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Zusammenfassung

Die vorliegende Arbeit behandelt die optischen Signaturen von einzelnen, in AIN einge-
betteten, hexagonalen GaN Quantenpunkten. Die durchgefiihrten Experimente sind die
Basis fiir eine Vielzahl von neuartigen Beobachtungen, welche nicht nur fiir dieses spezielle
Quantenpunktsystem von Interesse sind, sondern von generellem Wert fiir die gesamte Quan-
tenpunkt Community. Die dargestellte Analyse der Wechselwirkung zwischen Exzitonen in
Quantenpunkten und geladenen Defekten als auch Phononen erméglicht dabei letztendlich
sogar die erstmalige Demonstration von quantenoptischen Bauteilkonzepten im ultraviolet-
ten (UV) Spektralbereich. Hierbei ist besonders eine optisch getriebene Zwei-Photonquelle
auf Basis der Biexzitonkaskade hervorzuheben, deren vielversprechende Photonstatistik bis
zu einer Temperatur von 50 K nachweisbar ist. Weitergehende Untersuchungen dieser Biexzi-
tonkaskade fiihren letztendlich zur Beschreibung von sogenannten Hybrid-Quasipartikeln
im Rahmen dieser Arbeit mit weitreichenden Konsequenzen fiir eine Vielzahl von exziton-
basierten Quantenlichtquellen.

Der erste Teil dieser Doktorarbeit befasst sich mit der Préparation von multiexzitonis-
chen Zustanden. Dank der Verbindung von leistungsdichteabhéngigen und zeitaufgelosten
mikro-Photolumineszenz Messungen ist es moglich eine ganze Vielfalt an neuartigen mul-
tiexzitonischen Komplexen zu identifizieren. Die Bestimmung von Relaxationszeiten stellt
hierbei eine Beobachtung mit direkt anwendungsbezogenen Konsequenzen dar. Des Weit-
eren wird nachgewiesen, dass der anfangliche Ladungstragereinfang von Auger- und damit
nicht von Multiphononprozessen dominiert wird. Letztere stellen erst bei der folgenden
Quantenpunkt-internen Relaxation den limitierenden Faktor dar, ein Effekt der auch als
,Phononflaschenhals“ beschrieben wird. Die Anwendung als auch die erweiterte, grundle-
genden Untersuchung von hexagonalen GaN Quantenpunkten wird von einem als ,spek-
trale Diffusion® bekannten Effekt limitiert, der zu einer starken Emissionslinienverbreiterung
fiihrt. Eine Statistik dieser Linienbreiten fiir Hunderte von einzelnen GaN Quantenpunkten
ermoglicht die indirekte Bestimmung des mittleren defektinduzierten elektrischen Feldes,
dessen Fluktuationen die Linienverbreiterung bedingen. FEine weiterfithrende statistische
Analyse zur Kopplung zwischen Exzitonen und longitudinal-optischen (LO) Phononen fiithrt
zur Bestimmung der zugehorigen Huang-Rhys Faktoren als auch LO-Phononenergien fiir eine
hohe Quantenpunktzahl, woraus sich eine erstmalige Abschétzung des Exziton-LO-Phonon
Wechselwirkungsvolumens ergibt.

Dank dieser umfangreichen, optischen Analyse von einzelnen GaN Quantenpunkten ist es
sogar moglich die optische Signatur der zugehorigen Biexzitonkaskade iiber einen grofien
Spektralbereich zu erfassen. Fiir einen Ubergangsenergiebereich beobachtet man hierbei
ein einzigartiges Gleichgewicht zwischen Ein- und Zwei-Photonprozessen beim Zerfall des
Biexzitons, welches mittels Temperatur und Anregungsleistung sogar steuerbar ist. Ger-
ade die Zweiphotonemission ist auf Grund ihrer Temperaturstabilitdt bis 50 K ein vielver-
sprechender Kandidat fiir zukiinftige Anwendungen. Interessanterweise ermdoglicht auch
gerade dieser spezielle Fall der biexzitonischen Komplexe die erstmalige Beschreibung einer
ganzen neuen Klasse von Hybrid-Quasipartikeln, welche bisher unbekannte Spinkonfigura-
tionen aufweisen. Eine Analyse der optischen Eigenschaften dieser Hybrid-Quasipartikel
zeigt ein ungewdhnliches Zerfallsverhalten auf, welches gerade auch die besondere Rolle der

y,dunklen* Exzitonen in GaN Quantenpunkten im Rahmen dieser Arbeit hervorhebt.






Abstract

The present work treats the fundamental optical signatures of individual, hexagonal GaN
quantum dots embedded in AIN. The conducted experiments established the basis for nu-
merous, novel observations, which are not only of interest for this particular quantum dot
system, but also of general value for the entire quantum dot community. The presented
analysis of the interaction in between quantum dot excitons and charged defects, as well as
phonons, culminates in the first-time demonstration of quantum-optical device concepts for
the ultraviolet (UV) spectral range. Here, a highlight is constituted by an optically pumped
two-photon source based on the biexciton cascade, which maintains its highly promising
photon statistics up to a temperature of 50 K. Further in-detail studies of this biexciton
cascade even lead to the description of so-called hybrid-quasiparticles in this work, with
prominent consequences for a wide range of exciton-based quantum light sources.

The first part of this thesis is dedicated to the preparation of multiexcitonic states. Based on
the conjunction of excitation power dependent and time-resolved micro-Photoluminescence,
an entire zoo of multiexcitonic complexes is identified for the first time. Here, the determi-
nation of relaxation times presents an observation with direct consequences for applications.
Furthermore, it is demonstrated that the initial carrier capture process is predominantly
realized by Auger-processes that dominate any multi-phonon contributions. However, in
terms of intra-quantum dot carrier relaxation, it is exactly these multi-phonon processes
that present the limiting factor, a phenomenon known as the ”phonon-bottleneck” effect.
As the emission of these excitons in hexagonal GaN is affected by ”spectral diffusion”, a
strong emission line widths broadening occurs, which still limits future applications but
also any more fundamental analysis. A line width statistic is obtained by analyzing hun-
dreds of individual GaN quantum dots, allowing an indirect determination of the average,
defect-induced electric field, whose fluctuations originate the line widths broadening. A
continuative statistical analysis is given for the coupling between excitons and longitudinal-
optical (LO) phonons. As a result, the corresponding Huang-Rhys factors and LO-phonon
energies are extracted for an elevated number of quantum dots. Finally, a microscopic pa-
rameter, known as the exciton-LO-phonon interaction volume was approximated for the first
time, based on the presented detailed statistical analysis.

Due to this extended, optical analysis of individual GaN quantum dots it was possible to
characterize the optical traces of the biexciton cascade over a wide spectral range. Here,
for a certain transitional range, a unique balance between one- and two-photon processes is
observed, which arises from the biexciton decay and can be tuned means of temperature and
excitation density. Especially the two-photon emission is a promising candidate for future
applications as its temperature stability is demonstrated up to 50 K. Interestingly, the par-
ticular case of biexcitonic complexes also forms the basis for the description of an entire new
class of hybrid-quasiparticles with so far unknown spin configurations. An extended analysis
of the optical properties of these hybrid-quasiparticles presents highly unconventional decay
characteristics, demonstrating the outmost importance of the dark-excitons in hexagonal

GaN quantum dots based on the present thesis.
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1 Introduction

The advent of research on quantum dots (QDs) representing truly zero-dimensional
structures, dates back to the early 1980s. In 1982 Arakawa and Sakaki [1] described
the superior physical properties of such structures of ultimate dimensionality in com-
parison to thitherto most extensively studied two-dimensional and bulk structures.
However, the fundamental concept that describes the benefits of a reduction in di-
mensionality already dates back to the year of 1976, as documented by a patent
issued to Dingle and Henry [2]. What followed was an almost unrivaled rise in re-
search activities, as evidenced by an increasing number of publications and funding
proposals dedicated to QDs. The endless list of benefits ascribed to QDs like e.g.
low laser threshold currents [3], improved temperature stability [1], wide modulation
bandwidths [4], and later on, efficient single, as well as entangled photon generation
[5,6] was from the early on directly connected to numerous, highly promising ap-
plications ranging from basic lighting to quantum cryptography. In this light QDs
appeared as the "Holy Grail” of semiconductor physics at that time.

However, despite the evident long time period already dedicated to the research on
QDs, their physical properties, related device concepts, growth, and modeling are
nowadays still actively debated topics. Based on all the physical advantages of zero-
dimensional structures one would expect their occurrence in numerous every-day
devices, which is surprisingly not the common case yet. Severe growth issues, diffi-
culties in controlling their size and shape, as well as simple cost issues still hinder a
triumphal procession of QDs in industry. However, epitaxially grown QDs and even
colloidal QDs [7] still continue their progression towards numerous real-world appli-
cations, representing a strong motivation for future research in these fields. Finally,
resembling the Arthurian tale, it appears that the physicists’ voyage of exploration
in this 7QD quest” turns out as the most valuable result. While the broad, every-
day life application has not been found for QDs yet, the dedicated research covering
more than 35 years originated numerous discoveries and fundamental insight into
the physics of such nanostructures.

For already many years the world of epitaxial QD research, which also resides within
the focus of this thesis, is divided based on the existing QD material systems. Here,
mainly e.g. arsenide- [8], selenide- [9], sulfide- [10], and phosphide-based [11] QDs

originate a major share of the conducted research, but also silicon nano clusters



11

remain highly debated [12]. As it cannot be the entitlement of this thesis to es-
tablish a broad literature overview regarding all these material systems, the given
references should only serve as unbiased reading suggestions representing a selection
from several thousands of articles and numerous review articles. As the nucleation
and formation of epitaxial QDs is a strain-driven process [13], sufficient differences
regarding the lattice constants are a key requirement for their growth. Both could
be achieved from the beginning for the listed material groups, however, this was
not the only motivation for their utilization. Their bulk material counterparts or
related quantum well (QW) structures were already commonly known as brilliant,
direct-bandgap emitters, providing a strong motivation for their application in the
field of QDs. However, despite the successful application of many of these material
systems in e.g. light emitting diodes (LEDs) and laser diodes (LDs), the temperature
stability of the underlying luminescence was not always fully satisfying. For bulk
materials the matter of the emission temperature stability is, among other things,
governed by the absolute exciton binding energies, which range from just several
meV for arsenides [14], towards the room temperature equivalent and beyond for
selenides and sulfides [15].

Interestingly, in parallel to the rise of the QDs another material class, known as the
nitrides, has increasingly been investigated. Just recently the underlying research
activities even culminated in the Nobel Prize in physics (2014) for three Japanese
researchers (Isamu Akasaki, Hiroshi Amano, Shoji Nakamura) and their distinct
commitment to nitride research [16]. It is not only that novel frequency regimes can
be addressed based on such nitride structures [17], also the accompanying tempera-
ture stability is most striking for selected compounds like e.g. AlxGaj_xN due to
huge exciton binding energies [18]. Hence, it is only natural to apply the entire class
of nitride materials, which have already proven as outstandingly efficient for LED
and LD structures, for the growth of nitride-based QDs.

While basic bulk GaN and AIN already exhibit fairly stable and brilliant emission
characteristics upon rise of temperature, the implementation of such structures for
QDs even further emphasizes these benefits. If e.g. wurtzite GaN QDs are embedded
in AIN of the same crystal structure, huge band offsets occur, raising promising
prospects for the temperature stability of resulting excitonic QD emission [19, 20].
The first reports regarding the growth of such hexagonal GaN QDs originate from
the mid 1990s. Here, Tanaka et al. [21] established the GaN QD growth by metal
organic chemical vapor phase epitaxy (MOCVD), while Daudin et al. presented
the successful GaN QD segregation by molecular beam epitaxy (MBE) in 1997 [22].
Obviously, also several other nitride-based QDs can successfully be grown as e.g.
InGaN QDs embedded in GaN [23,24] or even AlGaN QDs embedded in AIN [20].

However, the present introduction will proceed with tightening its focus towards
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pure GaN QDs embedded in AIN, as they represent the main topic of the thesis in
hand.

Generally, the straightforward analysis of ensembles of GaN QDs was feasibly from
the early on [25-30], while the following characterization of single GaN QDs [31]
scaled with the growth progress aiming for lower QD densities. An interim highlight
regarding the growth and analysis of single GaN QDs was achieved by Kako et al.
by presenting UV single photon emission up to a temperature of 200 K [32], which
could recently even be advanced towards 300 K [33]. In parallel to this experimental
progression, also the theoretical description of nitride based QDs started to rapidly
evolve [34-36]. However, advanced reports on a most important combination of both,
experiment and theory are scarce [37-39] and directly substantiate the motivation
for the present thesis to demonstrate advanced optical signatures of GaN QDs far

beyond state-of-the-art reports in literature.
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1.1 Objectives and thesis structure

It is the aim of this thesis to introduce the reader to an entire new level of detail
regarding the spectroscopy of single, wurtzite GaN QDs embedded in AIN. Gen-
erally, the two common spectroscopic approaches, namely ensemble and single QD
spectroscopy are associated with a well-balanced number advantages but also dis-
advantages. While ensemble QD spectroscopy always facilitates general results that
are valid for the entire sample, single QD spectroscopy allows more detailed insight,
which, however, commonly lacks any generality. Physical insight based on just a
handful of QD micro-Photoluminescence (u-PL) spectra, just always remains ques-
tionable if QD size and shape exhibit significant deviations for one and the same
sample, as it is highly common for any so far fabricated GaN QD sample. In this the-
sis, the advantages of both techniques are combined by conducting fully automated
u-PL measurements for hundreds of single QDs, reaching towards a statistically
valid analysis. Hence, general physical conclusions can be derived featuring an unri-
valed level of detail. However, such ambitious aims come at high experimental costs,
especially as the single QD spectroscopy focusses on the ultraviolet (UV) spectral

range.

Based on the corresponding, extended experimental data sets comprising hundreds
of individual p-PL spectra it is feasible to obtain a most valuable and detailed,
direct comparison to theory. As a result, it can be shown that common theoretical
conceptions developed for other QD systems (e.g. arsenides) fail to predict most of
the optical properties derived for hexagonal GaN QDs. However, by combining an
in-detail spectroscopic analysis with truly elaborated modeling [38,40] exclusively
established for nitride QDs, it becomes feasible to advance towards a new level of

understanding regarding excitons inherent in GaN QDs.

Following this introduction, Chap. 2 describes the applied experimental techniques.
However, not all the experimental details are described in order to limit the extent
of this thesis and to focus on the main results. The fundamental concepts of the
applied techniques are considered as common knowledge and can be studied in the
basic literature [41,42]. An identical conception is pursued in Chap. 3, introduc-
ing the general reader to the basic modeling that is applied and further developed
throughout this thesis. First, a brief introduction is given for the crystal structure,
the band structure, and the phonon dispersion of bulk nitrides as e.g. GaN and AIN.
Subsequently, a formalism is introduced that allows the approximation of excitons in
nitride QDs. Here, again, not all the details are provided but substantial references
are provided for the interested reader. As a result, a straightforward accessible the-
oretical introduction is achieved that enables a more general understanding of the

theoretical challenges without the burden of an exaggerated level of detail. Addi-



14 1. Introduction

tional theoretical concepts are developed throughout this thesis as soon as needed in
order to explain the experimental data. It is the general concept of this thesis to fo-
cus on the experimental results and not on complicated theoretical descriptions that

can possibly not even be approved by the final, most supreme judge; the experiment.

Exactly these experimental results are treated in Chap. 4 - 8 along with a direct
application of some of the theoretical concepts developed in Chap. 3. Here, Chap. 4
introduces the reader to the first application of the experimental techniques de-
scribed in Chap. 2. After a brief introduction to the ensemble PL signature of
wurtzite GaN QDs, the basic u-PL spectra of single QDs are treated. Excitation
power dependent pu-PL spectroscopy is applied as a rudimental tool to approach an
identification of excitonic complexes inherent to GaN QDs. While the continuous
wave excitation suggests the observation of excitons and biexcitons in a single QD,
the high power pulsed excitation reveals a surprising diversity of excitonic complexes,
which has so far never been observed before. By combining a time-resolved analysis
(u-TRPL) with the excitation power dependent data, a most suggestive emission
line identification is obtained. Here, extended excitonic complexes in access of the
biexciton, namely tri-excitons, quart-excitons, and so fourth are observed along with
some of their excited-state counterparts. In addition, radiative decay times and re-
laxation times are analyzed for various excitonic complexes originating from a single
GaN QD, which further strengthens the emission line identification. In this context,
a phonon bottleneck effect regarding the intra-QD relaxation is observed, evoking
straightforward consequences for device applications with focus on high speed ap-

plications.

Moreover, the interaction between excitons inherent to GaN QDs and a fluctuating
charge environment, or even a phonon bath, is discussed in Chap. 5 and 6. First, the
extensively discussed phenomenon of a prominent emission line widths broadening
is discussed and finally traced back to large relative excitonic dipole moments and
high defect concentrations exhibiting charge fluctuations. Not only that the directly
related field strength can be approximated for the first time in this context, also
the phenomenon itself is demonstrated to serve as a useful tool for the emission
line identification. Again, all the information derived is founded on the analysis
of hundreds of individual QDs, while the novel emission line width identification
method is confirmed for more than 10 QDs. Relying on a similar statistical analysis
of 1~-PL spectra even provides direct access to the coupling between excitons in a
QD and longitudinal-optical (LO) phonons. Never before it has ever been feasible
to analysis the exciton-LO-phonon coupling for hundreds of individual GaN QDs.
As a result, unique scaling behaviors of the characteristic Huang-Rhys factors and
LO-phonon energies are derived. The explanation of these trends features the in-

troduction of a straightforward, experimentally motivated approximation yielding
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a spheric exciton-LO-phonon interaction volume as a first indirect measure of the
interaction range. Again, to the best knowledge of the author of this thesis, such
an approximation based on a statistical analysis of QD spectra has never been pre-
sented before. Ultimately, not only detailed insight into physics is obtained, also
experimental advances are introduced within the scope of the present thesis.

