural anisotropy leads to an anisotropic strain field

inside the QD. Following the line of Sec.5.2, this strain anisotropy changes the character of the

uppermost VBs. This effect can be observed in the character ofthe confined hole states and

shall be calculated here. For the calculations, an ellipsoidal model QD as described in Sec.6.1
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Figure 6.16: Polarized spectra of three different InxGa1-xN/GaN QDs. Arrows indicate lines
displaying the same jitter, hence originating from the sameQD. Gray lines originate from other
QDs. The inset shows the evolution of the peak intensities asa function of the polarization angle.
Closer analysis yields deviations from the [1120] and [1100] crystal directions of 13◦±16◦ for
QD (a),−4◦±4◦ for QD (b), and−13◦±2◦ for QD (c).
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Figure 6.17: Polarization directions of six different line groups. Theyscatter around [1120] and
[1100]. Both directions can be found in each line group. For line group No. 6, the alignment of
the polarization directions to the crystal axes is unknown.Groups 1-3 correspond to the spectra
(a)-(c) in Fig.6.16.

has been used with the following structural parameters: Theindium concentration isxc = 50 %

at the QD’s center andxe = 5 % at its edges. The QD has a height ofdz = 2.0 nm (parallel to

the c-axis), a lateral diameter ofdx = dy = 5.2 nm (in the basal plane), and is embedded in an

InxGa1-xN QW with a height of 2.0 nm and In concentration ofxw = xe = 5 %.

The oscillator strengths between the single-particle electron and hole states for QDs with

different degrees of elongation in the basal plane are shownin Fig. 6.18. The in-plane aspect

ratio of the QD,dx:dy, has been altered between 1:1 and 1.25:1, while the total amount of indium

has been kept constant. Three bound electron levels and a much larger number of bound hole

levels (>6) are found. The spectra in Fig.6.18 include all single-particle (electron-hole-pair)

transitions involving one of the three bound electron levels and one of the first six bound hole

levels. Non-vanishing oscillator strengths were found forthe transition between the electron

ground state and the hole ground state (e0,hA), the transition between the electron ground state

and the first excited hole state (e0,hB), and transitions involving higher excited hole states and

excited electron states. However, the latter have much higher transition energies and weaker

oscillator strengths (Fig.6.18). The (e0,hA) and (e0,hB) transitions are energetically separated

by only 7− 10 meV. Both transition lines are unpolarized for round QDs (dx:dy = 1:1). For
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Figure 6.18: Oscillator strengths between electron and hole states in InxGa1-xN/GaN QDs with
different degrees of elongation. The solid (dashed) lines show the oscillator strength parallel
(perpendicular) to the QD elongation. Thex axis shows the energy difference between the in-
volved electron and hole states.
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Figure 6.19: Degree of linear polarization of thee0-hA (black line and circles) ande0-hB (red
line and squares) transitions as a function of the in-plane elongation of InxGa1-xN/GaN QDs.

asymmetric QDs theA-band transition is linearly polarized parallel to the QDs’long axis and the

B-band transition perpendicular to it. Even for a very slightasymmetry of 1.08:1, the degree of

polarization of both lines is already≈ 3:1. An elongation of 1.25:1 results in an almost complete

linear polarization (Fig.6.19).

The single-particle electron and hole orbitals are depicted in Fig.6.20for a circular QD (left)

and a slightly elongated QD (dx:dy = 1:1.17) (right). The electron ground-state (e0) envelope

functions haves-like symmetry; the ones of the first two excited electron states (e1/2) arep-like.

The first two hole states,hA andhB, in contrast, both haves-like envelope functions. Both states

have sizable oscillator strengths with the electron groundstate, but behave differently if the QD

is elongated:hA aligns parallel to the QD’s long axis,hB perpendicular to it. An analysis of the

projections of both hole states on thek ·p basis statesPx andPy (cf Sec.5.2) yields that thePx

(Py) projection ofhA (hB) increases with increasing QD elongation, while thePx (Py) projection

decreases (see Tab.6.2). Consequently, the optical transition betweenhA (hB) ande0 is linearly

polarized parallel (perpendicular) to the QD’s long axis (here, thex axis).

6.5.3 A- and B-type Transitions of Excitonic Complexes

The two electron-hole-pair configurations (e0,hA) and (e0,hB) are part of many different confined

few-particle complexes, such as excitons (X), biexcitons (XX), or charged excitonic complexes

[e.g., positive (X+) and negative (X−) trions]. Thus, the emission spectra of these complexes

show the same polarization behavior—linear, in orthogonaldirections—as found for the single

particle transitions (Fig.6.21). Considering the irregular shapes of the fluctuation-induced QDs,
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Figure 6.20: Single-particle states in a round (left) and an elongated (right) InxGa1-xN/GaN QD.
The electron ground state has a finite oscillator strength with the hole ground stateandwith the
first excited hole state.

an arbitrary elongation in the basal plane is very likely. Itcan, therefore be concluded that

A- andB-type transitions of different few-particle states are thereason for the observed linear

polarization of the emission lines. The cause for the regular orientation of the QDs along the

[1120] and/or [1100] directions, however, remains unclear.