After a solid emission line identification is established in Chap. 4 - 6, Chap. 7 turns
towards the interplay between excitonic and biexcitonic emission with focus on the
resulting photon statistics. At this point, the reader is introduced to tunable photon
statistics, which strongly depend on the actual structure of the biexciton cascade.
Not only that the biexciton binding energy serves as a viable tuning parameter,
also the influence of temperature and excitation power achieve tractability of the
photon statistics. As a result, an optically driven two-photon source is experimen-
tally demonstrated and theoretically described based on an advanced modeling of
the biexciton cascade’s quantum-state tomography. Commonly applied rate equa-
tion models neglect the influence of such parameters as the biexciton binding energy,
emphasizing the outstanding importance of the provided results. The described pho-
ton source is a viable candidate for advanced quantum light sources beyond single
photon sources, with strong perspectives for quantum cryptography and imaging.
The particular case of the biexciton as a simplistic representative of a multiexciton
already introduced in Chap. 4, is finally treated in full detail in Chap. 8. By com-
bining sophisticated spectroscopy with state-of-the-art theory [40], an entire new
class of, so-called, hybrid-quasiparticles is established. The presented experimental
results contradict any biexciton modeling ever applied for wurtzite GaN QDs, be-
cause parallel hole spins contribute to the biexciton complex for certain QD height
intervals. As a direct consequence, highly unconventional polarization dependencies
are observed along with most particular u-PL temperature series. Subsequently, an
in-detail analysis of the u-PL data does not only allow the determination of the ex-
citonic bright- and dark-bright splitting but even the excitonic dark-state splitting
becomes accessible. By presenting the associated temperature-dependent correla-
tion signature of the biexciton cascade for a certain GaN QD, the overall model of
hybrid-quasiparticles can be confirmed based on the observation of a spin-blockade
cascade that is activated upon rise of temperature.

Finally, all the findings and conceptions derived from Chap. 4 - 8 are recapitulated in
Chap. 9, which closes with some future-orientated final remarks providing a strong
motivation for further research on the highly interesting system of wurtzite GaN
QDs embedded in AIN.



2 Experimental techniques

It is the purpose of this chapter to provide an overview regarding the applied expe-
rimental techniques. A significant fraction of the entire thesis will deal with Photo-
luminescence (PL) and especially micro-Photoluminescence (u-PL) measurements
conducted with an experimental setup that was exclusively build by the author and
his students for analyzing single nitride quantum dots (QDs). Its versatility, high
light throughput, and mechanical as well as thermal stability constitute the con-
structed p-PL system as unique. Possible measurements comprise a list of various
u-PL techniques, including time-resolved measurements, polarization- and excita-
tion power dependent u-PL, as well as correlation spectroscopy of truly single QDs.
Especially the accessible wavelength range scaling from the ultraviolet (UV) to the
green constitutes the main experimental challenges as special care must e.g. be
taken regarding suitable optics. The present chapter briefly introduces the reader

to the pu-PL system but further details can be found in the Appendix on page 148.

Within the scope of this thesis most frequently analyzed GaN QD samples were
grown by the group of Prof. Dr. Y. Arakawa from the Tokyo University. Only
Chap. 5.3 introduces the first results of a different type of wurtzite GaN QD sample,
demonstrating recent growth advances in the group of Prof. Dr. A. Strittmatter
from the Otto-von-Guericke-University, Magdeburg. Additional experimental tech-
niques such as transmission electron microscopy (TEM) were performed by Dr. T.
Markurt in the group of Dr. M. Albrecht at the Institut fiir Kristallziichtung, Berlin
as detailed in Chap. 6, page 74.

2.1 GaN quantum dot specimen

In the following the growth procedure by low-pressure metal-organic vapor depo-
sition is described for a self-assembled wurtzite GaN QD sample that is most fre-
quently analyzed throughout this manuscript. After growth of a 100 nm thick layer
of AIN at 1180°C on top of an n-type 6H-SiC [0001] substrate, the GaN QDs were
segregated at a temperature of 975°C, followed by a growth interruption under NHs
flow in order to facilitate the QD formation process. Subsequently, an ~5 - 10 nm

thick low temperature (975°C) AIN spacer was grown, before the final 100 nm thick
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(a) 20-100nm AIN cap
--—L-—-:::::::: GaN QDs and WL

AIN 100-200 nm AIN

(0001) 6H-SiC SiC substrate

(b) (c)

200 nm - 2um

- |
=

SiC substrate

100 nm 100 nm

Figure 2.1: (a) Sample structure of the analyzed GaN QD specimen illustrating the SiC
substrate, the AIN matrix material and the GaN QDs along with their wetting layer (WL).
(b) Atomic force microscopy (AFM) image of an uncapped QD sample that reveals the
hexagonal shape and the density of the individual QDs. (c) Patterning of the sample with
a mesa structure enables single QD spectroscopy based on the p-PL method. Partially
adopted from Ref. [43].

AIN capping layer was deposited (1180°C). The corresponding sample structure is
illustrated in Fig. 2.1a and more detailed growth conditions can be found elsewhere
[29,32,44]. The resulting QDs are segregated with a density of ~6 x 10° cm™2 and
exhibit a hexagonally shaped basal plane, cf. Fig. 2.1b. Additionally, the sample was
processed with a mesa structure (diameters down to 200 nm) as depicted in Fig. 2.1c.
Such patterning by ion-assisted plasma etching allows the optical investigation of
single GaN QDs in the UV-enhanced pu-PL system described in Sec. 2.2. Further
details regarding the QD dimensions and the interface quality in between the QD
and the matrix material can be found in Chap. 6, page 86, while Ref. [45] treats the
particular interrelation between growth parameters and the QD dimensions as well
as their shape.

Exclusively Chap. 5.3, page 72 introduces the outstanding optical signature of
wurtzite GaN QDs based on a deviating growth procedure enabling emission line
width scaling in the range of 500 peV. These QDs result from GaN layer growth by
metal-organic vapor phase epitaxy with a V/III ratio of 30 in an AIXTRON 200/4
RF-S reactor on 2” c-plane AIN/sapphire templates. After deposition of a few mono-
layers of GaN for 10s at 960°C, a growth interruption without ammonia supply was
applied for 30s in order to initiate the formation of GaN QDs. Subsequently, the
entire structure was capped by AIN at 1195°C.
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cryostat (4 - 400 K)

UV focussing lens
on piezo stage

—» beam path

"':.:;.. |CCD camera module |

I

|K6hler illumination | ¥ UV excitation
(cw or pulsed laser)

spectrometer HBT and TRPL setup
[1 m single mono- [0.35 m subt. double mono-
chromator + CCD] chromator + (MCP)-PMT)]

Figure 2.2: Scheme of the micro-Photoluminescence setup enhanced for the ultraviolet
spectral (UV) spectral range in a nutshell. Dashed contour lines symbolize flip-mounted
optics, whereas solid contours show optics that are constantly present in the beam path.
The laser beam excites the sample in a backscattering configuration and a luminescence
mapping is achieved by either moving the focussing lens (piezo stage) or the cryostat itself
(motorized stage). The advanced detection capabilities comprise common continuous wave
techniques but also time resolved and correlation measurements. More details can be found

in the text along with an explanation of the acronyms and in the Appendix on page 148.

2.2 Advanced micro-Photoluminescence setup

A scheme of the UV-enhanced experimental setup can be found in Fig. 2.2. For the
sake of simplicity only a simplified sketch of the entire experimental setup is shown,
which summarizes the underlying method but omits all the more sophisticated ex-
perimental details. The specimen of interest is placed in a helium-flow microscopy
cryostat ST-500 manufactured by Janis, enabling a temperature variation from ap-
prox. 4 - 400K. The laser light used for the UV excitation is guided towards a
beamsplitter before it is focused on the specimen’s surface by a microscope lens
with sufficient transmission characteristics in the UV spectral range (e.g. micro-
spot lens by Thorlabs, 20x magnification, numerical aperture 0.4). Consequently,
the generated luminescence light is collected by the same microscope lens and is
guided towards the detection section of the experimental setup via a beamsplitter
and several mirrors. A customized Kohler illumination along with a charge-coupled

device (CCD) camera module allow an imaging of the sample surface as further
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described in chapter 5, page 62 and applied in Ref. [46].
The bottom part of Fig. 2.2 indicates the detection section that is either repre-

sented by a single monochromator (Spex 1704, 1 m focal length, various gratings)
equipped with a UV-enhanced CCD array, or by a subtractive double monochroma-
tor (McPherson 2035, 0.35 m focal length, various gratings). Flip mirrors in the beam
path allow the user to chose the detection method of interest. While the first de-
tection path mainly suits basic u-PL techniques (excitation power and polarization-
dependent measurements), the second beam path is used for time-resolved p-PL
(u1-TRPL) or correlation spectroscopy, while even u-PLE measurements are feasible
(not shown in this thesis). A Hanburry-Brown & Twiss (HBT) setup is integrated
into the beam path allowing auto- and cross-correlation measurements due to the
possibility to independently drive the stages of the subtractive double monochro-
mator. Generally, the application of such a subtractive double-monochromator is
also beneficial for y-TRPL measurements with a multichannel plate (MCP) photo-
multiplier (Hamamatsu, S20 cathode), allowing a time resolution of down to = 30 ps
that can further be improved by deconvolution techniques [47]. The most significant
optical path length differences introduced by single monochromators get automati-
cally compensated in the double subtractive monochromator configuration, allowing
superior time resolution in addition to the benefit of a reduced stray light level. For
the correlation measurements photosensor modules (Hamamatsu H10721-210 with
an improved shielding) with a individual time resolution < 200 ps were used due to
their superior quantum efficiency provided by an ultra-alkali cathode in comparison
to the S-20 cathode of the MCP-photomultiplier (MCP-PMT). As the achievable
time resolution depends, among other things, on the laser, the modelocker adjust-
ment, the optical path length differences, and the amplifier gain in case of the pho-
tosensor modules, it was necessary to record a laser response function for each set of
time-resolved measurements. A similar approach was applied in order to determine
the biphoton time resolution of the HBT setup based on a pulsed ps-laser allowing

pulsed auto-correlation measurements.

As such excitation sources, either continuous wave (cw) or pulsed lasers were used.
The 325 nm emission of a HeCd laser (Omnichrome Series 74) and the 244 nm and
256 nm lines of a frequency doubled Ar?*-ion laser (Coherent, Innova 300 FreD) pro-
vided the most commonly applied cw excitation. For the u-TRPL measurements a
mode-locked Nd:YAG laser (Coherent Antares 76s) was frequency-quadrupled yield-
ing an excitation wavelength of 266 nm at a repetition rate of 76 MHz and an average
temporal pulse width of 55 ps, which limited the achievable time resolution. Stan-
dard photon counting techniques were applied for recording the luminescence decays

or correlation functions with a SPC-130 photon counting card by Becker&Hickl.

In order to record excitation power dependent and polarization angle dependent p-



20 2. Experimental techniques

PL spectra, motorized filter wheels and \/2-plates were introduced into the excita-
tion and/or detection beam paths. A mapping of the sample’s surface can be
achieved by operating a closed-loop 3-axes piezo stage that holds the microscope
lens (1nm step resolution, reproducibility over the entire scan range of 100 pm is
better than 10nm). However, also the entire cryostat can be moved by a 2-axes mo-
torized stage with a step resolution of ~ 200 nm, allowing a fast mapping over large
sample areas. Generally, the mapping across the sample yields either polychromatic
(CCD detection) or monochromatic mapscans (PMT detection). The latter type of
mapscans is the key to long integration times as applied for auto- and crosscorrela-
tion measurements over several days. The thermal and mechanical stability of the
entire p-PL system facilitates a sufficient (=90 %) overlap between the laser focus
spot (diameter of ~300nm) and the smallest mesa structures (200 nm diameter)
for around an hour. Afterwards an automated mapping routine must be applied in
order to automatically readjust the system, allowing integration times well in access
of 24 hours, which are just limited by the coolant consumption. In addition, various
sets of optics were purchased for this fully customized system, allowing the user a
rapid and reproducible modification of the setup without the need of any severe

realignment. Please see the Appendix 12, page 148 for further details.



3 Fundamentals and theoretical
background

It is the aim of this chapter to provide a basic understanding of the theoretical
modeling that finally generates an understanding of the optical signature related to
individual hexagonal GaN QDs embedded in AIN. Generally, upon optical excitation
of such nanostructures, an electronic excitation constituting an electron and a hole
occupies the QD, which is known as an exciton if multi-particle interactions are
considered. The following theoretical concepts approximate such a two-particle state
of an exciton by either separable particle wavefunctions that take the most significant
fraction of the interactions into account, or even by their linear combinations as
described within the configuration interaction (CI) model. In this sense, the resulting
wavefunctions are ”two-particle” wavefunctions, which are applied throughout the
entire manuscript in order to explain the optical finger prints of individual GaN
QDs derived from u-PL spectra. Based on such an approximation of an exciton
it is straightforwardly feasible to derive a large variety of basic parameters as e.g.
the exciton dipole moment, the biexciton binding energy, and the exciton-phonon
coupling strength, all of which are also accessible by means of -PL spectroscopy. As
this is an experimentally focused thesis it is not the aim of the author to provide all
the details of these calculations, which are instead the topic of a more theoretically
focused thesis by G. Honig [48]. Nevertheless, a basic understanding of the origin
of the applied wavefunctions is provided in the following, as this is necessary in
order to understand all the occurring experimental particularities presented in the
subsequent chapters. Additional theoretical concepts are further detailed in the
corresponding chapters as soon as required for a more sophisticated interpretation
of the measurements.

However, before the origin of the wavefunctions is explained, more fundamental
properties of the materials that constitute the QDs and their enclosing need to be
introduced. Here, the focus resides on a basic introduction of the wurtzite crystal
structure and its particular polarization fields, the band structure and valence band
ordering of GaN and AIN, as well as the first order phonon modes native to the
wurtzite lattice. Nowadays such basic properties of group-I1I nitrides can be consid-
ered as common knowledge as a large variety of review articles and books address

these topics. Nevertheless, the following chapter starts with a brief introduction in
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order to subsequently develop more elaborated concepts, which are required in order

to approach the multitude of experimental results presented in Chap. 4-8.

All contour plots from this chapter and Chap. 4, page 39 that show the electric
potential distribution based on polarization charges, or occupation probability den-
sities of an electron or a hole inherent to single GaN QDs were computed by G.
Honig. The corresponding code was developed at the Technische Universitiat Berlin
for more over a decade and contains significant contributions from Dr. O. Stier,
Prof. Dr. M. Grundmann, Dr. A. Schliwa, Dr. M. Winkelnkemper, G. Honig, and

others.

3.1 Fundamental properties of GaN and AIN

Both, GaN and AIN preferentially crystalize in the wurtzite structure, which also
forms the basis for the analyzed QDs. Generally, the crystallization of GaN and
AIN can also yield the metastable cubic phase [49], or under high ambient pres-
sures the rocksalt configuration [50,51]. Even though the successful growth of cubic
GaN QDs embedded in AIN can be demonstrated [52-55], the growth remains a
tremendously challenging task. Stabilization of the cubic phase is an exceptionally
non-trivial endeavor for group-III nitrides and constitutes a strong motivation for
the wurzite growth of these materials, despite undesired phenomena such as the
quantum-confined Stark effect (see Sec. 3.7, page 37). The rocksalt configuration
of GaN and AIN originates from the application of high pressures and is indeed
highly interesting from a physical point of view [56], but has so far not achieved
any relevance regarding nanostructures, which are mostly still based on the wurtzite

configuration of nitrides.

3.1.1 Crystal structure and polarization fields

The wurtzite structure as a representative of a hexagonal system consists of two
hexagonal close-pack layers that obey an ABAB stacking. Consequently, the space
group of the wurtzite structure is C’élv, which is homomorphic to the point group
Csy [42]. Naturally, each of the layers A and B exhibits an hexagonal symmetry
regarding the included atoms (Ga and N or Al and N in each layer A and B), which
is the origin of the (5 rotational symmetry of the zinc-blende crystal, thus the cubic
modification. Both crystal modification exhibit a tetrahedral bonding just with
different stacking sequences, which are exclusively governed by the cohesive energy
of the crystal. The bonds themselves are of the sp? type and the bond angles between
the nearest neighbors exhibit an angle of 109.47° in the ideal wurtzite structure [42].

Here, in such an ideal wurtzite crystal the ratio of the lattice constants amounts to
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A

[0001]

Figure 3.1: Schematic illustration of the wurzite structure (not to scale) focussing on the
nearest and second nearest neighbors of the designated (C) metal atom (grey) surrounded
by the tetrahedrally coordinated nitrogen atoms (blue). The nitrogen-polar crystal section
shown, illustrates the AB stacking sequence as well as the ¢ and a lattice constants. Four
first-neighbor atoms are highlighted (red and yellow) along with ten second-neighbor atoms
(orange, brown, and green), exhibiting different distances in regard to C. Please see the text
for further details.

c/a =4/8/3 = 1.633 with an ideal internal cell parameter u = 8/3 = 0.375. However,
based on various experimental methods it is known, that none of these theoretical

cell parameters matches the experimental values for GaN and AIN [57,58].

In the ideal wurtzite structure, the two hexagonal close-pack layers of metal and
nitrogen atoms are shifted by 3/8 of the ¢ lattice constant with respect to each
other along any arbitrary anion-cation bond, which is not orientated in parallel to
the c-axis. Fig. 3.1 illustrates a nitrogen-polar wurtzite lattice consisting of an A and
a B stack along with one additional nitrogen layer. The wurzite structure lacks any
symmetry plane perpendicular to the c-axis, while three of these symmetry planes
exist in parallel to the c-axis. Hence, due to the reduced symmetry in comparison to
e.g. the cubic structure, the wurzite structure requires a strict distinction between
the c-axis and its antiparallel counterpart. As a result, even the ideal wurtzite
structure triggers the occurrence of a polarization along the c-axis. Ambacher et
al. provided an intuitive analysis of the related charge asymmetries in the wurtzite

lattice as summarized in the following paragraph based on Ref. [59].

The designated metal atom (C) shown in Fig. 3.1 is surrounded by four nearest

neighbor nitrogen atoms. Three of these nearest neighbors (yellow) commonly ex-
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hibit identical bond length and angles if, e.g., no application of any uniaxial stress
component is assumed. The fourth nearest neighbor (red) only exhibits an identi-
cal distance to C in comparison to the other three nearest neighbors, if the ideal
wurtzite structure is considered. In that case, these four nearest neighbors origi-
nate an evenly distributed charge distribution around C based on identical bond
lengths and angles. However, the entire symmetry is heavily altered as soon as the
second nearest neighbors of C are considered. The nitrogen plane in the B-stack
shown in Fig. 3.1 contains six second-neighbor nitrogen atoms (brown), while the
top-nitrogen layer of the A-stack beneath contributes three second nearest neighbors
(orange with arrows). Please note how these three second-neighbors are distributed
around C in accordance to the C'5 rotational symmetry of the corresponding atomic
plane (orange dashed lines). However, exactly one second nearest neighbor atom
(green) of the metal atom C resides in the nitrogen plane beneath the A stack as
shown in Fig. 3.1. This distance (metal atom C — ”green” nitrogen atom in Fig. 3.1)
is shorted by around 13 % [59] in regard to the other second nearest neighbor bond
length, demonstrating a fulminant asymmetry of the ideal wurtzite that breaks the
charge neutrality and results in a polarization field along the c-axis known as the
spontaneous polarization or also pyroelectricity. However, the precise determination
of the pyroelectricity of the bulk material remains a challenging task as numerous
occurring dipole moments must be taken into account as described by Bernardini et
al. [60] based on density functional calculations in the local density approximation.
Any deviation from the ideal wurtzite structure, as it is the case for the GaN and
AIN lattice, heavily alters this pyroelectricity and even introduces piezoelectricity,
cf. Sec. 3.2.1. Naturally, the displacement of atoms from their position in an ideal
wurtzite structure as e.g. induced by strain (also internal strain common to the
non-ideal wurtzite lattice [61]) strongly varies the charge distribution in the entire
crystal based on strongly ionic metal-nitrogen bonds. As a result, the piezo- and
pyroelectric fields in the close vicinity of nanostructures reflect their particular shape
as illustrated in Sec. 3.2.1.