As an example of a possible few-particle spectrum, Fig.6.21shows the calculated oscillator

strengths for the confinedX, XX, and negative trion,X-, including both, theA- andB-like states.

All transition lines are linearly polarized. The polarization direction of each transition depends

on whether anA or B hole state is involved in the recombination process. The resulting spectrum

is qualitatively similar to the measured spectra. Note thatthe exact transition energy of each line

heavily depends on a number of parameters which are yet unknown with sufficient precision,

most important the crystal-field and spin-orbit splitting energies of InxGa1-xN, the strength of the

Table 6.2: Projections of the hole stateshA andhB on the bulkA andB VBs and on thek ·p
basis statesPx andPy.

h0 ≡ hA h1 ≡ hB

dy/dx A B Px Py A B Px Py

1 0.81 0.13 0.47 0.47 0.16 0.78 0.47 0.47
1.08 0.76 0.18 0.26 0.68 0.21 0.73 0.67 0.26
1.17 0.69 0.25 0.16 0.78 0.28 0.66 0.77 0.17
1.25 0.66 0.29 0.12 0.83 0.32 0.62 0.81 0.13
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Figure 6.21: Calculated few-particle transitions for an InxGa1-xN/GaN QD with an in-plane
elongation ofdx:dy = 1.08:1; X (black lines),XX (red lines), andX- (green lines) lines. The
solid (dashed) lines show the oscillator strength parallel(perpendicular) to the QD elongation.

built-in electric fields, and the exact shape and size of the QDs. Also, the occupation probabilities

of the different states are unknown. Therefore, the emission lines in Fig.6.16can not be assigned

to specific excitonic complexes yet.

6.6 Summary

In this chapter the electronic and optical properties of InxGa1-xN/GaN QDs have been investi-

gated within the framework of eight-bandk·p theory. A large impact of the built-in piezoelectric

and pyroelectric fields on the electronic states has been observed. The fields cause a spatial sepa-

ration of electron and hole wave functions and a redshift of the transition energies of hundreds of

meV. The QDs show a rich-featured spectrum of hole states, resulting from the VB structure of

wurtzite group-III nitrides and the specific strain situation in QDs. The confined hole states are

formed predominantly by the two highest VBs. The hole ground state is formed by theA band,

and the first excited hole state by theB band.

Experimental observations on InxGa1-xN/GaN QDs has been investigated and explained the-

oretically. The modelling results revealed a pronounced dependence of the excitonic transition

energies and radiative lifetimes on the structural properties of the InxGa1-xN/GaN QDs, i.e., their

chemical composition, height, and lateral extension, which has been used to explains the exper-

imentally observed broad ensemble PL peak of the QD ensemble. The multi-exponential decay

of the ensemble PL could be consistently explained with witha large scatter of the radiative ex-

citonic lifetimes even for identical transition energies.It has been shown that the scatter of the
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radiative lifetimes is induced by variations of the built-in electrostatic fields. Single-QD emis-

sion spectra from InxGa1-xN/GaN QDs with up to five lines per QD have been discussed. The

emission lines are linearly polarized in orthogonal directions. The large number of emission lines

has been explained with the existence of higher excitonic complexes; their polarization with a

slight anisotropy of the QDs in the basal plane and recombinations involving hole states which

are either formed by theA or B VB.

It will be shown in the following chapter (7) that a number of insights gain in the present

chapter are not restricted to InxGa1-xN/GaN QDs, but apply also to GaN/AlN QDs, because they

are general features ofc-plane group-III nitride QDs. These are, in particular, themodification

of the electronic structure by the built-in electrostatic fields, the occurrence ofA- andB-type hole

states, and the polarization effect resulting from strain anisotropy in the basal plane.



7 GaN/AlN Quantum Dots

Despite tremendous advances in single quantum-dot (QD) spectroscopy on GaN/AlN QDs,21;31;32;34;159;160

many of their basic properties are still not or only poorly understood. In this chapter the spec-

troscopic properties ofc-plane GaN/AlN QDs are studied theoretically within the framework

of eight-bandk ·p theory. Structural properties of the QDs (Sec.7.1) are quantitatively cor-

related to spectroscopic properties, such as excitonic ground-state transition energies, radiative

excitonic lifetimes (Sec.7.2), and few-particle (biexciton and charged excitons) binding energies

(Sec.7.3). The allowed recombination channels between the confined electron and hole states

are analyzed. It is shown that an anisotropy of the QD confinement potential in the basal plane

(e.g. elongation of the QDs or strain anisotropy) leads to a pronounced linear polarization of the

interband transitions (Sec.7.4). It will be shown that an asymmetric strain field in the basalplane

inside the QDs leads to a linear polarization of the confinedA- andB-type excitonic states in or-

thogonal directions. The in-plane strain anisotropy can originate from different sources, such

as QD elongation, inhomogeneous composition profiles, etc.As examples a slight elongation

of the QDs (Sec.7.4.1) and, as an ex-situ approach, the application of external uniaxial stress

(Sec.7.4.2) are considered in detail.

7.1 Model Structure

Experimental reports on the structural properties ofc-plane GaN QDs21;30;33;35;161–170 agree on

the shape of the QDs, which is a truncated hexagonal pyramid.The reported heights (h) of

the QDs scatter between 1.3 nm and 5 nm. The aspect ratio (h:d, whered denotes the lateral

diameter) in most reports is in the range of 1:5 to 1:10. The model structure derived from these

reports is depicted in Fig.7.2. The model QDs have an aspect ratio of eitherh:d = 1:10 or

1:5 (Fig.7.1). The height of the QDs has been varied between 1.5 nm and 3.5 nm in steps of

0.5 nm. The thickness of the wetting layer is assumed to bew = 0.25 nm. This set of model
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Figure 7.1: Experimentally observed heights and diameters ofc-plane GaN/AlN
QDs.21;30;33;35;161–169 Red lines and circlesand blue lines and squaresindicate the structural
parameters of the model QDs used in this work.

QDs covers the major part of reported QD structures. It will be shown in the following section

that the chosen model structures yield excitonic emission energies and radiative lifetimes in good

agreement with experimentally observed values.

7.2 Exciton Transition Energies and Radiative Lifetimes

The huge built-in piezo- and pyroelectric fields inside GaN/AlN QDs strongly affect the emission

energies and radiative lifetimes of localized excitons in the QDs via the quantum-confined Stark

effect.47;48;163;171 In the center of the QD these fields are as large as 9.5 MV/cm for QDs with an

aspect ratio of 1:10 and 8.0 MV/cm for QDs with an aspect ratio of 1:5. Depending on the size

of the QDs the radiative lifetimes range from a few nanoseconds for small QDs up to as long

as 100µs for large QDs (Fig.7.3). Only for small QDs the emission energy is larger than the

fundamental band gap of GaN, larger QDs emit at energies wellbelow the band gap of GaN.

The calculated radiative excitonic lifetimes for the modelQDs with aspect ratio 1:10 (red

lines and squares) and 1:5 (blue lines and circles) are plotted in Fig.7.3 as a function of the

transition energy. The experimental values by Bretagnonet al.48 (black crosses) and Kakoet
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Figure 7.2: Model structure ofc-plane GaN/AlN QDs: Truncated hexagonal pyramid with
heighth between 1.5 nm and 3.5 nm. The lateral diameterd is determined by the dot’s aspect
ratioh:d = 1:10 (1:5). The wetting layer isw = 0.25 nm thick.

al.21 (black plus) are also shown in the same figure. The exciton transition energy depends

crucially on the QD height. An increase of the QD height by 0.5 nm leads to a red shift of the

transition energy by 400-500 meV. Increasing the aspect ratio from 1:5 to 1:10 decreases the

transition energy by 200-400 meV depending on the QD height.Keeping in mind that the base

area increases by a factor of four upon this change of the aspect ratio, it can be concluded that

the transition energy is predominantly determined by the QDheight and the lateral extensions

can be regarded as a secondary factor.

Both series yield comparable relations between excitonic transition energy and radiative life-

time with lifetimes of 8.6 ns (4.9 ns) for high transition energies of≈ 3.63 eV (≈ 3.84 eV) and

values as high as 210µs (55µs) for the lowest transition energy of≈ 1.77 eV (≈ 2.18 eV). The

calculated lifetimes agree very well with the experimentally observed decay times for both se-

ries. The QDs withh:d = 1:5 show slightly longer radiative lifetimes at comparabletransition

energies, but the general relation between excitonic transition energy and radiative lifetime is

similar for both aspect ratios.

Radiative lifetimes in the range of 100µs would limit cut-off frequencies of devices to a

maximum of a few kHz. Thus, with the fields present, only smallc-plane QDs, i.e. those with

high transition energies, are good candidates for fast single-photon emitters.

7.3 Binding Energies of Few-particle Complexes

As a result of the strong built-in electric fields inside the QDs, the biexciton (XX) is anti-binding

in mostc-plane GaN/AlN QDs.21;30;33 Only for QDs with very high transition energies (≈ 4 eV)

binding biexcitons have been observed by Simeonovet al.33 Due to the spatial separation of
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Figure 7.3: Radiative lifetimes of confined excitons inc-plane GaN/AlN QDs:Red lines and
squares:Calculated, QDs with an aspect ratio ofh:d = 1:10.Blue lines and circles:Calculated,
QDs with an aspect ratio ofh:d = 1:5. Black crosses:Experimental values from Bretagnonet
al.48. Black plus:Experimental value from Kakoet al.21.

electrons and holes, the repulsive Coulomb terms between twoelectrons or between two holes

always outweigh attractive terms between electrons and holes. This is also true for positive and

negative trions (X+ andX−), which are also anti-binding. The calculated binding energies of

X+, X−, andXX for all considered model QDs are shown in Fig.7.4. Positive values correspond

to anti-binding complexes, i.e. to a spectroscopic blue shift with respect to the exciton. The

spectroscopic blue-shift of theX+ is always larger than that of theX−, because the hole orbitals

are smaller in extent (due to their larger effective masses)than the electron orbitals. Therefore,

the repulsive Coulomb terms between two holes are larger thanthose between two electrons. In