3.1.2 Band structure and valence band ordering

Wurtzite GaN and AIN exhibit their valence band maxima and conduction band
minima at the I' point, thus, both are direct semiconductors. The antibinding 4s
states of gallium and the antibinding 3s states of aluminium originate the conduc-
tion band in GaN and AIN, while the binding 2p states of nitrogen form the upper
valence bands. The crystal field [62] induces a splitting of the uppermost valence
bands at the I'-point of the Brillouin zone with either I'y or I's symmetry following
the Koster notation [63]. Furthermore, the spin-orbit interaction originates a fur-

ther splitting of the valance bands in GaN and AIN. Here, a particular difference
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between GaN and AIN becomes evident as the symmetry ordering of their upmost
valence bands is reversed. GaN exhibits three upper valence bands with a I'g, I'7, I'7
symmetry ordering, while the ordering of the two upmost valence band symmetries
is reversed in AIN yielding a I'7, T'g, I'7 ordering [62,64] similar to the case of ZnO
[65]. Precisely these three valence bands are also commonly described as the A,
B, and C valence band in any wurtzite semiconductor. The conduction band itself
exhibits I'7 symmetry in GaN and AIN. In order to describe the optical properties of
the GaN QDs it is sufficient to consider the close vicinity of the I'-point, rendering

a k-p approach an ideal choice as introduced in Sec. 3.2.

3.1.3 First order phonon modes

As the wurtzite structure features n = 4 atoms in the primitive unit cell, 3n = 12
first order phonon modes are expected, constituting the common 3 acoustical modes
along with 9 optical modes. The entire set of phonon modes can be described based
on group theoretical considerations [66] yielding the following irreducible represen-

tation:

['=2A4:(1) +2B1(1) + 2E1(2) + 2E5(2). (3.1)

Here, the number in brackets denotes the one- or twofold degeneracy. The acoustical
modes native to the wurtzite lattice comprise one non-degenerate A; mode and a
twofold degenerate 1 mode, while the other 9 optical modes are commonly labeled

as

Topt = A1(1) + BP(1) + BM"(1) + B, (2) + EY™Y(2) + EY9"(2). (3.2)

Fig. 3.2 illustrates the atomic displacement of all these 9 optical modes. The A
and Bj modes exhibit oscillations parallel to the c-axis of the wurtzite crystal and
the K1 and E5 modes contain perpendicular orientated atomic displacements. The
Bj oscillations are Raman-forbidden, leaving 6 first-order Raman modes behind
that can straightforwardly be observed by means of Raman spectroscopy [61,67].
However, in this thesis the A; and E; modes are of main interest as they are polar
modes, which features a strong coupling to optical excitations like e.g. excitons. As
depicted in Fig. 3.2 the A; mode originates from an oscillation of the metal against
the nitrogen lattice parallel to the c-axis, finding its perpendicular counterpart in
the 4 mode. Hence, an oscillating polarization accompanies the Ay and E; modes
in the lattice, originating a strong electron- and exciton-phonon coupling [68,69] as
further discussed in Chap. 6, page 74.

The polarization fields native to the wurtzite structure lift the degeneracy of the

A; and E; modes, yielding a longitudinal-optical (LO) and transversal-optical (TO)
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A, E, E(low) E,high) B,(low) B,(high)

Figure 3.2: Schematic illustration of the ion displacement that occurs in a wurtzite material
as soon as an optical phonon mode is excited. For the case of GaN or AIN, the metal atoms
are depicted by grey spheres, while the nitrogen atoms are illustrate by purple complements.
The length of the depicted arrows is proportional to the most dominant displacement. The
sub-lattice of the nitrogen atoms predominantly contributes to the Ay, Fy, B?igh, and E; igh
modes, while the B/ and E° vibrations are strongly influenced by the oscillation of the

metal atoms. The A; and Fy modes are polar in contrast to their B; and Ey counterparts.

mode. The energy of the LO modes naturally exceeds the corresponding TO values,
because the macroscopic electric field acts as an additional restoring force for the ion
oscillation [70], an effect that can in principle easily be understood and mimicked

by the well-known plate capacitor [42].

3.2 From single- to multi-particle states

The applied 8-band k:-p modeling for wurtzite material based QDs represents the
extension of an implementation that was previously successfully applied for various
zincblende QD systems [71-74]. The inclusion of strain effects, the piezoelectric
and pyroelectric polarization, as well as the spin-orbit and crystal-field splitting
ensures realistic wavefunctions as approved by a direct comparison to optical data.
The application of the full 8x8 Hamiltonian accounts for the coupling between the
valence and conduction bands, yielding a successful theoretical description even for
wurtzite materials with smaller bandgaps like InN if compared to GaN and AIN [35].
Generally, atomistic tight-binding approaches are still only of limited value due to
the experimentally confirmed sheer size of GaN QDs comprising up to 100k atoms,

rendering the presented 8-band k-p formalism inevitable and most valuable.
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3.2.1 Strain state and built-in electric field calculations

The particular strain distribution induced by embedding a wurtzite GaN QD in its
matrix material AIN, does not only affect the electronic states via the electronic
deformation potentials, but also by the strain-induced piezoelectric polarization.
Generally, in c-plane grown GaN QDs the biaxial stress is large and amounts up
to several GPa (for details please see Chap. 6, page 74). In combination with huge
piezoelectric constants that are common to wurtzite GaN and AIN [75], one ob-
tains a significant influence regarding the electronic states, if e.g. compared to
arsenide-based QDs. In addition to the piezoelectric polarization, the spontaneous
(pyroelectric) polarization needs to be considered. For wurtzite GaN QDs both po-
larization types exhibit the same order of magnitude in contrast to e.g. the case of
InGaN/GaN QDs [35]; a balance that is straightforwardly governed by the difference
of the pyroelectric polarization constants [60].

As a first step, the strain field in the model QDs and their vicinity is calculated using
a continuum mechanical approach as described in Refs. [76,77]. The applied QD
dimensions and further parameters are, as far as possible, derived from experiments,
cf. Chap. 6.4, page 86. Generally, the total polarization P for the case of a wurtzite
type semiconductor is given by the following Eq. 3.3.

P = Ppy + Psp (3.3)

Here, Ppy; symbolizes the strain-induced piezoelectric polarization, while Pgp is
its pyroelectric counterpart. Pgp only exhibits one significant component along the
[0001] direction and is taken from Ref. [78] for GaN and AIN, while the corresponding
Ppy values can directly be derived based on the strain tensor [79]. Consequently,

the entire polarization charge density p(r) can be described by

p(r) = -V - P(r), (3.4)

directly resulting the electrostatical potential Vi () via the Poisson equation

€V - [6(7)VVitatic(T)] = p(r). (3.5)

It is exactly this potential Vizase(r) that will finally be included in the Hamilton
operator described in the following Sec. 3.2.2 in order to derive e.g. single-particle
wavefunctions. Fig. 3.3 displays Viatic(r) for two model QDs in a color-coded con-
tour plot, exhibiting the shape of a truncated, hexagonal pyramid with a diameter
of 16 nm and a height of 1.2nm, respectively 2.4nm. The QDs’ shape and their
dimensions are confirmed by scanning transmission electron (STEM) and atomic
force microscopy (AFM) as described in Chap. 2, page 16) and 6, page 74. Fig. 3.3a
and b nicely illustrate how a negativ potential is formed at the QD bottom (red —
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Figure 3.3: Color-coded contour plot of the electrostatical potential Vitatic(r) based on
the piezo- and pyroelectric field P introduced in Eq. 3.3 (left). The QD shown in (a)
exhibits a height of 1.2nm and a width of 16 nm, while the height of the QD shown in
(b) is doubled with the diameter remaining constant. A profile plot (right) that quantifies
the electrostatical potential along the [0001] direction (dashed arrows) is shown next to the
corresponding color-coded plot. Following this direction, a negativ potential occurs at the
bottom of the QD (red — yellow), which is nullified at QD half-height, before it reverses its

sign towards the QD top (blue — black).

yellow), while the QD top area is dominated by a positiv potential (blue — black).
Hence, upon excitation of such a QD with an electron-hole pair forming an exciton,
the upper QD section is attractive for electrons, while holes should accumulate at
the QD bottom as confirmed in the following Sec. 3.2.2.
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3.2.2 Single-particle states

The electronic states and energy levels of a bulk semiconductor can in principle

straightforwardly be derived by solving the Schodinger equation

p2

Hoo = | Vi) |0 = B0 (36)
mo
with the Hamiltonian Hj, the electronic wavefunction 1, the total energy FE, the
momentum operator p, the free electron mass mg, and the lattice potential V' (r)
depending on the position vector r as shown in Fig. 3.3. However, in a heterostruc-
ture like a GaN QD embedded in AIN the crystal composition, the strain, and the
field situation varies depending on 7, rendering approximations in order to solve
Eq. 3.6 inevitable. Gershoni et al. [80] describe such an approximation known as
the k-p method, comprising envelope functions for the three topmost valence bands
and the lowest conduction band in the close vicinity of the Brillouin zone center
close to k = 0. In each homogenous region of the complex structure of interest the

wavefunction itself is assumed to obey the following form:

U(r) = Un(r)Fu(r) (3.7)

Here, U, (7) are the zone center Bloch waves for the particular local material of the
heterostructure as selected by r and the underlying global structure (e.g. QD shape,
dimensions, stratification in a device structure, etc.). The summation additionally
encompasses the envelope functions F,(r) and includes the Bloch wavefunctions for
the conduction band minimum as well as the three valence band maxima, each con-
tributing two spin orientations. Hence, an eponymous set of eight coupled differential

equations can be derived

> H(r, k)mnFn(r) = EFp(r). (3.8)

Solving this set of equations is directly related to the application of correct boundary
conditions at the interfaces of the computational domains that finally guarantee
envelope function continuity and current conservation as summarized by Baraff et
al. in Ref. [81]. As a result of the given sub-selection of bands, the state ¢ is
composed of eight projections on four bands as described by

)= (cT,UL,U;,Ug,ci,vi,vg,vé)T. (3.9)

In this basis the Hamiltonian H can be denoted in the block matrix form given by

Gk) T (3.10)
- G*(k) '
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with G and I" presenting 4x4 matrixes each, while the asterisk denotes the complex
conjugate. The detailed structure of these matrixes is not of interest in this experi-
mentally oriented manuscript and is given for zinc-blende crystal in Ref. [80], while,
among others, Winkelnkemper et al. have reported the wurtzite-specific parts in Ref.
[35,82]. A list of all parameters contributing to G*) (k) and T is given in Ref. [40],
including a sign correction for one of the piezoelectric constants [38,75,83]. Finally,
the single-particle states of the holes and electrons are computed by an algorithm
that derives all required eigenvalues. Hereunto, the computational domain that en-
compasses the entire heterostructure is separated into cubes with a side length of
~0.2nm. The underlying C and Fortran 90 code was continuously developed at the
Technische Universitat Berlin [74,82,84] and its results can seed the multi-particle
state calculations as described in the following section.

Fig. 3.4 illustrates the resulting occupation probability densities ||? in a normalized,
color-coded contour plot for the same two model QDs already depicted in Fig. 3.3,
comprising a diameter of 16 nm and a height of 1.2 nm, respectively 2.4 nm. The color
coding was applied to normalized |¢)|? distributions in order to ease the visibility
of the charge carrier distribution along the QD by applying the full color range.
However, the corresponding profile plots along the [0001] direction allow to compare
the deviating || of the electron and the hole across all model QDs, cf. Fig. 3.5.
This was achieved by a rather arbitrary normalization of each profile plot to the
sum of all hole |t/|? values along the [0001] direction that originate from the flatter
QD (any normalization is suitable if kept constant for all contour plots). Fig. 3.4a
nicely illustrates the generally stronger localization of the hole due its large effective
mass, if compared to its counterpart, the electron. As soon as the QDs flatten, the
electron occupation probability density extends over the QD diameter, approaching
the quantum well case. However, as soon as the QD height is increased, the spatial
carrier localization is enhanced as directly noticeable by a comparison of Fig. 3.3a
and b. Please also note the horizontal grey dashed lines, which connect the QD
contours with the profile plots. These lines allow the observation that a certain
section of the electron and hole occupation probability density resides outside of the
QD material in the matrix material, an effect that will be of tremendous importance
for the physical discussion presented in Chap. 6, page 74 treating the exciton-LO-

phonon coupling.
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Figure 3.4: Normalized, color-coded contour plots showing the occupation probability den-
sity |¢|? of single-particle wavefunctions occurring in wurtzite GaN QDs embedded in AIN.
The model QD structures (truncated, hexagonal pyramids) are sketched by the grey contour-
lines, describing a QD height of 1.2nm (a) or 2.4nm (b) and a constant QD diameter of
16 nm, which is identical to the QD dimensions applied in Fig. 3.3. Profile plots along the
[0001] direction through the QDs’ centers individually show |¢|? for an electron and a hole.
In order to allow a quantitative comparison between the individual |¢|? dependencies, all
of them were normalized to the sum of all hole [1|? values along the [0001] direction of the
flatter QD shown in (a).

3.2.3 Multi-particle states

The challenging task of a most realistic simulation dedicated to multi-particle states
is commonly solved by the configuration-interaction (CI) method, which takes few-
particle effects into account. In addition to the direct Coulomb interaction of elec-
tron(s) and hole(s), these are the exchange interaction and correlation effects. How-
ever, the accuracy of the CI method scales with the number of bound single-particle
states (see Sec. 3.2.2), whose number is especially limited e.g. for InGaN QDs embed-
ded in GaN [35,82]. However, for wurtzite GaN QDs embedded in AIN a sufficient
number of bound single-particle states exists due to large bandgap offsets. Never-

theless, the direct application of the CI method on single-particle states remains
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challenging due to the renormalization of the wavefunctions. Hence, even though
the CI method based on single-particle states has proven as an efficient technique
for InAs/GaAs QDs exhibiting negligible renormalization effects, its application for
wurtzite, c-plane GalN QDs requires an improved set of basis states.

Such improved basis states can e.g. be derived by the Hartree or the Hartree-
Fock method, yielding more realistic multi-particle states if used for seeding the
CI scheme as the final computational step. The Hartree method accounts for all
mean Coulomb interactions in a multi-particle state leading to a renormalization
of the single-particle wavefunctions under the influence of the strong pyro- and
piezoelectric fields in nitride QDs. As a result, a multi-particle wavefunction is
obtained that already allows the description of excitonic complexes to a certain
degree. However, already the following ansatz for the multi-particle wavefunction in
the Hartree approximation WH¢¢ reveals a prominent deficiency of the Hartree
method:

\IJHartree _ le(,,,) (311)

In this simplistic ansatz WH7etree is described by a product of orthonormalized single-
particle wavefunction ;. Hence, in the Hartree approximation two wavefunctions
that describe fermions in one and the same quantum mechanical system can in-
deed be identical, in most striking contrast to the Pauli exclusion principle. The
consideration of the spin-related exchange interaction, which also takes this most
fundamental physical exclusion principle into account, is achieved in a more ad-
vanced ansatz applied in the Hartree-Fock approximation. Here, the multi-particle

wavefunction W7F is given by

\IIHF(tl,tg,...,tA):L Va(t1) a(t2) ... tha(ta) , (3.12)

VAl .
wA(tl) wA(tA)

with A indicating the number of participating one particle states ¢4, depending on
a set of coordinates ¢; that is composed of the position vector r and the spin o.
Each row of the determinant in Eq. 3.12 can be interpreted as the occupation of
one of the single-particle states 11, s, ..., 14 with one of the contributing particles
i=1,2,...,A. Consequently, UF describes an antisymmetric multi-particle wave-
function as an exchange of two rows or columns of the, so-called, Slater determinant
alters its sign, in contrast to the product form of WHartree of Eq. 3.11. Naturally,
this antisymmetry now complies with the Pauli exclusion principle, as the exchange

of two identical rows or columns can only change the sign of the Slater determinant
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by nullifying the entire multi-particle state WHF

The precise modality for introducing the Coulomb interaction in the Hartree, and
both, the Coulomb and exchange interaction in the Hartree-Fock approximation, re-
sides beyond the scope of this thesis and can be found elsewhere [48]. Nevertheless,
the calculation scheme for both approximations is from a structural point of view
identical and starts with the single-particle states that are fed into a self-consistent
calculation loop. In this loop, the Hartree energy E%"*r¢¢ or the Hartree-Fock en-
ergy FHF

interaction. As a result, new single-particle states are obtained that can again serve

are calculated based on the Coulomb, or both, the Coulomb and exchange

as initial states for the iterative loop. Finally, the sequently ameliorated particle
states are not significantly altered anymore and the output of the calculation loop
yields converged, so-called, multi-particle states that consider, in the best case, the
particular strain state of the QD, the piezo- and pyroelectric field, as well as the
Coulomb and exchange interaction. The described cycle identifies the applied cal-
culation scheme as a variational method that minimizes the energy functional by
approaching 5¢EH artree/ HF' — (),

However, even the ansatz from Eq. 3.12 cannot yield a fully valid description of
two-particles systems as excitons, because only the occupied states are considered
and the final solution still obeys a separable form. A truly exact solution is only
obtained if all (N — o0) occupation possibilities are considered, each contributing

its own Slater determinant to a linear combination of Hartree-Fock states:

U= c, UHE (4 ty ... tN) (3.13)

M=

n=1

The corresponding CI Hamiltonian can be found in Ref. [48] and it incorporates
on its main diagonal the energies that were obtained by the Hartree-Fock iteration
method. All off-diagonal matrix elements originate from configuration combinations
with non-vanishing Coulomb and exchange interaction terms. Hence, the CI method
strongly benefits from the application of a ”"few” Hartree-Fock states that already
include the majority of interactions except of the configuration interaction.