QDs with small aspect ratio and high transition energy the binding energy of theX− is only a

few meV. Keeping in mind that the theory used here neglects exchange and correlation effects,

which are both expected to lead to more binding biexcitons, it is thus possible that theX− is

in fact binding (red-shifted with respect to theX) in these QDs. TheXX is always the most

anti-binding complex. Its binding energy, however, is not necessarily identical to the sum of

the binding energies ofX+ andX−, due to the different wave-function renormalizations in the

different complexes.
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Figure 7.4: Calculated binding energies of the few-particle complexes biexciton (XX), positive
trion (X+), and negative trion (X−) with respect to the exciton (X) in GaN/AlN QDs. Positive
values correspond to anti-binding complexes.left: QDs with an aspect ratio ofh:d = 1:10. right:
QDs with an aspect ratio ofh:d = 1:5. The black crosses (pluses) denote to the experimental
value of the biexciton binding energies determined by Kakoet al.21;30 (Simeonovet al.33).

The binding energies of the few-particle complexes are verysensitive to the aspect ratio

of the QDs. All binding energies are significantly larger in QDs with an aspect ratio of 1:5

[Fig. 7.4(a)] than in QDs with an aspect ratio of 1:10 [Fig.7.4(b)]. The XX binding energy

in QDs with h:d=1:5, for instance, is more than twice as large than in QDs with h:d=1:10 for

all transition energies. This makes theXX binding energy, or equivalently theX+/X− binding

energy, an excellent fingerprint for the QDs aspect ratio. The QDs investigated by Kakoet

al.21;30 [black crosses in Fig.7.4(b)], for instance, seem to have an aspect ratio around 1:10

rather than 1:5, although the average height and diameter ofthe QD ensemble is 4 nm and 20−
25 nm, respectively.21;30 The values determined by Simeonovet al.33 [black pluses in Fig.7.4(b)]

are much smaller than theXX binding energies calculated here, which is consistent withtheir

assumption of weaker built-in electrostatic fields (≈ 5.5 MV/cm).
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Figure 7.5: Energies of the single-particle electron and hole states inc-plane GaN/AlN QDs.
The electron states are labeled according to the symmetry oftheir envelope functions. Hole-state
labels are given according to the valence band that the states are predominantly formed of.

7.4 Single-particle Energy Levels

The bound hole states in GaN/AlN QDs are—as in the case of InxGa1-xN/GaN QDs (cf Chap.6)—

formed predominantly by theA andB band.C-band contributions are small because the biaxial

strain in the QDs shifts this band to much lower energies.29;60 As a first-order approximation,

for each band a ground state with ans-shaped envelope function, which is only spin degenerate,

can be expected. Thep shell consists of two states and thed shell of three. Due to the different

parities of the bulk conduction and valence bands, the electron and hole states have a finite op-

tical matrix element if their envelope functions havethe sameparity, i.e. the allowed transition

channels ares-s, p-p, s-d, etc. Each transition channel exists twice, once for theA-type holes

and once for theB-type holes. Figure7.5shows the calculated single-particle electron and hole

energy levels of all QDs considered in this chapter including the six energetically lowest (high-

est) electron (hole) states. The electron states are all formed predominantly by the conduction

band (≈ 95 %). Therefore, thes, p, andd shells can be clearly distinguished. The hole spectra,

however, are more complex, because holes states are not exclusively formed by either theA or
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B band, but by a mixture of both bands and even a smallC-band contribution. Still, each hole

state can be characterized by the band that contributes the most to it (see labels in Fig.7.5).

For QDs with an aspect ratio of 1:5 [Fig.7.5(a)] theA-bands-state (h0 ≡ hA; ≈ 95 % A-band

projection) and theB-bands-state (h1 ≡ hB; ≈ 90 % B-band projection) are energetically well

separated from the excited hole states. Both have an unambiguouslys-shaped envelope function

(not shown here). The splitting between both states (≈ 9−10 meV) does not increase for smaller

QDs, but is constant. It corresponds to the energy separation betweenA andB band in strained

GaN. The higher excited hole states can not be unambiguouslyassigned top- or d-like orbitals.

Please note, that although they have been labeled accordingto the major band contributions,

this contribution sometimes does not exceed 50 %. The QDs with aspect ratio 1:10 [Fig.7.5(b)]

exhibit a significantly smaller excited-states splitting for electrons and holes due to the weaker

lateral confinement. An exception is the splitting betweenhA andhB, which is largely indepen-

dent from the QD dimensions as discussed before. For both aspect ratios the hole spectrum is

much denser than the electron spectrum (mind the different scales used in Fig.7.5).