As a direct result of the Hartree-Fock approach, Fig. 3.5 shows the fully converged
||? distributions for an electron and a hole. The same two model QDs that were
already depicted in Fig. 3.3 and 3.4, comprising a diameter of 16 nm and a height
of 1.2, respectively 2.4nm, are again depicted by grey lines. By comparing Fig. 3.4
with Fig. 3.5 an increased localization of the electron can be observed at a first
glance. Although this effect is most prominent for the electron that occupies the
flatter QD shown in Fig. 3.5a, it is also noticeable for the corresponding hole, even
in the higher QD illustrated in Fig. 3.5b. The profile plots from Fig. 3.5 allow

a quantitative comparison to Fig. 3.4 as the same normalization procedure was
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Figure 3.5: Normalized, color-coded contour plots showing the electron and hole occupation
probability densities |¢|? in wurtzite GaN QDs embedded in AIN based on the Hartree-Fock
approach. The model QD structures (truncated pyramids) are sketched by the grey lines
describing a QD height of 1.2nm (a) or 2.4nm (b) and a constant QD diameter of 16 nm,
which is identical to the QD dimensions applied in Fig. 3.3 and 3.4. Profile plots along the
[0001] direction through the QDs’ centers individually show |¢)|? for an electron and a hole.
In order to allow a quantitative comparison between the individual ||?> dependencies, all
of them were normalized to the sum of all hole |¢)|*> values along the [0001] direction of the
flatter QD.

applied based on the sum of all hole |+/|? values along the [0001] direction belonging
to the flatter QD. Please note that the illustration shown in Fig. 3.5 represents
the best way for illustrating an approximation of an exciton in a QD in real space
based on Hartree-Fock wavefunctions. Any approximations beyond Hartree-Fock,
as e.g. the inclusion of CI cannot straightforwardly be illustrated anymore. Here,
the illustration of a large contour plot set would be the only feasible solution for an
illustration, comprising an electron and/or a hole in a multitude of fixed positions
and the corresponding |+/|? distribution for the opposing charge carrier. Clearly, the
benefit of such an illustration is questionable. Hence, it is more valuable to reside
to a characteristic number, the total complex interaction energy, which serves as a

fingerprint for the excitonic complex inherent to the individual GaN QD. Naturally,
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such total complex interaction energies also strongly depend on the applied modeling
procedure taking a certain, computational time limited, subset of interactions into

account.

By computing the total complex interaction energy [48], the in Fig. 3.4 and 3.5 de-
picted changes regarding the occupation probability density are directly quantified.
It is exactly this pivotal number that finally dictates the spectral position of the
excitonic complexes, which can be probed by means of u-PL spectroscopy. Fig. 3.6a
shows the single-particle interaction energy of either one or two bound electron hole
pairs, known as an exciton (X) and a biexction (B). The calculation of these in-
teraction energies is based on the wavefunctions that were described in Sec. 3.2.2
and 3.2.3. However, Fig. 3.6b now facilitates a separation of the renormalization
and correlation effects. As soon as the QD size is decreased within experimentally
determined limits (see Chap. 2), the interaction energy continuously rises with the

exciton emission energy due to a reduced electron-hole separation.

Clearly, the mean Coulomb and exchange interaction between the particles has the
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largest impact on the interaction energies as shown in Fig. 3.6. However, the deter-
mination of these energies based on single-particle states represents only the simplest
approximation, which cannot bear a direct comparison to experiments. Hence, an
improved set of basis states must be obtained as introduced in Sec. 3.2.3 based on an
iterative Hartree-Fock calculation that takes the mean Coulomb and the exchange
interaction into account. As a direct result, one obtains an overall increase of the
particle interaction energies by the values plotted in Fig. 3.6b that are labeled with
HF renormalization. Subsequently, a correlation interaction scheme can directly be
applied based on the Hartree-Fock basis states, yielding an additional increase of
the interaction energies as summarized in Fig. 3.6b. Here, quite particular trends
appear for the renormalization- and correlation-induced energy components of the
B complex in strong contrast to the continuous trend from Fig. 3.6a. The precise
origin for this behavior is given in Chap. 8 and is based on a lateral separation of
the hole states in the B complex, leading to a novel, so called hybrid-biexciton with
a particular hole-spin alignment [40]. Generally, all particle interaction energies of
the X and B complexes shown in Fig. 3.6 are plotted against an X emission energy
that already takes the entire set of interactions into account. Since elongated QD
structures were modeled in accordance to the experiment [37], the average of the

bright X states was applied for determining the X emission energy.

3.3 Quantum-confined Stark effect

A more simplified but also very descriptive explanation of the charge carrier separa-
tion in c-plane grown wurtzite GaN QDs embedded in AIN is based on the model of
the quantum-confined Stark effect (QCSE) [64,85,86]. Generally, the fundamental
Stark effect describes the shift of molecular or atomic spectral lines under the influ-
ence of an electric field, thus, representing the analogon to the Zeeman effect, which
describes the same physical phenomenon just under the influence of a magnetic field.
One distinguishes between the linear and the quadratic Stark effect, depending on
wether a dipole moment already exists without the presence of an electric field (in-
herent dipole moment) or a dipole is induced upon the application on an electric
field (induced dipole moment). The terminology of the quantum-confined Stark ef-
fect is frequently used in the field of semiconductor physics and trivially relates to
the quantum-confinement of the particles that constitute the dipole moment but
does not introduce any deviating new conceptions.

As outlined in Sec. 3.2.1 and motivated in Fig. 3.3, any c-plane interface between
GaN and AIN introduces a significant accumulation of charges [87]. Hence, as soon
as two interfaces oppose each other as it is the case in a quantum well, quantum

wire, or in a QD, huge electric fields of the order of several MV /cm occur across the
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Figure 3.7: Scheme of the quantum-confined Stark Effect (QCSE) in a single GaN quantum
dot (QD) embedded in its matrix material AIN. If the natural occurrence of interface charges
is neglected then no tilting of the bands occurs, allowing the electron (blue) and the hole (red)
in the QD to overlap (top). However, as soon as interface charges are considered (bottom)
the bands tilt, leading to a red-shift of the emission and increased excitonic lifetimes due
to a spatial carrier separation that also originates enhanced excitonic dipole moments f.

Please note that the underlying band parameters are not drawn to scale.

nanostructure. Even without the sophisticated 8-band k-p calculations presented in
Sec. 3.2.2, one can straightforwardly understand the occurring charge carrier sepa-
ration, which was illustrated e.g. in Fig. 3.4. Here, Fig. 3.7 (left) shows the initial
situation of the charge distribution at the GaN/AIN interfaces of the QD with and
without the occurrence of large piezo- and pyroelectric fields. Positive interface
charges accumulate at the QD top interface, while their negative counterparts pop-
ulate the QD’s bottom region. As a result of the inherent electric field, the band
structure is heavily altered as illustrated in Fig. 3.7 (right). In a first approxima-
tion, the conduction and valence band incline, thus reducing their effective energetic
separation. Hence, the spatial separation of an electron and hole decreases their
energetic spacing, an effect that can directly be witnessed in e.g. PL spectra by a
strong redshift of the related luminescence in regard to the fundamental bandgap of
the underlying material. Without the presence of these surface charges, the electron
and hole that occupy the QD would not spatially separate (only valid in this sim-
plistic approach) and the band structure exhibits the typical, simplified well shape
in all spatial directions. Experimentally, the QCSE cannot only be witnessed by
a redshift of the luminescence, but also by increased radiative lifetimes due to a
reduction of the charge carrier overlap. Hence, it is only natural that the QCSE

holds a most determining role for any real-world light applications, as a high photon
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output usually resides in the center of interest. However, this is not necessarily the
case for applications in quantum cryptography, as long excitonic lifetimes can ease

the manipulation of the related quantum-states.



4 Basics of single GaN quantum dot
spectroscopy

It is the purpose of this chapter to introduce the reader to some common optical sig-
natures of single, wurtzite GaN QDs embedded in an AIN matrix. First, the ensem-
ble spectra of the QD sample that is predominantly analyzed throughout this thesis
are introduced, directly motivating the need for single QD spectroscopy by means
of the p-Photoluminescence (u-PL) technique. Based on such an analysis of truly
single QDs the identification of the inherent excitonic complexes becomes feasible.
However, no experimental technique by itself allows and undoubtful identification
of each individual, excitonic emission line. Hence, a number of vital experimental
parameters as e.g. the excitation power, the temperature, the polarization angle,
and the excitation wavelength can be varied in our setup in order to study the effect
on the u-PL spectra. Consequently, by comparing the experimental spectra with
theoretical results derived from rate equations and/or multi-particle 8-band k-p cal-
culations, one can indeed finally determine the physical origin of each emission line.
In this chapter the excitation power will be varied representing the most directly
accessible parameter that can be well approached by basic rate equation models.
Additionally, the variation of temperature and polarization angle is discussed in
Chap. 8, while the variation of the excitation wavelength remains a task for future
work. Interestingly, regarding e.g. arsenide-based QDs a detailed understanding
has already been achieved for the variation of all these experimental parameters.
However, for wurtzite GaN QDs an emission line identification is much more chal-
lenging because QD size variations heavily alter the lateral confinement of holes and
electrons. Hence, in this chapter the focus lies on a wurtzite GaN QD of constant
size, which emits at ~3.5eV in good agreement with the maximum of the ensemble
PL emission, rendering such QD common for the analyzed sample as it can most
frequently be observed by p-PL. Finally, this chapter extends the concept of basic
excitation power dependent measurements towards the high excitation regime. Here
it is feasible to obtain novel observations beyond the currently in the literature re-
ported research level, as an entire zoo of multiexcitonic excitons is observed and can

even extensively be probed by means of time-resolved u-PL spectroscopy.
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4.1 Ensemble spectroscopy of GaN QDs

Fig. 4.1 illustrates low-excitation ensemble spectra recorded at 6 K and 300 K for the
GaN QD sample of interest, cf. Chap 2, page 16. The overall luminescence consists
of several peaks belonging to the emission of GaN QD sub-ensembles of discretely
varying QD height. Each peak is labelled by the number of monolayers (MLs) that
constitute the overall QD height including a wetting layer thickness of 1 ML. The
inset of Fig. 4.1 depicts the relation between the QD sub-ensemble emission energy
and the number of contributing MLs as derived from the multi-particle calculations
outlined in Chap. 3, page 21. Upon rise of temperature the ensemble spectrum
broadens from ~310meV (6K) to ~440meV (300 K), which is accompanied by
a broadening of the individual sub-ensemble peaks. At a temperature of 300K
the identification of the sub-ensembles peaks related to more than 8 MLs becomes
challenging as the PL signal is overlaid by LO-phonon replica of 1st and 2nd order
with a distinct spacing of 95(2) meV in regard to the zero phonon line, the ensemble
maximum. Interestingly, the observed LO-phonon energy resides in between the
LO-phonon energies of bulk GaN [61] and AIN [67], an observation that will be
clarified based on an extended u-PL study in Chap. 6, page 74. Also the exciton-
LO-phonon interaction strengths seems to be fairly strong, as it can already clearly
be observed on a linear intensity scale in Fig. 4.1. However, any quantitative analysis
is challenging due to the spectral overlap with the QD sub-ensemble peaks.

Also the cause of the sub-ensemble peak broadening mechanism evident in Fig. 4.1
is difficult to determine based on the presented ensemble PL spectra. Clearly, a
strong contribution of acoustic phonons is expected upon rise of temperature, but
the detailed effect of a coupling between excitons and phonons can only be studied

in more detail based on single QD spectra as introduced in Chap. 4.2, page 40.

4.2 Spectroscopy of individual QDs under continuous wave

excitation

The most common optical traces of a single, wurtzite GaN QD embedded in AIN
under continuous wave (cw) excitation are shown in Fig. 4.2. The depicted scaling
behavior of all emission lines with rising excitation power strongly supports their
identification as expressed by the corresponding labelling. In the following this
labelling is already anticipated in order to increase the accessibility of the text.
At low excitation powers (<0.02kW/mm?) the excitonic emission (X) dominates
the spectrum along with a comparably faint contribution of an excited-state (X*).
Upon rise of excitation power the biexcitonic emission (B) becomes more dominant

and even exceeds the excitonic intensity for the highest illustrated excitation power.
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Figure 4.1: Low-excitation ensemble PL spectra of the QD sample that is predominantly
analyzed throughout this thesis recorded at 6 K (black) and 300K (blue). Individual peaks
related to QD sub-ensembles of discretely varying QD heights are evident and are con-
sequently labeled with the number of contributing monolayers (MLs). Upon rise of tem-
perature a spectral broadening can be observed that is accompanied by the appearance of
LO-phonon replica related luminescence already noticeable on the applied linear scaling.

Also phonon-assisted one-LO-phonon replica can be noticed on the Stokes-side of
the X and B emissions, cf. Fig. 4.2. As shown in the inset of Fig. 4.2, this LO-
phonon emission band consisting of X’ and B’ directly mirrors the splitting between
X and B, supporting the emission line identification. Interestingly, the particular
LO-phonon energy for this QD equals around 98 meV, exceeding the LO-phonon
energy extracted from the ensemble spectra of Fig. 4.1 (95meV). Such a rather
minor discrepancy of 3meV could be attributed to a particular strain state of the
analyzed individual QD or could also originated from the temperature variation
[88]. However, in Chap. 6 (page 74) a clear trend will be derived for this LO-phonon
energy. Based on the analysis of > 200 single QD spectra it can be shown that
the LO-phonon energy increases with rising QD emission energy, an effect that is
directly related to the particular nature of the exciton-LO-phonon coupling in such

strongly polar, wurtzite GaN QDs.

In order to analyze the particular scaling behavior of all emission lines in Fig. 4.2
with rising excitation power, it is a good first approach to apply Gaussian fitting
functions in order to extract the peak areas. The application of Gaussian fit functions
is validated by the strong contribution of a phenomenon known as spectral diffusion
[46,89], originating the observed emission line width as treated in Chap. 5, page 62.

Please note the astonishingly large inhomogenous emission line widths noticeable in
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Fig. 4.2, which will be discussed in more detail in Chap. 5, page 62. All extracted
peak areas for X, X*, B and the LO-phonon replica of X are summarized in Fig. 4.3.
The evolution of the peak area (I,,) with excitation power (P) can be described
by a multiexcitonic model of a single QD as outlined in Ref. [43,45], assuming

independent, excitonic recombination probabilities. As a direct result the following

e =1 (£) e (-2) an

Here, Iy and Py serve the normalization as fitting parameters and n expresses the

fit function is obtained:

number of excitonic decay channels that is assumed to scale with the exciton num-
ber. However, Eq. 4.1 is only exactly valid for n < 2 € N as it harks back to the
Poisson distribution [43]. However, from an experimental point of view it has been
proven as effective to apply n < 2 € R in Eq. 4.1 for the fitting procedure in order to
reveal multiexcitonic luminescence contributions. For the particular case of X and

B one has to simultaneously fit the data from Fig. 4.3 with shared fit parameters
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Figure 4.3: Varying the excitation power over more than 3 orders of magnitude reveals
deviating scaling behaviors for the emission lines introduced by Fig. 4.2. The plotted peak
areas were extracted from a Gaussian fitting routine. The depicted solid lines represent the
results of a fitting procedure based on a basic rate equation model [43,45]. As a result,
the number of excitonic decay channels n is extracted for the complexes X’, X, B, and X*

supporting their identification. Numbers in parentheses indicate the error.

as long as no significantly deviating loss mechanisms are assumed for both exci-
tonic complexes [40]. As a result, n§’ = 0.98(03) and n%’ = 2.10(11) are obtained
in good agreement with the expected theoretical values of 1 and 2 for the exciton
and the biexciton in the underlying model (further fit parameters: Iy = 17.51(50),
Py = 2.63(10) kW /mm?). Hence, at an excitation power of ~2.6kW/mm? an av-
erage exciton occupation number of © = 1 is reached marking the fits intersection
point in Fig. 4.3 (left) as further described in Ref. [43,45]. The scaling behavior for
X* and X’ were analyzed by separate fitting functions yielding n§% = 1.19(14) and
nSy = 1.04(26) as shown in Fig. 4.3 (right). The scaling parameters n for X and X’
are equal within the errors, which further supports the identification of X’ as the
one-LO-phonon replica of X. The generation of phonons involved in the emission
process of X’ is clearly not hindered due to their bosonic nature. However, it should
be noted for the inset of Fig. 4.2 that even though the B intensity has already sur-
passed the X intensity at an excitation power of 2.90 kW/mm2 this is not yet the

case for the phonon replica B’ regarding X’. This observation presents a strong moti-
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vation for future work analyzing the coupling between extended excitonic complexes
and LO-phonons in order to understand the underlying selectivity. The transition
X* seems to surpass the scaling behavior of X suggesting underlying luminescence
contributions of e.g. multiexcitons. However, in order to study such higher order
multiexcitons that can even emit at several spectral positions [90], the excitation
power must be increased without damaging the sample. This task can readily be
achieved by a pulsed ps-laser that delivers high excitation powers within the pulse
duration and a sufficient time frame in between the pulses in order to achieve a
heat distribution across the sample, thus lowering the chances for any laser-induced

damage.

4.3 Spectroscopy of individual QDs under pulsed excitation

Under cw excitation the damage threshold for the analyzed wurtzite GaN QDs is
reached as soon as excitation powers approaches the low kW / mm? range. Hence, all
cw p-PL spectra previously introduced in Fig. 4.2 are still reproducible, while the ap-
plication of higher cw excitation powers permanently alters the pu-PL spectra mainly
regarding overall signal loss. It can be expected that the conducted mesa-structuring
limits the achievable cw excitation powers as the heat transport is lowered by etch-
ing away most of the QDs’ surrounding material. Also the structuring process itself
introduces a rougher and therefore larger surface area that provokes additional ab-
sorption and potential luminescence channels in the matrix material (AIN), even
if the excitation occurs below its bandgap as it is the common case in this thesis.
Hence, any high excitation effects as, e.g., higher order excitonic complexes remain
mostly obscured under cw excitation conditions.

Here, the application of a pulsed laser systems providing long ps pulses (55 ps) and a
sufficiently high repetition rate (76 MHz) constitutes a blessing. Not only that higher
peak excitation powers can be reached, also time-resolved measurements become
feasible. In the following it is demonstrated how excitation powers of up to almost
the MW/ mm? range can be approached without any sample damage to occur. At
the same time an entire zoo of multiexcitonic particles is discovered, allowing a
precise determination of all the occurring time constants due to the application of
a pulsed laser and suitable detectors, cf. Chap. 2, page 16.

Fig. 4.4 depicts a direct comparison of the p-PL spectra that are recorded under low
and high excitation based on a cw or a pulsed laser enabling quasi-resonant excitation
below the AIN bandgap in the QDs wetting layer states. At low cw excitation powers
only the excitonic (X) emission is noticeable that gets accompanied by the biexcitonic
(B) emission as soon as the excitation power rises. However, already in this high

power, cw pu-PL spectrum additional optical traces at the high energy side of B
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Figure 4.4: Comparison of low and high power continuous wave (cw) and pulsed excitation
of the same QD previously introduced in Fig. 4.2. Here, cw and quasi-cw excitation power
values are stated for the sake of straightforward accessibility for spectroscopists. At the
highest cw excitation level, the biexciton (B) has just surpassed the exciton (X) regarding
its intensity, a situation that cannot even be reversed in the spectrum of lowest pulsed
excitation power (55 ps pulse widths, 76 MHz repetition rate) with an integration time of
1200s. Upon further rise of excitation power additional peaks of a multiexcitonic origin (e.g.