7.4.1 Optical Transitions

In bulk GaN an anisotropy of the strain field in the basal planechanges the character of the band-

edge states fromA (B) type toPx (Py), if the stress is larger alongy (cf Sec.5.2). The optical

matrix elements involving the confinedA- or B-band hole states in the QDs respond differently

to an asymmetry of the confinement potential in the basal plane: They become linearly polar-

ized in orthogonal directions. Figure7.6(a) shows the oscillator strengths between the six lowest

electron levelsei and the twelve highest hole levelsh j (up to an energy differenceei − h j of

3.75 eV) for the QD withh:d = 1:5 andh= 2.0 nm. Figure7.6(b) shows the respective spectrum

for a similar QD with an in-plane elongation of 10 % along [1120]. Almost all transitions of the

elongated dot show a pronounced linear polarization eitherparallel to the elongation or perpen-

dicular to it. The transition between the electron ground statee0 andhA (hB) is linearly polarized

along (perpendicular to) the long axis of the QD. Both transitions together can be regarded ass-

channel. The wave functions of the higher excited hole states are build of sizeable contributions

from more than one valence band. Therefore, these states cannot be unambiguously assigned

to p- or d-like symmetry. Thep- andd-shell labels in Fig.7.6 are given according to the main

contribution. Figure7.7shows the corresponding spectrum for a 10 %-elongated QD with aspect

ratioh:d = 1:10. The QDs with aspect ratioh:d = 1:10 show the same polarization as those with

1:5 albeit less pronounced. The strain anisotropy that is induced by the elongation affects the

confined states less in QDs with larger diameter, because themain parts of the wave functions
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Figure 7.6: Oscillator strength between the single-particle electronand hole state for a GaN/AlN
QD with an aspect ratio ofh:d = 1 : 5 and a height ofh = 2.0 nm. Shown are all transitions
involving one of the first six electron levels (ei) and one of the first twelve hole levels (h j ), but
only up to an energy differenceei −h j of 3.75 eV. (a) For a symmetric QD. (b) For a QD with a
10 % in-plane elongation along [1120].

are located in the center of the dot.

The spectral density increases significantly due to weaker quantization effects in dots with

aspect ratio 110. The smaller level spacing of the single-particle electron and hole spectrum

translates into a very dense optical excitation spectrum. The energetic separation between the

orthogonally polarized (e0,hA) and (e0,hB) transitions in thes-channel, however, is independent of

the size of the QDs or their vertical aspect ratio. For (in-plane) symmetric QDs it is about 10 meV

and increases for anisotropic QDs. This large separation between the orthogonally polarized lines

should enable a spectral separation of both lines even at elevated temperatures. Thus, the well-

defined polarization of the ground-state transition can be exploited for polarization control in

future single-photon sources.
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Figure 7.7: Oscillator strength between the single-particle electronand hole state for a GaN/AlN
QD with an aspect ratio ofh:d = 1:10, a height ofh = 2.0 nm, and a 10 % in-plane elongation of
the QD. Shown are all transitions involving one of the first six electron levels (ei) and one of the
first twelve hole levels (h j ).

7.4.2 Control of the Polarization by Uniaxial Stress

The linear polarization of the transitions is a result of thestrain anisotropy. Therefore, it can

be induced directly by uniaxial stress, without any structural anisotropy of the dot. The effect

of uniaxial stress on the polarization of the ground-state transition of the QD with aspect ratio

1:10 and height 2 nm is shown in Fig.7.8 (black line and circles). A pronounced polarization

is found at stress levels that can easily be induced by anisotropic strain relaxation in epitaxial

heterostructures (due to the formation of cracks or defects)39 or by externally applied stress.

The study of samples with cracks or or defects has, of course,only academic value, because no

opto-electronic devices could be based on such structures.The application of external uniaxial

stress, on the other hand, could be exploited to study the polarization mechanism presented here

in detail experimentally, because the strain anisotropy inside the QDs could be varied in-situ. For

future device application the effect could also be exploited to control or, at least, fine-tune the

polarization of the emitted photons. Figure7.8also shows calculations where uniaxial stress has

been applied to elongated QDs (blue lines and diamonds; red lines and squares). The polarization

induced by the structure can be easily enhanced or even inverted by the external stress. Thus, to

achieve polarized emission, the structural elongation of the QDs within the sample may varied

as long as the strain field is controlled. On the other hand it is also possible to compensate the

anisotropy in elongated QDs, if unpolarized emission is desired.
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Figure 7.8: Polarization degree of the excitonic ground-state transition as a function of uniaxial
stress alongx ([1120]), relaxation of the sample iny andzdirection according to the laws of con-
tinuum mechanics has been included. The calculations have been performed for three different
QDs with an aspect ratio ofh:d = 1:10 and a height ofh= 2.0 nm.Black lines and circles:Sym-
metrical GaN/AlN QD.Blue lines and diamonds:GaN/AlN QDs with 10 % elongation alongx.
Red line and squares:GaN/AlN QDs with 10 % elongation alongy.

7.5 Summary

In this chapter the spectroscopic properties ofc-plane GaN/AlN QDs have been investigated. The

excitonic transition energies and radiative lifetimes arelargely determined by the height of the

QDs. The calculated relation between transition energy andradiative lifetime agrees well with

recent experimental observations. Biexciton (XX) and both trions (X+ andX−) are anti-binding

(blue-shifted with respect to the exciton) for all model QDsconsidered here. In contrast to the

absolute transition energies, the few-particle binding energies depend heavily on the QDs’ aspect

ratio.