3X, 4X) appear. Please see the text for further details.

start to appear. If the identical QD is now excited with a pulsed laser system, two
emission lines, namely X and B, are already present at the lowest experimentally
accessible excitation power. Please note that the corresponding low power p-PL
spectrum for the case of pulsed excitation exhibits an integration time of already
1200 s! The quasi-cw excitation powers stated in Fig. 4.4 are supposed to facilitate
an improved accessibility for any reader with a spectroscopic background and can
easily be translated into the corresponding excitation densities based on Fig. 4.2 and
the following Fig. 4.5. The under high, cw excitation hardly noticeable features in
the high energy flank of B become directly noticeable if the high, pulsed excitation
regime is approached, cf. Fig. 4.4. In the following exactly these luminescence
traces will be attributed to multiexcitonic emissions, like e.g. tri-excitons (3X),

quart-excitons (4X), and complexes of even higher order.
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4.3.1 Generation of multiexcitons under high excitation

Selected p-PL spectra of the pulsed excitation power series are shown in Fig. 4.5.
At the lowest depicted excitation power the B transition is noticeable, which has
already surpassed the intensity of X. In addition, similar to the observation for
Fig. 4.2, an excited-state luminescence band at around 3.55 €V is noticeable. Upon
rise of excitation power, the peak maxima ratio of X and B remains constant, while
additional peaks appear in the high energy flank of the B emission. These peaks are
tentatively labeled following their order with 3X - 6X towards higher energies. Inter-
estingly, the entire set of these peaks gains in intensity if compared to X and B upon
rise of excitation power, already presenting a strong motivation for a multiexcitonic
origin. Most intriguingly, a similar peak pattern can be observed in the emission
band at around 3.55 eV, just always at comparably higher excitation powers. Here,
the overlapping individual underlying peaks are labeled with X*, B*, 3X* and 4X*
referring to their potential excited-state (*) origin.

Based on an energy splitting of 53 meV between X and X* not only an individ-
ual excited hole can contribute to the emission of X*. Single-particle calculations

by Winkelnkemper et al. [91] predict a hole level spacing for wurtzite GaN QDs
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embedded in AIN of ~10meV for the presented emission range, in agreement with
the common A-B valence band splitting of GaN [62,92,93]. Please note that this
splitting corresponds to the spacing between S - A (VB) and S - B (VB) depicted
in the later on introduced level schemes in Fig. 4.10, page 56. Consequently, it
is feasible to assume that at least one excited electron contributes to the emission
of X*. Based on calculations, the first excited electronic state resides ~ 130 meV
above the corresponding ground-state at an emission energy of around 3.5eV for a
QD aspect ratio of 0.2 [91]. This value decreases to ~25meV [91] as soon as the
QD aspect ratio is lowered towards 0.1, while keeping the emission energy constant.
Hence, the measured value of 53meV for the splitting between X and X* indeed
points towards the participation of at least one excited electron, originating from
the P, , state, cf. Fig. 4.10. Conclusively, it can be derived that the particular QD
from Fig. 4.5 exhibits an aspect ratio in between 0.1 and 0.2. This observation is
in good agreement with the conclusions presented in Chap. 8, page 118, as also the
energetic splitting between X and B of -7.1(2) meV, known as the biexciton binding
energy Eﬁn &
aspect ratio interval can directly be confirmed by various microscopic techniques as
outlined in Ref. [45] and Chap. 6.4, page 86.

is common for the derived aspect ratio interval. Additionally, this

In order to determine these binding energies Fy;,q for all the observed excitonic
complexes, i.e. their energetic spacings in regard to X, a careful peak fitting based
on Gaussian (see Chap. 5, page 62) fit functions must be undertaken. At a medium
excitation power of 267 kW/ mm? all transitions are well noticeable and allow a ten-
tative fitting as shown in Fig. 4.6, which, however is increasingly hindered at higher
excitation powers due to an increased emission line widths broadening. Fig. 4.6
shows an energy scale relativ to the X emission energy of 3.4849 eV in order to allow
a direct reading of the complexes’ binding energies. Table 4.1 on page 58 summarizes
all resulting absolute and relative peak energies exhibiting their uncertainty in the

last digit shown.

However, already the fitting of the u-PL spectrum shown in Fig. 4.6, which exhibits
the most pronounced peak signatures, represents a challenging task. As introduced
in Chap. 5, page 62, a clear trend should be noticeable regarding the individual
emission line widths that scale with the relative dipole moment ratios of the excitonic
complexes. Hence, at a first glance, higher excitonic complexes should exhibit more
narrow emission lines, a condition that can already not be satisfied by the fitting
routine shown in Fig. 4.6. The fit is clearly over-parametrized but still represents
the only feasible approach in order to extract the emission line positions. As a
result, a peak area determination for all excitation power steps is hindered as no
fitting routine can be established that simultaneously fits the entire series of u-

PL spectra with a consistent set of parameters and corresponding trends. Hence,
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Figure 4.6: Assignment of all excitonic emission noticeable in Fig. 4.5 at an excitation power
of 267TkW/ mm?. The 1-PL spectrum is plotted relative to the exciton emission energy of
3.4849¢€V in order to display differential energies, known as the ”"binding” energies of the
corresponding complexes. All assigned transitions appear on the high energy side of X and
thus represent anti-binding complexes. A fit by Gaussian fit functions (individual: red, sum:
green) yielding the emission energies represents a challenging task because all emission lines

are broadened by spectral diffusion and hence overlap.

it is necessary to recede to a manual peak height determination in order to still
compare the deviating scaling behavior of the multiexciton-related intensities with
rising excitation power. Naturally, such a basic comparison of the scaling behavior
regarding peak maxima is of interest, as it represents a well established indicator
that can finally lead to a solid emission line identification if further indicators as
e.g. radiative lifetimes are considered. The peak situated at 17.7meV in Fig. 4.6
cannot be assigned to a multiexcitonic complex, but it could arise from the coupling

of excitons and acoustic phonons [68].

Fig. 4.7 displays the peak maxima of the excitonic complexes introduced in Fig. 4.5
over rising excitation density (pulsed). Both, X and B exhibit within the error iden-
tical scaling factors (nk’ lsed n%“lsed), meaning that these two excitonic complexes
have reached saturation as feasible for the case of pulsed excitation [43]. As soon
as the order of the excitonic complexes is further increased, the corresponding scal-

ing factor n rises along with the number of participating excitonic decay channels.
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Figure 4.7: Varying the excitation power by almost 2 orders of magnitude under pulsed
excitation conditions reveals deviating scaling behaviors for the emission lines indicated in
Fig. 4.5. It proofs necessary to recede to a peak maxima determination, as a peak area
determination is hindered by strong emission line overlap, cf. Fig. 4.6. The depicted solid
lines represent the outcome of a fitting procedure based on a basic rate equation model
[43,45]. As a result, the particular scaling behavior of all excitonic complexes (X - 6X
ground-state excitons / X* - 4X* excited-state excitons) is extracted and expressed by n,

supporting their identification. Numbers in parentheses indicate the error.

Please see Tab. 4.1 on page 58 for a compilation of all n values related to pulsed
excitation, which were extracted from the fits shown in Fig. 4.7. Here, Tab. 4.1 also
lists the scaling factors of the excited multiexcitons originating from an identical
fitting procedure. Generally, a multiexcitonic state is generated upon pulsed excita-
tion, which subsequently decays in a cascade process, while emitting one photon per
intermediated multiexcitonic state until the ground-state (empty QD) is reached.
The evolution of the associated intensity (I,,) with pulsed excitation power (P) can
also be described by a basic and most commonly applied multiexcitonic model, as
introduced in Ref. [43]. Again, if independent recombination probabilities are as-
sumed, the following Eq. 4.2 holds:

(4.2)

[pused(p) = Iy (1 _ M)

I'(n)
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However, for the above given reasons, I,, is now not based on peak areas anymore, but
on less error-prone peak maxima. Here, I'(n, P/Fy) and I'(n) denote the incomplete
and complete gamma functions, while Iy and P, are fitting parameters similar to
the cw case described by Eq. 4.1. Not only that the sole determination of the
scaling parameters n for the case of pulsed excitation is far from sufficient for an
identification of the excitonic transitions, also the related error is significant, cf. Fig.
4.7. Hence, time-resolved measurements that come along with the overall benefits
of a pulsed excitation source can be utilized in order to approach a more solid

identification of the multiexcitons observed in the recorded p-PL spectra.

4.4 Time-resolved analysis of multiexcitons

Fig. 4.8 introduces the time-resolved optical response of the ground-state multiexci-
tons originating from the identical QD previously analyzed in Sec. 4.2 and 4.3 that
emits at an energy of around 3.5e¢V. All decays can be fitted by a biexponential
model based on a convoluted fitting routine [47] that accounts for the instruments
response function with a temporal FWHM of ~ 55 ps. Generally, within the experi-
mental limits no rise-time can be extracted from any of the transients shown in this
Sec. 4.4, meaning that the rise is always as fast as inflicted by the system response
function. Hence, the initial fill process of the QDs should take place on a sub- to
few-ps timescale [94,95] and must at least be faster than the rise-time of the system
response function (laser transient) with 40(13) ps. The accessible upper limit for
the rise-time can even further be reduced by deconvolution techniques [47] down to
~ 5 ps. After this fast QD excitation the inherent excitonic complexes start to decay.
All transients shown in Fig. 4.8 have a rapid decay component in common, whose
associated decay times 7, exhibit quite a particular, discontinuous evolution with
rising number of excitonic decay channels (X - 6X). Finally it will exactly be this
observation that provides strong support for the entire emission line identification.
After this initial rapid decay, a significantly longer decay dominates the transients,
with the corresponding 7,44 scaling from 7.73 ns for X, over 4.36 ns for B, down to
e.g. even 1.97ns for 6X as summarized in Tab. 4.1. Please note that the errors
stated in Tab. 4.1 only describe fitting errors but do not account for any effects that
arise from the prominent peak overlay shown in Fig. 4.6, which could only be further
addressed by an overall improved sample quality.

Such an excitonic decay time in the ns regime at an emission energy of around
3.5eV is indeed common for the analyzed type of wurtzite GaN QDs embedded in
AIN. For a similar emission energy, Kako et al. report a radiative decay time of
8.5ns for a single wurtzite GaN QD [32], while the average radiative decay time

obtained from an ensemble of QDs emitting at ~3.5eV scales in between 3 - 5ns
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[27]. Similar ensemble TRPL measurements were performed by the author of this
thesis (not shown), yielding a good agreement with these already published values
that strongly scale with the QD height [27] due to the quantum-confined Stark effect.
Hence, the longer time constant 7,.,4 indeed corresponds to the radiative decay time
of the individual GaN QD analyzed in Fig. 4.8.

The second time constants 7,..;, however, corresponds to the intra-QD carrier re-
laxation time as described by Mukai and Sugawara for the case of individual In-
GaAs/GaAs QDs [96]. A theoretical description of the related mostly biexponential
decays constitutes a radiative decay and an intra-QD relaxation component that can
be described by the random initial occupation (RIO) approach. In Sec. 4.4.2 the
basic assumptions of this model will be outlined based on Ref. [96]. As a result, not
only the initial fast decay will be motivated, but also the particular evolution of 7.
and 7,4q with rising decay channel number (see Fig. 4.8) becomes plausible.

After the excitation by a laser pulse, a nanostructure like a QD is usually rapidly
populated with carriers, as expressed by a capture time 7.4, (not accessible with the
experimental setup available) and approved by the measured rise-time limitation

(= Teap < 5ps). As a result, random electronic levels of the QD are initially
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filled with carriers (fast), rendering a complex multiexcitonic population a common
starting point for the following intra-QD relaxation (slower) and the final radiative
recombination processes (slowest) that consequently empty the QD. Please note
that this classification in three different process velocities is naturally not always
valid and strongly varies, among other things, with the excitation conditions, the
temperature, and the particular QD material. Generally, the basic assumption of
a random initial occupation is always valid as soon as the optically excited carrier
density is sufficiently high. As a result, the initial fast occupation of the QDs
with carriers, as expressed by 7.qp, is no longer predominantly governed by electron-
phonon interaction, but by Auger relaxation [95]. Exactly these two basic relaxation
mechanisms are discussed in the following Sec. 4.4.1 because they establish the basis

for the entire RIO model subsequently described in Sec. 4.4.2.

4.4.1 Relaxation mechanisms - towards an initial occupation

Generally, in a first approximation it is important to distinguish between two groups
of carrier relaxation processes, leading to the initial carrier population in the QD
forming, e.g., a multiexcitonic excitation in its excited-state. The first group of
relaxation processes characterized by 7.,, must be very efficient, as the large en-
ergy gaps (several hundreds of meV) between the electronic matrix material states
(or wetting layer states depending on the excitation conditions) and the bound-QD
states can rapidly be overcome as approved by the lack of any, within the experi-
mental limits measurable, rise-time (< 5ps), cf. Fig. 4.8. After these initial charge
carrier capture processes have occurred, various ezcited multiexcitonic states are
created inside of the QDs, which can now further relax towards their multiexcitonic
ground-states with an average rate inverse to 7.,. The main difference between
these two relaxation groups now is that the initial population of the QDs occurs,
while a large carrier concentration is present. This large carrier concentration is di-
rectly evoked by the high excitation level achieved by a laser pulse approaching the
GW /mm? regime. As the high carrier concentration rapidly decays after the optical
excitation, the following relaxation processes of the multiexcitonic states in the QDs
occur, while a significantly lower number of free carriers is present. It is exactly
this optically induced free carrier concentration that dominates the final dynamics
leading to Teqp < Trel-

As long as a large free carrier concentration is present, the carrier relaxation is pre-
dominantly governed by Auger processes (electron-electron scattering) and electron-
phonon scattering acts as a minor contribution [94,95]. Hence, an initial charge
carrier occupation is established within a time frame described by 7.,,. However,
as soon as the free carrier concentration diminishes after the initial excitation, the

electron-phonon scattering becomes the most prominent but less efficient relaxation
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mechanism. This is directly confirmed by the experiment because 7., enters the
tens to hundreds of ps regime [97] in contrast to 7.qp, cf. Tab. 4.1. Hence, the well-
established phonon-bottleneck effect [95,98,99] does not exhibit a dominant effect on
Teaps but rather affects the relaxation time 7, describing the intra-QD relaxation.
Similar observations have been reported by numerous research groups for the case
of In(Ga)As/GaAs QDs [98, 100, 101], but no data has so far ever been reported
for the case of wurtzite GaN QDs. Generally, the energetic level spacings inside of
wurtzite GaN QDs embedded in AIN (compare Sec. 4.3.1) are large in comparison
to the native acoustical and optical phonon energies [88], similar to the case of the
carrier relaxation from the matrix material states into the QD states. Single phonon
processes are by far not sufficient in order to surmount these energy gaps. Hence,
only multi-phonon processes can still contribute in order to facilitate a relaxation of
the initially predominantly excited multiexcitonic states [102]. In this sense both,
the intra-QD relaxation and the initial carrier capture process suffer from the well-
known phonon bottleneck effect. The Auger relaxation, however, overcompensates
this effect for the initial carrier capture and causes the observation of rather fast
rise-times [103,104]. The unique balance between phonon- and electron-induced
relaxation (electronic muliti-phonon relaxation vs. Auger relaxation) is directly al-
tered by the number of free carriers, which tunes the corresponding relaxation times
from the sub- to few-ps regime (7q;) towards the tens to hundreds of ps (7,¢;) range.
It is only natural to assume that a multitude of individual relaxation times yield the
finally by u-TRPL accessible values, even for the case of single QD spectroscopy.
However, the individual time components cannot be resolved, rendering any in the

following reported 7,.; values averaged numbers.

4.4.2 The random initial occupation model

Following the fast relaxation of the carriers into the QD (capture process) an exci-
tonic occupation is established, constituting a random number of charge carriers that
randomly occupy the QD’s energy levels. In order to simplify the entire problem of a
subsequent, multiexcitonic decay, only a simple two-level system is assumed, which
features a ground and an excited-state as shown in the scheme of Fig. 4.9. Following
this scheme, the corresponding rate equations can be derived [96], which describe
the time evolution of all total carrier numbers (Naa(t), Nap(t), Napc(t), etc.). It
represents a strong simplification to assume that all relaxation and radiative decay
channels shown in Fig. 4.9 exhibit the same rates as expressed by the inverse of 7.
and 7,,9. However, based on this reduction only two averaged rates, namely the
relaxation and the radiative recombination rate, finally dominated the measurable

decay.
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Figure 4.9: Fundamental scheme of the random initial occupation model (RIO) as de-
scribed by Mukai and Sugawara [96], assuming independent excitonic recombinations. The
illustration depicts all four initial occupation possibilities (A - D) in a two-level scheme in
addition to the related relaxation and radiative recombination paths. All corresponding
total carrier numbers are denoted with N, while the relaxation and radiative recombina-
tion times are described by 7,.¢; and 7,44, already constituting a drastic simplification for

modeling a multiexcitonic decay.
The total number of carriers in the excited-state is described by

Neaelt) = Na(t) + Np(0), (43)

with

(1
NB (t) = NB,O (t)e (ﬂ'el + T7'ad>t (44)
and N4 (t) = Naa(t) + Nap(t). An in detail analysis of the rate equations yields

2t

Nya (t) = NA’Oei Trad (4.5)

and

(1 ENga(s) (gt
Nas(t) = o (Fatma)t [ Naal) (35+55)0 4, (4.6)
0 Trad
with the parametrization s. The total number of ground-state carriers is then de-

noted by

Ngs(t) = Napc(t) + Nac(t) + Npc(t) + Ne(t), (4.7)
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while the individual expressions for the participating summands can be found in Ref.
[96]. However, if one assumes 7,¢; < Tyqq than the first three carrier numbers from
Eq. 4.7 can be neglected, yielding a decay time of 7,.,4 for the ground-state, while
the excited-state decays with 7,,4/2. However, as soon as 7, cannot be neglected
anymore as confirmed by the experiment, more complicated decay trends are ob-
servable, which can be approximated by the biexponential fit functions deployed in
Fig. 4.8. Hence, even for the excitonic emission of a single QD a biexponential decay
behavior is observed if 7, is sufficiently large in comparison to 7,44. Even though
Fig. 4.9 represents a strong simplification regarding the overall exciton picture, the
herein depicted decay channels B facilitate a straightforward understanding of the
biexponential decay. An excitonic luminescence is not only simply fed by its initial
purely, excitonic population (see C, occupied ground-state), but is also supported by
phonon-limited relaxation processes from the excited-state(s). However, in a multi-
excitonic picture this entire matter becomes a highly complex issue. Not only that
various individual radiative rates occur, also the relaxation rates towards the vari-
ous electronic levels will strongly vary. Generally, the feature-rich phonon density of
polar modes [88], which exhibit a strong coupling to excitons in individual, wurtzite
GaN QDs (compare Chap. 6, page 74), allows the prediction of particular resonances
regarding 7,..;. However, a precise identification of these resonances will be challeng-
ing as not only the individual QD size, but also the order of the excitonic complexes
indirectly tunes the energetic spacings in regard to the phonon energies via the var-
ious occupied electronic levels. Furthermore, Nakayama and Arakawa [105] predict
a margin of a few tens of meV for the corresponding energy conservation due to
the time-energy uncertainty, which will broaden any observable resonances, clearly
hindering a more detailed identification by experiments. Nevertheless, it is most
valuable to sketch the measured excitonic complexes in a simple single-particle pic-
ture (strong simplification). In the following it is this simplification that facilitates

an analysis of the evolution of 7,,4 and 7,.¢; with rising number of electron-hole pairs.