Similar to InxGa1-xN/GaN QDs, a linear polarization of the interband transitions inc-plane

GaN/AlN QDs can be induced by an asymmetric strain field within in the basal plane. Transitions

involving eitherA- or B-type hole states are polarized in orthogonal directions. The separation of

theA-type ground state and the orthogonally polarizedB-type first excited state is≈ 10 meV and



7.5 Summary 89

largely independent from the QD size and shape. A sufficient strain anisotropy can be induced

by, e.g., structural elongation of the QDs or by externally applied uniaxial stress. Moreover, a

polarization resulting from structural elongation can be compensated by external stress.
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8 Conclusion

In this work the electronic and optical properties of wurtzite InxGa1-xN/GaN and GaN/AlN

quantum dots (QDs) have been investigated theoretically bymeans of eight-bandk ·p theory.

Experimental observations obtained in (time-resolved) photoluminescence (PL) and cathodolu-

minescence spectroscopy on InxGa1-xN/GaN QDs could be understood based on the theoretical

results. For the optical properties of GaN/AlN QDs predictions were made that can, in the future,

be exploited for the fabrication of QD-based sources of single polarized photons. In detail:

(i) A consistent set ofk ·p parameters for the wurtzite and zinc-blende phases of GaN, AlN, and

InN has been derived from accurate first-principle band-structure calculations within theG0W0

approximation. It has been demonstrated that the obtained band parameters are in very good

agreement with available experimental data, proving the reliability of the method. Moreover,

reliable values have been provided for parameters that havenot yet been determined experi-

mentally, such as, e.g., the band parameters of the zinc-blende phases of GaN, AlN, and InN

or theEp and valence-band parameters of wurtzite phases. These parameters are essential for

understanding the physics of these materials.

(ii) The general features of the electronic structure of wurtzite group-III-nitride based QDs have

been discussed using a typical InxGa1-xN/GaN QD as an example. A large impact of the built-in

piezoelectric and pyroelectric fields on the electronic properties of the QDs has been observed:

The electrostatic fields cause a spatial separation of electron and hole wave functions and a

redshift of the transition energies of hundreds of meV by thequantum-confined Stark effect.

Due to the valence-band structure of wurtzite group-III nitrides and the specific strain situation

in QDs, the confined hole states are formed predominantly by the two highest valence bands (A-

andB band),in contrast to typical InAs/GaAs QDs, where the hole ground state and the first few

excited hole states are formed predominantly by the heavy-hole band alone. Particularly, the hole

ground state is formed by theA band, and the first excited state by theB band.

(iii) A pronounced dependence of the excitonic transition energies and radiative lifetimes on the
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structural properties of the InxGa1-xN/GaN QDs, i.e., their chemical composition, height, and

lateral extension has been observed. The experimentally observed broad ensemble photolumi-

nescence peak could be explained by variations of the size, shape, and indium concentration of

the QDs in the ensemble. The photon-energy-dependent decay-time distribution function has

been extracted from the experimentally observed multi-exponential decay of the ensemble PL.

The distribution function agrees well with recently publish single-QD decay times. The radia-

tive lifetimes of localized excitons in InxGa1-xN/GaN QDs have been calculated and it has been

shown that the built-in piezo- and pyroelectric fields within the QDs are the origin of the broad

lifetime distribution: They cause a sensitive dependence of the radiative lifetimes on the QD

geometry and composition. The lifetimes are also very sensitive to the chemical composition of

the material in the surrounding of the QDs. Therefore, a broad distribution of excitonic lifetimes

and, consequently, a multi-exponential decay of the ensemble PL is generally expected in this

material system in the case of unscreened fields. The decay-time distribution extracted from the

experimental PL decay is reproduced qualitatively by the calculated radiative lifetimes.

(iv) Emission spectra from single InxGa1-xN/GaN QDs with up to five lines per QD have been

observed in CL spectroscopy. The lines are linearly polarized in orthogonal directions. These

observations have been investigated theoretically. The large number of emission lines has been

explained with emission from different excitonic complexes, such as, e.g., excitons, biexcitons,

and charged excitonic complexes; their polarization couldbe traced back to an anisotropy of the

confinement potential, e.g., a slight elongation of the QDs in the basal plane. TheA- andB- type

hole states change their character under asymmetric strainin the basal plane.The optical transi-

tions involving these hole states become linearly polarized either parallel (forA-type hole states)

or perpendicular (forB-type hole states) to the axis of weakest compression. Such amechanism

can potentially be exploited for the generation of polarization-based photonic qubits, because the

orthogonally polarized lines are spectrally well separated even at elevated temperatures.

(v) The spectroscopic properties ofc-plane GaN/AlN QDs have been investigated theoretically as

a function of their structural properties. The excitonic transition energies and radiative lifetimes

are largely determined by the height of the QDs. The calculated relation between transition

energies and radiative lifetimes agrees well with recent experimental observations. Biexciton

(XX) and both trions (X+ andX−) are anti-binding (blue-shifted with respect to the exciton) for

all model QDs considered here. Their binding energies depend heavily on the QDs’ aspect ratio.

For all transition energies, the binding energy of the biexciton, for instance, is more than twice

as large for QDs with an aspect ratio of 1:5 than in QDs with an aspect ratio of 1:10. This makes

the few-particle binding energies an excellent fingerprintof the QDs’ aspect ratio.
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(vi) The polarization properties of interband transitionsin c-plane GaN/AlN QDs have been

studied. Similar to InxGa1-xN/GaN QDs, a linear polarization of the transitions can be induced

by an asymmetric strain field within the QDs. Transitions involving eitherA- or B-type hole

states are polarized in orthogonal directions. The separation of the A-type ground state and

the orthogonally polarizedB-type first excited state is≈ 10 meV and largely independent from

the QD size and shape. The strain anisotropy can be induced either by a structural elongation

of the QDs or by an externally applied uniaxial stress. An in-plane elongation of the QDs of

only 10 % leads to a polarization degree of the excitonic ground-state transition of up to 6:1

depending on the other structural parameters of the QDs. An externally applied uniaxial stress

of about 300 MPa leads to a polarization degree of more than 5:1 for non-elongated QDs; larger

stress results in a complete polarization of the emission. Moreover, a polarization resulting from

structural elongation of the QDs can be compensated by external stress. This effect could be

exploited for future devices, in particular to achieve a well-defined polarization in QD-based

single-photon emitters.

8.1 Outlook

The experimental research in the field of group-III nitride QDs is developing rapidly and poses

numerous open questions that require complementary theoretical investigations. At the same

time, the employed theoretical models have to be constantlyimproved in order to describe new

experimental developments accurately. Possible improvements of the model used in this thesis

include, for instance, the inclusion of nonlinear elastic effects,172 nonlinear piezoelectric ef-

fects,173;174 and the back-coupling of the built-in electric fields to mechanical distortions.175 In

the author’s view a particularly important point is the improvement of the description of few-

particle effects, i.e. the inclusion of the quantum-mechanical exchange and correlation effects.

These effects are expected to be important for a correct description of the few-particle binding

energies and the fine-structure splitting in spectra of single QDs. In particular for GaN/AlN

QDs, both topics are the matter of active experimental investigation presently,32;33;39 due to their

relevance for device applications.
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Appendix A:

Material Parameters for the K ·p
Calculations

All material parameters used in this work are listed in Tab.A.1. Most of them are based on the

recommendations of Vurgaftman and Meyer.61 mi
e, Ai, andEi

P are derived fromG0W0 calcula-

tions (Sec.4.1). For InN the fundamental band gap from theG0W0 calculations has been used

and for GaN and AlN the experimental band gaps recommended byVurgaftman and Meyer. The

crystal-field splittings are known to be sensitive to lattice deformations, such as changes in the

c0/a0 ratio or the internal lattice parameteru.180–182 These parameters are, however, uncertain

input parameters for theG0W0 calculations. Therefore, the crystal-field splitting energies from

Vurgaftman and Meyer are used rather than theG0W0 values. For the VB offsets between InN,

GaN, and AlN the values calculated by Wei and Zunger180 are used. The anisotropy of the static

dielectric constantsεr is neglected and the mean value is used instead for all directions. For the

refractive indices of GaN and AlN the Sellmeier-formula derived by Antoine-Vincentet al.183 is

applied:

n =

√

a+
bλ 2

λ 2−c2 ,

with a = 5.15, b = 0.35, andc = 339.8 nm for GaN anda = 1.00, b = 3.12, andc = 138.0 nm

for AlN. λ is the wavelength of the emitted light, which is determined by the transition energy

of the respective QD and transition.

For alloys linearly interpolated parameters have been used, except for the parameters listed

in Tab.A.2 where the given bowing parameters have been used for parabolic interpolation. The
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Table A.1: Material parameters for InN, GaN, and AlN. If not indicated differently parameters
are taken from Ref.61.

Parameter GaN InN AlN
alc (nm) 0.3189 0.3545 0.3112
clc (nm) 0.5185 0.5703 0.4982
C11 (GPa) 390 223 396
C12 (GPa) 145 115 137
C13 (GPa) 106 92 108
C33 (GPa) 398 224 373
C44 (GPa) 105 48 116
e15 (C/m2) 0.326 0.264 0.418
e31 (C/m2) -0.527 -0.484 -0.536
e33 (C/m2) 0.895 1.06 1.56
PSP (C/m2) -0.034 -0.042 -0.090
εr 9.8176 13.8177 9.1178

EG (eV) 3.510 0.69179 6.25
∆CR (eV) 0.010 0.040 -0.169
∆SO (eV) 0.017 0.005 0.019

m‖
e/m0

179 0.065 0.186 0.322
m⊥

e /m0
179 0.068 0.209 0.329

E‖
P (eV)179 17.292 8.742 16.972

E⊥
P (eV)179 16.265 8.809 18.165

A1
179 -5.947 -15.803 -3.991

A2
179 -0.528 -0.497 -0.311

A3
179 5.414 15.251 3.671

A4
179 -2.512 -7.151 -1.147

A5
179 -2.510 7.060 -1.329

A6
179 -3.202 -10.078 -1.952

EV (eV)180 0.8 1.3 0.0
a1 (eV) -4.9 -3.5 -3.4
a2 (eV) -11.3 -3.5 -11.8
D1 (eV) -3.7 -3.7 -17.1
D2 (eV) 4.5 4.5 7.9
D3 (eV) 8.2 8.2 8.8
D4 (eV) -4.1 -4.1 -3.9
D5 (eV) -4.0 -4.0 -3.4
D6 (eV) -5.5 -5.5 -3.4
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Table A.2: Non-zero bowing parameters for the group-III nitride alloys. Parameters are taken
from Ref.61.