4.4.3 Radiative recombination and relaxation of multiexcitons

Fig. 4.10a shows the occupation probability densities of electrons and holes in their
ground- and excited-states (single-particle states) inherent to a wurtzite GaN QD.
In contrast to Fig. 3.4, page 31, this illustration represents a top view, nicely illus-
trating the S- or P-type character of the corresponding wavefunctions. Generally,
the carrier overlap is reduced by the quantum-confined Stark effect for the ground-
and the excited electron and hole states. However, a non-negligible charge carrier
overlap even exists for excited-states as derived from calculations (not shown), while
the ground-state transitions always exhibit the highest decay possibilities. However,

despite their reduced charge carrier overlap, excited-state transitions can experimen-
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Figure 4.10: (a) Simplified level schemes (not to scale) for a wurtzite GaN quantum dot
embedded in AIN overlaid by color-coded single-particle (SP) occupation probability densi-
ties. The conduction band (CB) contributes three energy levels with predominant S or P,
character for the electrons, while the holes occupy three states with predominant S or P1
character with contributions from either the A or the B valence band (VB) of GaN, or both
(A/B). (b) Upon occupation with electron-hole pairs various decay channels with deviating

decay possibilities contribute to the overall emission. Please see the text for further details.

tally be observed in basic u-PL spectra as introduced in Fig. 4.6, page 48. Naturally,
it is highly desirable to obtain theoretical predictions for the energetic spacings in
between the multitude of emission lines show in this Fig. 4.6. However, any detailed
calculations beyond single-particle states (see Fig. 4.10a), as described in Sec. 3.2.3,
page 31, are an extremely challenging task. Already the inclusion of a second exci-
ton represents the limit for the applied calculations discussed in Chap. 8, page 118.
Hence, the modeling of higher excitonic complexes (e.g. 3X, etc.) is hindered in the
present, extended GaN QD structures, because the corresponding iteration loops of
the calculations lack a sufficient convergence, even on extremely potent multi-core
equipment (status of early 2015). Generally, the theoretical treatment of multi-
excitonic states is feasible to a certain degree [90, 106], but most calculations are
only performed for extremely small structures in strong contrast to the experimen-

tal results, cf. Chap. 2, page 16. Hence, it is necessary to recede towards basic
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level schemes of multiexcitons [107] as shown in Fig. 4.10b in order to gain insight
into the particular scaling behavior of 7,.,4 and 7., with rising exciton number as

summarized in Tab. 4.1, page 58.

Fig. 4.10b illustrates the level schemes for X, B, 3X, 4X, 5X, and 6X. The complexes
X and B still emit at only one discrete energy, but 3X is the first complex that pre-
dominantly emits at two energy positions, similar to 4X, as long as any fine structure
splitting is still neglected [37]. The red lines depicted in Fig. 4.10b always illustrate
the most pronounced transitions based on a careful analysis of the corresponding
transition dipole matrix elements (not shown). Generally, the excitonic complexes
3X and 4X already have a populated P, ,(CB) state but corresponding transition
probabilities are low as only holes with S-like symmetry are available. Hence, the
number of decay channels is not additionally increased by P, ,(CB) electrons for 3X
and 4X as depicted in Fig. 4.10b. Nevertheless, 3X and 4X are the first complexes
that constitute holes from an S-like state that originates from the B valence band
of GaN. The first more significant contribution that arises from the excited electron
states [P, ,(CB)] occurs for the 5X and 6X complex. Here, a P1-like hole state gets
populated exhibiting a mixed (A/B) character that increases the transition dipole
matrix elements in regard to electrons occupying the P, ,(CB) level. As a result, the
number of predominantly contributing decay channels starts to rise in a non-linear
fashion if compared to the number of excitons involved. Naturally, the radiative
decay rate is enhanced with rising decay channel number as expressed by a lowering
of 7,q4q¢ with rising exciton number, cf. Tab. 4.1. For the case of X and B, the cor-
responding 7,44 values approach a ratio of 2:1 [7.73(28) ns vs. 4.36(09) ns], which is
almost ideal in the sense of contributing decay channels. However, this ratio is also
inflicted by the particular spin dynamics of the excitonic complexes with focus on the
excitonic dark states [108-110]. Hence, 7,.,q approximately scales with the number
of excitonic decay channels for these two complexes X and B. However, this relation
is lifted for higher excitonic complexes, mainly due to the reduced charge carrier
overlap introduced by the excited-states. Nevertheless, 7,4 continuously diminishes
from X — 6X but is also clearly affected by the emission line overlap observed in
Fig. 4.6. Most intriguingly this continuous decrease is not observed for the case of
Tre;- Tab. 4.1 summarizes the 7,4 and 7, values for all analyzed multiexcitonic
complexes along with the corresponding scaling factors n and the complex binding

energies.

However, regarding 7,.; an astonishing and very suggestive agreement can be found
by comparing Fig. 4.10b with the corresponding 7,..; column from Tab. 4.1. First,
for the case of X and B, 7, marginally diminishes from 149(31) ps to 129(31) ps,
simply meaning that an increased carrier number naturally introduces more relax-

ation channels. However, as soon as a new electronic level is occupied for 3X and
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Table 4.1: Set of essential parameters derived from the excitation power dependent and
time-resolved p-PL measurements for various multiexcitonic complexes from the exciton
(X), over the biexciton (B), up to the sext-exciton (6X). The corresponding excited-state
transitions are labeled with an asterisk (*). The assignment column is supposed to evaluate
the reliability of the peak attribution based on the experimental evidence. If no error is
stated in parentheses then the uncertainty resides in the last significant digit. Please see the
text for further details.

Label:  Energy:  Epinag: nv: pPulsed. Trel: Trad: Assign.
(V) (meV) (ps) (ns)

X 3.4849 - 0.98 (03) 0.79(07) 149(31) 7.73(28) ++

B 3.4920 -7.1 2.10(11) 0.80(07) 129(31) 4.36(09) ++
3X 3.5005  -15.6 - 0.90(09) 62(30) 3.04(05) +
4X 3.5056  -20.7 - 1.23(16)  51(27) 2.87(05) +
5X 3.5114  -26.5 - 1.44(34) 155(17) 2.43(11) 0
6X 3.5177  -32.8 - 1.57(52) 144(38) 1.97(04) 0
X* 3.5381 2532 1.19(14)F  0.99(13) 473(63) 2.97(06) +
B* 3.5437  -58.8  1.19(14)" 0.91(11) 420(48) 2.53(06) +
3X* 3.5533  -68.4 - 1.19(18) 383(35) 1.77(04) 0
4X* 3.5620  -77.1 - 1.34(35) 379(53) 1.73(02) 0

T Mixed contributions of X* and B*.

4X, which is mainly the S-like hole state originating from the B valence band of GaN
[P.,,(CB) does not significantly contribute to the emission|, 7,¢; significantly drops
to 62(30) ps, respectively 51(27) ps. Please note how 7, again is only marginally
reduced regarding 3X and 4X, in-line with the same observation for X and B. Inter-
estingly, 7,..; leaps towards 155(17) ps and 144(38) ps for the case of 5X and 6X, again
exhibiting only a minor reduction if both values are compared to each other. Finally,
Tre; does not only scale with the number of electron-hole pairs, but is heavily altered
as soon as new electronic levels are occupied. This observation precisely presents a
strong motivation for the provided emission line assignment. A microscopic origin
for the increase of 7. towards 5X and 6X cannot be given, however, it should be
noted that only in this case two new electronic levels are occupied with electrons
and holes, which both significantly contribute to the final emission. As the carrier
relaxation depends on two carrier types exhibiting totally different energy spacings,
which also requests different multi-phonon cascade processes, it is only naturally to
expect longer 7,.; values. However, also relaxation resonances could occur as soon
as certain intra-QD energy spacings match typical multiples of host phonon ener-
gies of GaN or AIN [61,67,88,111,112]. Clearly this prediction constitutes a strong

motivation for future work that well resides beyond the scope of this thesis.
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Fig. 4.11 shows the temporal evolution for the excited-state luminescence X*, B*,
3X* and 4X*. As all luminescence features from the pu-PL spectrum shown in Fig. 4.6
are strongly spectrally broadened, none of the solely by the additional occupation of
hole levels induced decay components (3X, 4X) can directly be observed. However,
excited excitons that constitute the P, ,(CB) level can be witnessed, allowing the
time-resolved analysis of them due to larger energy splittings. Again, X*, B* 3X*
and 4X* exhibit biexponential decay characteristics and no rise-time can be resolved,
cf. Fig. 4.11. All 7,.,4 values that belong to excited-states are reduced in comparison
to their ground-state counterparts. As the number of decay channels is not straight-
forwardly altered, the relaxation of the exited excitons towards their ground-states
must diminish the experimentally accessible 7,4 values. In contrast to 7,44, the 7.¢
values of the excited excitons are enhanced if compared to their ground-state equiv-
alents, but still follow the already described particular scaling behavior depending
on the electronic levels involved. An explanation of the overall larger 7,..; values for
excited excitons could be a more efficient feeding of the ground-states by relaxation
in contrast to the excited-states, which even exhibit relaxation processes as their
loss channels. Please note that Fig. 4.10 predicts negligible transition rates between
the P, ,(CB) electrons and holes with s-like symmetry. Hence, in order to explain
the occurrence of the excited state luminescence (X*, B*, 3X* and 4X*) at lower
excitation powers in comparison to 5X and 6X (see Fig. 4.5), it is feasible to assume

a dominant contribution of the P1-like holes states for all excited-state transitions.
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As a result, not only the electrons but also the holes occupy excited-states, rendering
the stated average splitting between the ground- and the excited-states (/=53 meV)
a twofold affected number (see Sec. 4.3.1, page 46). An in detail description by a
sophisticated rate equation model would be needed in order to gain a deeper un-
derstanding of the experimentally witnessed dynamics. Nevertheless, the presented
analysis of multiexcitons in wurtzite GaN QDs still represents one of the most ex-
tended analysis of its kind [113,114] to date, as both, the theoretical treatment and
the related experiments encounter a number of outstanding challenges as described

within this chapter.

4.5 Summary

In this chapter the reader is first briefly introduced to the characteristic ensemble lu-
minescence of the wurtzite GaN QD sample that is mainly analyzed throughout the
entire manuscript. A structured emission is observed in the ensemble luminescence
spectrum, which is related to the emission of sub-ensembles of GaN QDs exhibiting
varying heights. Based on a comparison to multi-particle 8-band k-p calculations,
each sub-ensemble can be related to a particular number of monolayers, yielding
the average height of the QDs that contribute to the luminescence. First traces of
exciton-LO-phonon coupling were witnessed in an ensemble PL spectrum but any
further quantification of the coupling strengths is hindered by spectrally overlapping
luminescence contributions. This observation presents a strong motivation for p-PL
spectroscopy of single, wurtzite GaN QDs as presented in Chap. 6, page 74. In a
brief analysis some common spectral features of a GaN QD emitting at ~3.5eV are
analyzed by means of excitation power dependent u-PL spectroscopy. As a result,
strong indication for the observation of excitonic and biexcitonic emission along with
their one-LO-phonon replica is obtained, which is additionally complemented by the
observation of an excited-state luminescence. This picture is completely altered as
soon as the pulsed excitation of the identical QD resides within focus. Not only that
such pulsed excitation enables time-resolved u-PL spectroscopy, also the regime of
high excitation in single QDs can be accessed. Here, an entire zoo of ground- and
excited-state excitonic particles is observed. This chapter presents the first evidence
for excitonic complexes beyond the biexction up to the sext-exciton (6X). In addi-
tion the excited-states of these multiexcitons can be observed, substantiating the
given emission line assignment. As any suitable theoretical predictions for these
multiexcitons fail due to the sheer size of the wurtzite GaN QDs, it is necessary to
recede towards basic, but intriguingly intuitive level schemes, i.e. a single-particle
picture. Based on the random initial occupation model introduced by Mukai and

Sugawara [96], it is feasible to not only explain the actively debated biexponential
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decay behavior of multiexcitons but also a biexponential decay of a single exciton.
Hence, for the first time, radiative decay and relaxation times for multiexcitons in-
herent to wurtzite GaN QDs are reported providing deep insight into fundamental
relaxation mechanisms in QDs, which are governed by a weighted balance of Auger

electron and phonon contributions.

After this first spectroscopic analysis of excitonic complexes of various kind, the
astonishingly large inhomogenous emission line width of single GaN QDs, mostly
residing in the meV range, will be analyzed in the following chapter. Here, the
focus will be extended to a larger variety of QD sizes exhibiting different emis-
sion line widths. However, it will be shown that not only the QD size influences
the emission line width but also the particular nature of the underlying excitonic
complex. Exactly this particular emission line broadening rendered an even more
detailed analysis of the multiexcitonic complexes presented in this chapter a chal-
lenging task. Hence, it is only natural to analyze the origin of this limiting factor in
order to develop effective countermeasures that will promote future GaN QD sample

growth endeavors aiming towards reduced emission line widths.



5 Emission energy dependent line widths
broadening

A statistical analysis of emission line widths broadening in wurtzite GaN QDs em-
bedded in AIN is presented in this chapter. Generally, luminescence traces of single,
wurtzite GaN QDs exhibit remarkably broad emission lines in the meV range [31].
This well-known feature [32,68,86,115-117] introduced in Chap. 4 is particularly
surprising given the long radiative lifetimes of wurtzite GaN QDs embedded in AIN
ranging from the ns to the us regime [27,118] pointing to homogenous emission
line widths down to the peV range. In the following chapter it will be shown that
this apparent emission line width discrepancy of over three orders of magnitude is
predominantly caused by a phenomenon known as spectral diffusion, as supported
by the observation of a unique scaling behavior between the median emission line
widths and the QDs’ emission energies. All experimental results are further sub-
stantialized by the advanced 8-band k-p calculations [48] previously introduced in
Chap. 3, page 21. Such calculations allow to determine strong excitonic dipole
moments native to wurtzite GaN QDs that cause their particular vulnerability to
spectral diffusion. Based on the presented conjunction between experimentally de-
termined emission line widths and theoretically derived excitonic dipole moments,
one can estimate the electric field strength induced by charged defects that causes
spectral diffusion in wurtzite GaN QDs with ~2MV/m. Even a novel emission
line identification method can be established based on the occurrence of deviating
emission line widths for various excitonic complexes. A direct comparison of relative
excitonic dipole moment ratios determined by theory and experimentally observed
emission line widths ratios facilitates a straightforward method for the identification
of e.g. excitonic and biexcitonic emission origins. Furthermore, ongoing progress
regarding the growth of wurtzite GaN QDs has nowadays already led to significant
advances concerning achievable line widths as demonstrated at the end of this chap-
ter, closing with reporting a record emission line width for single, planar, wurtzite

GaN QDs embedded in AIN of ~440(5) ueV.

The results from this chapter are partially published in Refs. [38,46]. The 8-band
k-p wavefunctions were derived by G. Honig, yielding the excitonic dipole moments

and related ratios [48], while Dr. C. Kindel provided a set of emission line widths.



5.1 Phenomenon of spectral diffusion 63

5.1 Phenomenon of spectral diffusion

The detailed understanding of fundamental parameters characterizing a quantum
light source like, e.g. complex binding energies [36,75,115,119] and fine structure
splittings [32,37,39,120-122] is crucial for the design of any real-world device. How-
ever, inhomogenous emission line width broadening due to e.g. spectral diffusion can
make such task a tough challenge. The general phenomenon of spectral diffusion was
first described in nuclear magnetic resonance experiments [123,124] and was then
applied to light-emitting systems such as rare-earth ions [125], nitrogen vacancies
in diamond [126], and semiconductor QDs [89,127,128]. For the particular case of
an epitaxial semiconductor QD the emitter is situated in a semiconductor matrix
material containing defects that stochastically trap and release charges and hence
generate a fluctuating Coulomb field [38]. As a consequence an exciton inherent to
the QD senses the charged defects in the matrix material mediated by a basic elec-
trostatic interaction, evoking a continuous change of the associated emission energy.
If the typical time scale associated to these charge fluctuations is shorter than the
integration time of the detection system, then the natural line width is obscured and
an inhomogeneous emission line width broadening is observed. However, this effect
is not only noticeable in p-PL spectra but also in second order correlation functions

[129], causing a bunching phenomenon at 7 # 0 as further discussed in Chap. 8.

5.1.1 Basic emission line widths analysis

Fig. 5.1b, page 64 shows the exemplary emission of several wurtzite GaN QDs by
means of a pu-PL spectrum obtained from a 200 nm wide mesa structure marked in
Fig. 5.1a recorded at a temperature of 8 K. Interestingly, the luminescence lines
become much narrower with increasing emission energy. While at low emission en-
ergies (=~ 3.6 V) broad emission lines with full widths at half maximum (FWHM) of
the order of 10 meV are observed, a pronounced narrowing appears towards higher
emission energies (~4.0eV) reaching FWHM of ~2meV. At the selected excitation
power of 0.1 kW /mm? almost all dominantly observed emission lines exhibit an exci-
tonic character with linearly scaling power dependencies [115,119] as e.g. introduced
by Fig. 4.3, page 43 and a corresponding fine structure splitting [43]. Therefore, the
influence of charged and neutral multi-excitonic complexes [38,107,114] with devi-
ating excitonic dipole moments and emission line widths is, first of all, neglected
in the following analysis and subsequently separately introduced as an extremely
helpful tool for the emission line identification in Sec. 5.2.

Fig. 5.2a shows the extracted FWHM values (grey dots) of > 200 individual, wurtzite
GaN QDs over a wide emission range from 3.4eV to 4.2eV. In order to obtain the
illustrated FWHM distribution the p-PL setup described in Chap. 2.2, page 18 has
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Figure 5.1: (a) Optical microscope image of the specimen’s surface showing some cross-
shaped marker and round mesa structures. The red arrow marks the mesa structure that
yielded the p-PL spectrum shown in (b) exhibiting luminescences of several GaN QDs
recorded at a temperature of 8 K. Please note the broad emission line widths of the or-
der of 10meV at around 3.6 eV compared to very narrow emission line widths with ~2meV
at around 4.0eV. Adopted from Ref. [46].

tracked, focussed and measured hundreds of mesa structures distributed over the
specimen’s surface. All FWHM values illustrated in Fig. 5.2a were obtained from
u-PL spectra similar to Fig. 5.1b based on a peak fitting routine applying Gaussian
fit functions [89]. Now the statistical confirmation for the emission line widths trend
previously hinted by Fig. 5.1b is obtained. The average (median) excitonic line
width indeed becomes much smaller for larger QD emission energies.