Parameter GaInN AlGaN AlInN
EG (eV) 1.4 0.7 2.5
PSP ( C

m2 ) -0.037 -0.021 -0.070

bowing parameterb for a parameterE and alloy AxB1-xN is defined by the equation

EAxB1-xC = xEAC +(1−x)EBC−x(1−x)b .
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Appendix B:

K ·p Method for Zinc-blende Crystals

In the following only the parts of the Hamiltonian that are needed for determining the zinc-

blende parameters in Sec.4.1, i.e., the purek·p Hamiltonian without its strain-dependence or the

calculation of piezoelectric potentials in zinc-blende crystals will be described. The respective

equations can be found elsewhere.71;184

Thek ·p -Hamiltonian for zinc-blende crystals can be derived from the one for wurtzite crys-

tals using the following modifications:

• the matrixG1 simplifies throughP1 = P2 (EP1 = EP2) and∆CR = 0.

• The parametersA′
i, L′

i , M′
i , andN′

i in G2 are given by

(

A′
1 = A′

2 =
)

A′ =
h̄2

2

(

1
me

− 1
m0

)

− P2

Eg
,

(

L′
1 = L′

2 =
)

L′ = − h̄2

2m0
(γ1 +4γ2)+

P2

Eg
,

(M1 = M2 = M3 =)M = − h̄2

2m0
(γ1−2γ2) ,

(

N′
1 = N′

2 =
)

N′ = − h̄2

2m0
6γ3 +

P2

Eg
,

N′
3 = 0 , (B.1)

whereme denotes the electron effective mass andγi the Luttinger parameters.
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Appendix C:

Effective Masses and Luttinger(-like)

Parameters

The equations connecting the effective hole masses to the Luttinger(-like) parameters are in detail

—for wurtzite crystals—:73

m0/m‖
A = −(A1 +A3) ,

m0/m⊥
A = −(A2 +A4) ,

m0/m‖
B = −

[

A1 +

(

EB

EB −EC

)

A3

]

,

m0/m⊥
B = −

[

A2 +

(

EB

EB −EC

)

A4

]

,

m0/m‖
C = −

[

A1 +

(

EC

EC−EB

)

A3

]

,

m0/m⊥
C = −

[

A2 +

(

EC

EC−EB

)

A4

]

,

with

EB =
∆CR−∆SO/3

2

+

√

(

∆CR−∆SO/3
2

)2

+2

(

∆SO/3
2

)2

,

EC =
∆CR−∆SO/3

2
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−

√

(

∆CR−∆SO/3
2

)2

+2

(

∆SO/3
2

)2

.

For AlN the indices A, B, and C have to be interchanged: A→ B, B→ C, C→ A.

—for zinc blende crystals—:87

m0/m[001]
hh = γ1−2γ2 ,

m0/m[110]
hh =

1
2
(2γ1− γ2−3γ3) ,

m0/m[111]
hh = γ1−2γ3 ,

m0/m[001]
lh = γ1 +2γ2 ,

m0/m[110]
lh =

1
2
(2γ1 + γ2 +3γ3) ,

m0/m[111]
lh = γ1 +2γ3 ,

m0/mso = γ1−
EP∆SO

3Eg(Eg +∆SO)
.



Abbreviations

CB . . . . . . . . . . . . . . . . . . . . conduction band

CI . . . . . . . . . . . . . . . . . . . . . configuration interaction

CL . . . . . . . . . . . . . . . . . . . . cathodoluminescence

DALI . . . . . . . . . . . . . . . . . . digital analysis of lattice images

DFT . . . . . . . . . . . . . . . . . . . density-functional theory

FWHM . . . . . . . . . . . . . . . . full width at half maximum

LD . . . . . . . . . . . . . . . . . . . . laser diode

LDA . . . . . . . . . . . . . . . . . . . local-density approximation

LED . . . . . . . . . . . . . . . . . . . light-emitting diode

MOCVD . . . . . . . . . . . . . . . metal-organic chemical vapor deposition

OEPx . . . . . . . . . . . . . . . . . . optimized effective potential

PL . . . . . . . . . . . . . . . . . . . . . photoluminescence

QCSE . . . . . . . . . . . . . . . . . . quantum-confined Stark effect

QD . . . . . . . . . . . . . . . . . . . . quantum dot

QW . . . . . . . . . . . . . . . . . . . . quantum well

TRPL . . . . . . . . . . . . . . . . . . time-resolved photoluminescence

VB . . . . . . . . . . . . . . . . . . . . valence band

X-TEM . . . . . . . . . . . . . . . . cross-sectional transmission electron microscopy

X . . . . . . . . . . . . . . . . . . . . . . exciton

XX . . . . . . . . . . . . . . . . . . . . biexciton

X+/− . . . . . . . . . . . . . . . . . . positive/negative trion
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