The median of the line width is more than halved from 8.2 meV at an emission energy
of 3.45eV down to 3.3meV at 4.15eV. Here, the median values are considered,
since they are generally more resilient to single large outliers than the mean value.
Furthermore, the distribution of line widths at a fixed emission energy appears to
be asymmetric with a sharp lower limit for small line widths and a long tail for large
line widths as also observed for GaAs/AlGaAs QDs [130]. A detailed analysis of

this particular assymmetry will be published elsewhere.
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5.1.2 Excitonic dipole moments: experiment vs. theory

The measured trend of a decreasing emission line width towards higher emission
energies can qualitatively be understood by analyzing the intrinsic excitonic electric
dipole moments of wurtzite GaN QDs. For such calculations Hartree-Fock wave-
functions are applied (see Chap. 3, page 21), which were determined by 8-band
k-p calculations, including the effects of strain, pyro-, as also piezoelectricity, spin-
orbit, and crystal field interaction along with renormalization effects caused by the
mean particle interactions [37,38]. The correspondingly modeled GaN QDs em-
bedded in AIN have the shape of truncated hexagonal pyramids with a constant
aspect ratio (AR) of 0.2 (or 0.1) as supported by atomic force [45] as well as TEM
microscopy [32] (see Chap. 6, page 74), and vary in height from 2.4 - 1.2nm, re-
spectively 2.0 - 1.2nm. Two exemplary QDs are illustrated in Fig. 5.2b along with
the resulting isosurfaces of the electron (blue) and hole (red) occupation probabil-
ity densities. The dipole moment of the excitonic bright states was determined by
summing up the Hartree-Fock state densities of the electrons and the holes with
appropriate signs. The resulting dipole moments are illustrated in Fig. 5.2b and
show a strong reduction of the dipole moment of the excitonic bright states with
decreasing QD height at a constant AR and hence increasing emission energy. The
calculated excitonic dipole moments are altered by a factor of around 3 over the en-
tire QD emission interval shown in Fig. 5.2b. In contrast, variations in the QD’s AR
within the experimentally determined limits of 0.1 - 0.2 [45] yield maximal dipole
moment variations of only 15% for QDs emitting between 3.3eV and 4.3eV, cf.
Fig. 5.2b. Also variations in a volume maintaining QD elongation of up to 20 %
[37,117] change the calculated excitonic dipole moment for large towards small QDs
by maximal 20 % down to negligible 0.5 %, clearly emphasizing the importance of
the QD height. It is also exactly this QD height that tunes the radiative decay time

of excitons in wurtzite GaN QDs over several orders of magnitude [27].

After having analyzed the influence of the QD geometry one can now estimate the
weighting between the fundamental interactions additionally incorporated in the
calculations of the realistic wavefunctions. Renormalization effects included in the
Hartree-Fock calculations (exchange and Coulomb interaction) yield excitonic dipole
moment variations between 2 - 5%. Interestingly, such renormalization effects ac-
count for almost identical excitonic dipole moment variations as induced by corre-
lation effects [38]. Hence, the built-in electron-hole separation altered by the QD
geometry is the most dominant factor for the calculated excitonic dipole moment

dependencies shown in Fig. 5.2b.



66 5. Emission energy dependent line widths broadening

Figure 5.2: (a) Line widths
(FWHM) of single QD emis-

sions originating from > 200

—_
(o)

(a) * Line widths of single QD emissions
®  —=@= Median £ of the line widths distribution

—_ =
NN

rr1rr1rrr 111 "1 "1

spectra measured with the

—_
(=)

u-PL system described in
Chap. 2, page 16. With
rising emission energy a re-

duction of the median line

widths € is observed with
(T=8K, 0.1 kW/mm?)

(== S R e

lowest values of ~2meV. (b)

A corresponding decreasing = Const. QD aspect ratio (0.2)

trend is found for the cal- 0= Const. QD aspect ratio (0.1)

culated excitonic dipole mo-

—
(93]

ments u for two QD as- h=2.0
pect ratios (0.1 and 0.2).

The symbol size in (b) scales

—
(=)

o
W

Dipole moment p (e-nm) Line widths (meV)
N
[e)

with the QD diameter. The h=1.2

QD schemes illustrate the 0.0 | (b)

isosurfaces of the electron m‘—) s N
(blue) and hole (red) occu- L . L . L . L . L
pation probability densities. 3.4 3.6 3.8 4.0 4.2
Adopted from Ref. [46]. Energy (eV)

5.1.3 Emission line widths statistics

It is found that the observed median emission line widths € are proportional to the
QDs’ internal dipole moments p as illustrated in Fig. 5.2. The link between p and
€ can be understood within the framework of the linear quantum-confined Stark
effect (QCSE) [85,86] introduced in Sec. 3.7, page 37 and spectral diffusion [38,129].
The strong built-in electric field in the order of MV /cm [34] in wurtzite GaN/AIN
QDs causes a spatial separation of the electron and hole centers of masses on the
order of nanometers, resulting in dipole moments scaling between e.g. 1.55e-nm and
0.47 e-nm for an AR of 0.2 (QD height of 2.4 - 1.2nm), cf. Fig. 5.2b. Generally, any
external electric field F causes exciton emission energy shifts AFE due to the linear
QCSE [24]:

AE(®t) = ji- F(t) (5.1)
If the electric field is time-dependent and fluctuates statistically around a mean
value, then the exciton emission energy will follow this fluctuation. For fluctua-
tions faster than the detector integration time one observes inhomogeneously broad-
ened, Gaussian-like emission lines instead of Lorentzian shaped and only homoge-

neously broadened QD emissions [38]. The standard deviation of the exciton energy
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oap now trivially relates to the FWHM e of a Gaussian-shaped emission line by
e =2v2In2-oap. If it is assumed that the overall strength of the field fluctuations
is the same for all investigated QDs then € is indeed directly proportional to u, pre-
cisely matching the observation depicted in Fig. 5.2. This argumentation is further
strengthened by the observation of a decreasing absolute slope of the calculated ex-
citonic dipole moment trend towards larger emission energies that is in agreement
with the measured evolution of the slope related to the median emission line widths.
The conjunction of oapr and the theoretically derived p now facilitates a consistent
estimation of the average electric field strengths resulting in e.g. ~2MV /m for the
entire data set under the assumption of a QD AR of 0.2. Such AR of 0.2 is experi-
mentally most frequently observed in contrast to more rarely occurring, rather flat
QDs with an AR of 0.1. Hence, in a first approximation, any singly charged defect
situated directly above or below the GaN QD center at a distance of ~8nm could
cause the determined electric field strength. As a direct consequence, an energetic
shift of the excitonic emission line would be induced, which exhibits the same order
of magnitude as the emission line width. It is particularly likely that charges might
be trapped in the interface region above or below the QDs. A 5 - 10 nm thick AIN
capping layer was deposited after the growth of the QDs at a comparably low growth
temperature of 975°C in order to preserve the QD formation (see Chap. 2, page 16).
Hence, such an AIN layer will be defect-rich with a high density of charge trapping
sites. However, the interface region between the QD bottoms and the underlying
AIN matrix material is also a veritable candidate for charge trapping sites as the
presence of strain and e.g. material intermixing may contribute to an additional
defect formation. Interestingly, a sophisticated analysis by means of scanning trans-
mission electron microscopy (STEM) presented in Sec. 6.4, page 86 even suggests

the sidewall facets of the QDs as a viable region for such charge fluctuations.

A detailed stochastical analysis of how a distribution of fluctuating charges induces
a distribution of line widths resides beyond the scope of this thesis and will be
published elsewhere. Finally, it is the giant built-in dipole moment g that causes
the observed huge emission line widths and results in the general high sensitivity
of nitride QDs to a fluctuating charge environment. Even extreme QD geometry
variations like a change in the AR of 0.1 to 0.2 as shown in Fig. 5.2b cannot explain
the observed broad emission line widths distribution. This observation is especially
true for smaller wurtzite GaN QDs (~4eV), whose excitonic dipole moment is
less affected by QD geometry changes, clearly revealing spectral diffusion as most

dominating origin for the occurring FWHM.

The presented line widths broadening phenomenon in nitride QDs stands in contrast
to less polar e.g. zincblende arsenide QDs. Here, generally smaller excitonic dipole

moments occur [131,132] and the observed emission line widths are typically on
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the order of peV, three orders of magnitude smaller than in nitrides [89,133]. This
observation provides a strong motivation for the growth of GaN QDs on less-polar
substrates or even the analysis of cubic GaN QDs [55], naturally yielding lower single
QD emission line widths due to the presence of smaller excitonic dipole moments.
Another option for such a beneficial reduction of the excitonic dipole moment is the
growth of even smaller wurtzite GaN QDs [134] with emission energies beyond 4 eV
as shown in the following Chap. 5.3. However, the apparent line width differences
between e.g. mature arsenide- and rather novel nitride-based QD systems are not
exclusively caused by varying excitonic dipole moments, but also by still deviating

point and extended structural defect concentrations in the matrix material.

Based on the p-PL analysis one can further determine that the characteristic timescale
of spectral diffusion is not larger than a few, detector-limited, tens of milliseconds at
a temperature of 8 K for most of the analyzed GaN QDs. The identification of the
physical origin related to the charged defects causing the electric field fluctuations
remains a task for future work. However, the most relevant defects prove to be of an
energetically shallow nature as already a rise of the temperature towards 20 K causes
an increase of spectral diffusion and spectral jittering effects in the pu-PL spectra,
the latter taking place on a time scale of a few hundreds of ms. For comparison,
the characteristic spectral diffusion timescale 7gp was first exemplarily measured for
selenide QDs and yielded 7gp ~ 4ns [129]. In contrast, recent g@-correlation func-
tion measurements [39] have shown that the low-ns regime can mostly be excluded
as the timescale for spectral diffusion in similar selected, high quality, wurtzite GaN
QDs embedded in AIN. Only particular GaN QDs exhibit 79p values in the mid-ns
regime (251ns) as recently described in Ref. [40]. Additionally, cathodoluminescence
experiments on InGan QDs pointed towards larger 7gp values on the order of ms
to s in nitrides [24]. Though, the fundamentally different excitation mechanisms
in photo- and cathodoluminescence hinder a truly direct comparison between the

determined Tgp values.

Furthermore, this chapter demonstrated that the experimental trend for the emission
line widths from Fig. 5.2a is still predominantly evoked by spectral diffusion [38]
and not by an exciton acoustic phonon interaction via e.g. a deformation potential
and piezoelectric coupling [135]. Generally, the elastic and inelastic interaction of
acoustic phonons with the charge carriers inherent to the QD influence the overall
emission line shape and line width [136]. Even though the entire exciton acoustic
phonon coupling strength scales with the excitonic dipole moment in GaN QDs,
similar to the trend for the line widths from Fig. 5.2a, the absolute line widths values
in the meV range cannot be explained. It was shown that the previously measured,
rather broad zero phonon emission line widths of wurtzite GaN QDs cannot be

modeled without the inclusion of spectral diffusion, as solely considering the exciton
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acoustic phonon interaction strongly underestimates the measured FWHM [68].

5.2 Identification of excitonic complexes based on emission

line broadening

Fig. 5.2 introduced a particular scaling behavior between the emission line widths
and the excitonic dipole moment px, which also has a direct consequence for emis-
sion line widths of higher excitonic complexes as e.g. biexcitons. As a direct result,
one obtains a simple, straightforward additional tool in order to support the identi-
fication of excitonic complexes as described in Chap. 4, page 39. However, for the
emission line widths of multiexcitons only relative dipole moments Ay and not ab-
solute dipole moments p need to be taken into account, because only the change in
the dipole moment upon decay of the excitonic complex determines the measurable
emission line widths [38]. Naturally, this statement includes the assumption that the
decay time of the excitonic complexes is small in regard to the integration time of
the experimental acquisition process that yields the final u-PL spectra [89,129,137].
Only for the exciton one obtains Aux = pux, while the Ap values of higher and
charged excitonic complexes diminish in regard to Aux as deduced for wurtzite
GaN QDs in Ref. [38].

Fig. 5.3 illustrates a p-PL spectrum that was extracted from Fig. 4.2 for an excitation
power of 1.56 kW / mm? at a temperature of 8 K. The two most prominent emission
lines correspond to excitonic (X) and biexcitonic (B) emission as identified by the
excitation power dependent u-PL series from Sec. 4.2 and a multitude of further

experimental techniques as e.g. p-TRPL and correlations spectroscopy [40]. The
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Figure 5.4: Compilation of emission line width ratios based on the FWHM of excitonic (X)
and biexcitonic (B) emissions originating from individual GaN quantum dots (QDs). With
increasing QD emission energy, the corresponding ratio is decreasing. A direct comparison
to calculated relative dipole moment ratios for X and B facilitates an understanding of the
measured trend. Here, 8-band k-p calculations in combination with a Hartree-Fock (HF)
approach come into play, which are additionally amended by considering the configuration
interaction (HF+CI). Occurring deviations between experiment and theory can be explained

by QD geometry variations. Please see the text for details.

emission of X exhibits a FWHM of 4.8(1) meV, while the corresponding B emission
exhibits a significantly lower line widths of 3.9(1) meV, yielding a FWHM ratio of
0.81.

A compilation of such emission line width ratios based on the FWHM of X and B
emission can be found in Fig. 5.4. Please note that all the illustrated experimental
FWHM ratios correspond to QDs, which were characterized by the full set of avail-
able experimental techniques that also formed the basis for the biexciton binding
energy determination published in Ref. [40] (see Chap. 8, page 118). The inclusion
of theoretical results in Fig. 5.4 based on the multi-particle 8-band k-p approach in-
troduced in Chap. 3, allows for a successful description of the experimental results.
Here, Fig. 5.4 considers two theoretical approximations, namely the Hartree-Fock
(HF) and the Hartree-Fock approach in combination with the correlation interaction
(HF+CI) calculations (see Sec. 3.2.3, page 31). Already the Hartree-Fock approach
yields a diminishing trend for the relative dipole moment ratios of X and B as pre-
viously published in Ref. [38] with a slope of —0.093(3) eV~!, cf. Fig. 5.4. The
inclusion of additional carriers to the multiexcitonic complexes is reducing the av-

erage electron-hole occupation probability density distances by the renormalization
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effects that the Hartree-Fock approach considers in contrast to single-particle states
that neglect any carrier interactions. However, a linear fit to the experimental re-
sults yields a slope of —0.19(4) eV, thus a clear discrepancy to the theoretical
data.

The underlying QD dimensions for the presented calculations were again chosen in
agreement with Chap. 2, page 16, considering a QD height and a diameter variation
series. For the QD height series the aspect ratio was again set to 0.2 yielding QD
dimensions that were also utilized for the theoretical data shown in Fig. 5.2. Again,
the fluctuation of the experimental datapoints arises from QD geometry variations as
considered by introducing a QD diameter variation series in Fig. 5.4 with a constant
QD height of 1.2 nm.

The obvious discrepancy between the experimental datapoints and the Hartree-Fock
results shown in Fig. 5.4 originates from disregarding the CI. If the CI calculations
are seeded by Hartree-Fock wavefunctions as described in Sec. 3.2.3, page 31 then
the slope of the experimental results can well be matched with a theoretical slope
of -0.186(6) eV ', Only a minor absolute offset between the experimental and the-
oretical results remains evident in Fig. 5.4, which can be explained by the rather
broad aspect ratio distribution of the wurtzite GaN QDs. The presented agreement
between experiment and theory does not only demonstrate that the applied wave-
functions achieve an unmatched precise modeling of the carriers inherent to the QDs,
but also constitutes a novel type of emission line assignment. Simply by comparing
emission line widths, a basic emission line assignment can be undertaken for the
case of strongly polar QDs with wurtzite GaN QDs embedded in AIN as a natural

representative.



72 5. Emission energy dependent line widths broadening

Figure 5.5: Overview u-PL .
4 T=5K,2.56 kW/mm ",

spectrum of a planar sam- unstructured sample

ple comprising wurtzite GaN Lor
quantum dots (QDs) embed-
ded in AIN. Single emis-

sion lines are already acces-

FWHM:
440(5) peV

0.8

PR

0.6k 4628 4630 4.632  4.634

sible without applying any
mesa structuring.  Recent
growth advances have en-
abled such QD densities in

the 10%cm™2 regime, ex-

Normalized intensity (arb. units)

hibiting emission line widths . . ) . \ ) N
down to 440(5) peV as shown 448 450 452 454 456 458 460 462 464
in the inset. Energy (eV)

5.3 Towards ultra narrow emission line widths

Recent growth advances in the research group of Prof. A. Strittmatter, aiming
towards the growth of smaller, wurtzite GaN QDs as suggested in Sec. 5.1.3, have
enabled the observation of even narrower emission below the presented limit of 2 meV
as depicted in Fig. 5.2. The p-PL spectrum of such a planar GaN QD sample is
shown in Fig. 5.5, while details regarding the growth procedure are described in
Chap. 2.1, page 16. Single QDs can already be addressed on this sample by pu-
PL spectroscopy without any mesa structuring due to the exceptional QD density
scaling in the low 10% cm™2 regime. In the inset of Fig. 5.5 a particularly narrow
emission line is shown, exhibiting a FWHM of 440(5) peV. Such narrow emission
line width presents todays record (early 2015) for a planar GaN QD sample and

constitutes the basis for future advanced spectroscopy.
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5.4 Summary

In summary, the scaling behavior of the median excitonic emission line widths
(8.2 - 3.3meV) in wurtzite GaN QDs was related to an exceptionally strong decrease
of the excitonic dipole moments with rising QD emission energy (3.4 - 4.2eV). This
general correlation was derived based on > 200 p-PL spectra measured by an autom-
atized spatial mapping setup. Multi-particle 8-band k-p calculations of excitonic
wavefunctions yield exceptionally large excitonic dipole moments scaling between
1.55e-nm and 0.47e-nm for the analyzed, realistic QD height interval. The pre-
sented proportionality between the emission line widths and the dipole moments
strongly suggests spectral diffusion as most dominating origin for the emission line
broadening in wurtzite GaN QDs and explains the rare observation of emission line
widths <2meV. The average electric field strength that causes this spectral dif-
fusion phenomenon is estimated with ~2MV/m. Other dipole moment dependent
line width broadening mechanisms like exciton acoustic phonon coupling were ex-
cluded. The presented chapter facilitates an in-detail understanding of emission line
widths broadening, not only for wurtzite GaN QDs, but for any other strongly polar
QD material system. A similar most general result is obtained by establishing an
emission line widths comparison as a potent tool for an emission line identification
that is from an experimentally point of view extremely easy to achieve. Having
such an additional identification method at hand is most valuable, because no ex-
perimental technique can achieve a truly valid emission line assignment by itself.
The effectiveness of this new identification method is approved by identifying more
than 10 emission pairs associated to excitonic and biexcitonic emission in direct
agreement with standard identification methods as e.g. excitation power depen-
dent p-PL, TRPL, and correlation spectroscopy. Additionally, future prospects for
the QD growths are identified and already partially realized yielding todays (early
2015) record emission line width for a wurtzite GaN QD of 440(5) peV. This recent
progress will pave the way towards a technological relevance of nitrides, not only for

light emitting diodes and laser diodes, but also for integrated quantum light sources.



6 Statistical analysis of the
exciton-LO-phonon coupling

This chapter presents a detailed analysis of the coupling between single excitons
inherent to wurtzite GaN QDs and longitudinal-optical-phonons (LO-phonons) over
the spectral range that already formed the basis for the emission line width analysis
introduced in Chap. 5, page 62. The Stokes-shifted luminescence traces of > 200
QDs are analyzed, yielding a decreasing trend for the Huang-Rhys factor as a mea-
sure of the exciton-LO-phonon coupling strength with increasing exciton emission
energy. Based on an adiabatic approximation applying multi-particle 8-band k-p
wavefunctions, the Huang-Rhys factor be can calculated in good agreement with
the experimental results. Such calculations reveal the QD height as the most vi-
tal parameter for the exciton-LO-phonon coupling strength in wurtzite GaN QDs.
All geometric QD parameters applied for the calculations are confirmed by scan-
ning transmission electron microscopy (STEM). The individual LO-phonon energies
are determined for a significant number of QDs, scaling from the bulk LO-phonon
energies of the QD material (GaN) towards the correspondingly higher energies of
the matrix material (AIN) with rising QD emission energy. This chapter presents
a unique conjunction of STEM, an extended u-PL analysis, and calculations yield-
ing a first spherical approximation of the exciton-LO-phonon interaction volume in
wurtzite GaN QDs.

The results presented in this chapter have not been published to date, but are
under review in Physical Review B. The multi-particle 8-band k-p wavefunctions
were provided by G. Honig [48] in order to finally derive the Huang-Rhys factor
by a Fourier transformation performed by Dr. A. Schliwa, who has also performed
all calculations regarding Gaussian envelope functions. The STEM analysis was
undertaken at the ”Leibniz-Institut fir Kristallziichtung” by Dr. T. Markurt in the
research group of Dr. M. Albrecht. Only this unrivaled union of experimental and
theoretical techniques facilitates the final, indirect measurement of the interaction

range between excitons in individual GaN @QDs and LO-phonons.
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6.1 Exciton-phonon coupling - from bulk materials to

nanostructures

The coupling between phononic and electronic excitations strongly influences most
fundamental physical processes as e.g. light absorption, carrier recombination and
relaxation. One of the early evidences for this coupling was observed in the absorp-
tion spectra of strongly polar, alkali-halide, bulk crystals exhibiting highly local-
ized carrier recombination centers in the form of vacancies, the so called F-centers
[138-140]. To a certain extent similar electronic systems such as excitons bound to
impurities in II-VI materials like CdS were also rapidly confirmed to couple with
lattice vibrations due to their significant level of localization [141-143]. A mea-
sure for the related coupling strength [140] was soon agreed to be expressed by the
Huang-Rhys factor. In these early studies it was mostly a weighted balance between
the crystal polarity, the localization depth of the emission centers, and the crystal
quality that facilitated an increasing understanding of the coupling mechanism be-
tween phononic and electronic excitations. The accompanying, rapid evolution of the
theoretical description for this exciton-phonon interaction within an adiabatic limit
[144,145], along with numerous experimental confirmations, has nowadays led to a
fairly established understanding of such coupling processes in bulk materials, quan-
tum wells, and nanowires [146-148]. Interestingly, the exciton-phonon coupling in
quantum dots (QDs) still remains a most lively debated topic [68,135,136,149,150],
not only because of its technologically relevance, but also for the following two rea-

SOnsS.

First of all, even though the QDs’ zero-dimensionality resembles the early situa-
tion in F-centers and bound excitons, the opportunity to gradually tune the carrier
confining potential by the QD dimensions is remarkable. As a direct result, the exci-
tonic wavefunctions are altered, with strong impact on the exciton-phonon coupling
strength [147] that becomes tunable as well. However, an even more fundamental
second difference between the exciton phonon coupling related to point defects and
the corresponding mechanism in structures that only mimic zero-dimensionality as
QDs, is given by completely altered volume ratios. In QDs the spatial extent of
the excitons’ binding center is not anymore infinitesimally small in comparison to
the adjacent matrix material hosting the bulk phonons. This situation raises the
question, whether the exciton phonon coupling is still exclusively governed by vi-
brations native to the matrix material or the individual QD itself, as lively, but still
inconclusively debated for As-based QDs [136,151,152].

Here, once more, QDs based on a strongly polar material systems as wurtzite GaN
and AIN constitute a blessing in order to advance the understanding of the exciton-

phonon coupling. The large excitonic dipole moments [38,46] native to GaN QDs
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embedded in AIN (see Chap. 5, page 62) facilitate a strong coupling to e.g. naturally
polar longitudinal-optical-phonons (LO-phonons), yielding Huang-Rhys factors of
up to =~0.5. As a result, the traces of the exciton-LO-phonon coupling already
clearly appear on a linear scale in p-PL spectra [32] of single, wurtzite GaN QDs
in contrast to e.g. As-based QDs with Huang-Rhys factors often just scaling in
the 1073 regime [136]. Hence, an extensive analysis of hundreds of single GaN QD
spectra by means of u-PL comes within reach as the most direct approach to not
only precisely determine the coupling strength, but also the contributing phonon

energies.

6.2 Phonon-assisted luminescence from single GaN

quantum dots

Fig. 6.1a presents a p-PL spectrum of the so labeled, individual GaN QD 1, whose
emission is dominated by excitonic (X) and at higher energies biexcitonic (B) emis-
sion spectrally situated at ~3.4eV. At the low energy side of these so called zero-
LO-phonon emission lines, one can observe the evenly spaced one- and two-LO-
phonon replica emission. These LO-phonon replicas exhibit an energetic spacing
of Fro ~ 94meV, close to the common unstrained values for the two bulk GaN
LO-phonon energies A;(LO) = 91.3meV and F;(LO) = 92.2meV at cryogenic tem-
peratures [88]. The trend for the corresponding peak area I,.., sequence based on
Gaussian fitting functions for the individual emission lines is illustrated in Fig. 6.1b.
It is found that such Gaussian fitting functions can well approximate all occurring
emission line profiles because of the influence of spectral diffusion [46], cf. Chap. 5,
page 62. This defect-induced phenomenon dominates the observed emission line
shapes and evokes their widths even though LO-phonon replicas in bulk material
can exhibit particularly asymmetric line shapes [41].

The peak area distribution shown in Fig. 6.1b can be approximated based on the
following function [140, 144, 145]:

I, = IhS"e™% /n! (6.1)

Accordingly, the underlying adiabatic treatment in an independent phonon model
[153] predicts a Poisson distribution at absolute zero temperature for the occurring
intensities I,, that must be substituted by the emission peak area (Iy.e,) of the
individual phonon replica n. As a result of such an adiabatic approximation within
the frame of the strong confinement regime [145] one obtains the Huang-Rhys factor
S as a measure of the exciton-LO-phonon coupling strength [140]. An in-detail
discussion supporting this adiabatic treatment is given in Sec. 6.5.1 along with a

discussion regarding the two-LO-phonon replica. Hence, for QD 1 Sx = 0.17(2)
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and Sp = 0.19(3) are obtained for the exciton and the biexciton, based on the I ¢,

values of all associated emission lines up to the second LO-phonon replica.

6.2.1 Comment regarding the emission line identification

The identification of the dominant X and B emission lines in the u-PL spectrum
of QD 1 from Fig. 6.1a is based on numerous excitation power dependent p-PL
measurements as introduced in Chap. 4.2, page 40. The comparison of corresponding
absolute emission line areas in regard to variations of the pump power yields the
number of excitonic decay channels n for each excitonic complex [40,43]. Within
the spectral range around 3.5eV one commonly observes e.g. nx =~ 1.0(1) and np =~
2.0(1) for wurtzite GaN QDs like QD 1, which strongly indicates the identification
of X and B emission [39,115,119] as soon as non-radiative processes are sufficiently
suppressed [40]. Besides, within the spectral range from Fig. 6.1 it is common for
GaN QDs to exhibit the observed anti-binding B emission [115,119]. The large
spatial separation of the charge carriers in GaN QDs, originating from the built-in
polarization fields parallel to the [0001]-direction, leads to a reduction of the binding
terms in the B complex as in-detail described in Chap. 8, page 118.
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Furthermore, the identification of the LO-phonon emissions is not only based on their
presented particular intensity ratios leading to the determination of the Huang-Rhys
factor S and the energetic spacings of the occurring emission lines yielding Er o,
but also on temperature-dependent u-PL spectroscopy. Already at low tempera-
tures < 50 K one can observe a trace of LO-phonon absorption during the excitonic
emission process appearing at higher emission energies with respect to the zero-LO-
phonon emission line. As soon as the temperature is raised towards room tempera-
ture the luminescence feature of LO-phonon absorption gains in intensity, while the
LO-phonon emission as presented in Fig. 6.1a is diminishing. Both luminescence
features, the so-called Stokes- and anti-Stokes-shifted emissions [154], are evenly
spaced by the particular Ero value of the analyzed QD, which further supports the

emission line interpretation applied throughout this chapter.
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6.2.2 Fundamental scaling behaviors of the Huang-Rhys factor and the
LO-phonon energy

Measuring Fro and the Huang-Rhys factor S for a single QD like QD 1 is only of
limited value if it comes to generally valid information affecting the entirety of GaN
QDs as representatives of a strongly polar QD system. For example, geometric par-
ticularities, material composition, strain [35,155] and varying defect environments
[89,129] could lead to quite particular characteristics for QD 1. Hence, more single
GaN QD spectra need to be measured as shown in Fig. 6.2. The corresponding p-PL
spectra show the emission of individual QDs (QD 2 - 4) emitting at 3.24, 3.67 and
4.03eV. Such an increase of the QD emission energy is mainly accompanied by a
reduction in QD height [46] as theoretically shown in Sec. 6.2.3, which means that
QD 2, 3 and 4 are representative for a large, a medium and a small GaN QD.

Interestingly, in the normalized spectra from Fig. 6.2 the maximal intensity I,,q, of
the first phonon replica seems to scale with the QD size from 0.27, over 0.10 down to
0.06, pointing towards a reduction of the exciton-LO-phonon coupling strength. As
apparent from the pu-PL spectra shown in Fig. 6.2, an in-detail analysis of [, for

the zero and first order LO-phonon replicas as demonstrated for QD 1 is extremely
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difficult to achieve for QD 2 - 4 as various emission lines overlap in the spectral
region of interest. As it is the aim to analyze many more single QD spectra in order
to reveal QD size and shape dependent trends for S and FEro, one must resort to
a less error-prone and generally simpler I,,,,, determination in order to analyze the
exciton-LO-phonon coupling strength. If no pronounced broadening of the phonon
replicas would occur with their rising order, then the determination of .S is not pre-
dominantly influenced by either choosing an I;.¢q or I,q. based approach. However,
as most clearly seen in Fig. 6.1 the phonon replicas indeed broaden. For instance,
the excitonic emission of QD 1 the emission line width scales from 12.0, over 19.3,
to 30.7meV with a factor of ~1.5. Due to the increased excitonic dipole moment
of the B complex [38] this broadening is even more pronounced for the B-related
emissions shown in Fig. 6.1, which broaden from 7.6, over 14.1, to 30.7meV with
a comparable larger scaling factor of ~2.0. An exclusively on I, based deter-
mination of such a reduced S’ for the excitonic complexes of QD 1 (see Fig. 6.1)
yields S% = 0.11(1) and S = 0.14(1) in contrast to the naturally larger on I4req
based values of Sy = 0.17(2) and Sp = 0.19(3), cf. Fig. 6.1. Hence, an I,,,,-based
determination of a S’, which is less effected by surrounding emission lines and con-
sequently less error-prone, is well suited for the determination of general trends but
it underestimates the exciton-LO-phonon coupling strength by a factor of ~1.5 for
large GaN QDs emitting at around 3.5eV. Generally, the phonon replica broadening
phenomenon is attributed to composition variations as well as the particular strain
distribution in the QDs [156], which is overlaid by a strong influence of spectral
diffusion in wurtzite GaN QDs [46] clearly dominating the broadening mechanism

as shown in Chap. 5, page 62.

As a consequence, one obtains that the I,,,,,-based S” values scale from 0.40 for QD 2,
via 0.11 for QD 3 towards 0.06 for QD 4 in Fig. 6.2. Here, the S’ is just determined by
the intensity ratio of the excitonic emission and the corresponding first LO-phonon
emission line. This limitation to only two emission lines for the determination of the
S’ is caused by the limited recorded spectral range still yielding sufficient spectral
resolution for a precise determination of E'1,o with an error of < 1 meV. Furthermore,
it is found that the second phonon replica is frequently overestimated in intensity as
shown in Fig. 6.1a, an observation that will be discussed in Sec. 6.5.1. The difference
in the I, based S’ determination for e.g. QD 1 if only one [Sy = 0.11(1)] or two
LO-phonon replicas [S2 = 0.09(1)] are considered is small and resides within the

experimental error.

Hence, just measuring I,,,4, for excitonic emission lines and their associated first LO-
phonon replicas is well suited for the following analysis of hundreds of single GaN
QDs, especially with respect to a precise determination of Erp. The determination

of Ero is straightforwardly achieved based on the first derivative of the recorded
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u-PL spectra. As a result one obtains an increase of Ero from 93 meV for QD 2, via
97meV for QD 3 towards 99meV for QD 4, while S’ simultaneously decreases, cf.
Fig. 6.2. In parallel to the decrease of S from QD 2 towards QD 4 one observes an
additional effect in the corresponding p-PL spectra. The observed excitonic FWHM
is also decreasing with rising QD emission energy in good agreement with a reduction
of the inherent excitonic dipole moment [38,46] as previously introduced in Chap.

5, page 62.

6.2.3 Theoretical dependencies for the Huang-Rhys factor

The strong correlation between S and the exciton emission energy shown in Fig. 6.2
can be modeled based on an adiabatic approximation applying 8-band k-p wave-
functions. The justification for this adiabatic modeling of the exciton-LO-phonon
interaction in wurtzite GaN QDs is discussed in-detail in Sec. 6.5.1. The exciton-
LO-phonon interaction strength expressed by .S can be calculated by employing the

following expression [84,157] in the Hartree-Fock approximation:

2
o Wf#oﬁ / # | Fllel” = [oal) I” dk (6.2)

The Frohlich constant [84,158] is denoted by fy (see Eq. 6.3 in Sec. 6.5.1), F de-
scribes the 3D Fourier transformation, whereas [i.) and [i/},) are the self-consistent
electron and hole wavefunctions. Note, that S vanishes for an electron and a hole, oc-
cupying the same space (|1e|? = |1]?), meaning that no interaction with the lattice
occurs [159]. In a first attempt one can substitute Ero with the bulk A;(LO) value
of GaN [88] at cryogenic temperature and apply the static and the high-frequency
dielectric constants of GaN [160] for the determination of fy [84], c¢f. Sec. 6.5.1.
The wavefunctions (¢, and ty,) are again derived by performing numerical calcula-
tions based on the 8-band k-p envelope function theory, thus including the effects
of QD shape, strain, piezo- and pyroelectricity, as also the Coulomb and exchange
interaction [35] (see Chap. 3, page 21) in the determination of S based on Eq. 6.2.
For instance, for a series of hexagonal GaN QDs with a constant base length of 16 nm
the height is varied between 0.8 and 2.4 nm as shown in Fig. 6.3a. As a consequence
of the strong inherent piezo- and pyroelectric built-in fields, the electron and hole
parts of the resulting exciton wavefunctions become vertically separated as function
of the QD height causing a drastic increase of the inherent excitonic dipole moments
[38,46]. Such a carrier separation evoked by a field induced band bending (see
Chap. 3.7, page 37), does not only lead to a red-shift of the luminescence for taller
QDs due to the linear quantum confined Stark effect (QCSE) [85,86] but also has
a drastic effect on the interaction between an exciton and generally polar phonons

like the LO-phonons experimentally witnessed in Fig. 6.1 and 6.2.
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The numerical results for various QD dimensions and shapes are displayed in Fig. 6.3b.
The excitonic 8-band k-p envelope functions derived for three main QD series and cal-
culated the corresponding S dependencies. Fig. 6.3b shows in red a QD height varia-
tion series (dashed red: 0.8 - 2.4nm, solid red: 0.8 - 3.2nm, dotted red: 0.8 - 2.4nm)
for three different fixed base lengths (b = 12, 16, and 20 nm), in blue a constant as-
pect ratio series (AR = 0.2), and in green a constant height QD series (h = 1.2nm).
For the QD height variation series the QD height was gradually reduced in steps of
0.4nm in order to tune the QD emission wavelength all across the experimentally
determined range. Accordingly, the QD bottom diameter was tuned from 16 nm
down to 4nm in steps of 2nm for the constant aspect ratio QD series yielding a
similar QD emission range as for the QD height variation series. In order to obtain
a transition between the QD emission energies of the two former QD series (red and
blue) a constant height series (green), exhibiting QD diameters scaling from 5.5 nm
up to 8.6 nm, was calculated (see Fig. 6.3b). Interestingly, only the QD height vari-
ation series (red) and the constant aspect ratio series (blue) exhibit a decreasing
trend for .S with increasing QD emission energy as also experimentally observed for
QD 2 - 4 in Fig. 6.2. However, both trends vary significantly if their first derivative

is considered. The strongest reduction of S is observed for the larger QDs of the
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height series emitting at lower energies. In contrast, the constant aspect ratio series
only exhibits a comparably minor reduction of S in a comparable emission interval.
However, for smaller QDs an inverted behavior can be observed if it comes to the
slopes of both dependencies. While the constant aspect ratio QD series shows a
drastic reduction of S, the corresponding trend for the QD height variation series
flattens towards higher QD emission energies. In contrast to the experimental results
shown in Fig. 6.2, the constant height QD series (green) shows an increase of S with
rising excitonic emission energy due to the increasing lateral charge carrier confine-
ment. So far the experimental evidence based on Fig. 6.2 is not sufficient in order to
differ between such specific trends for S or to derive any generally valid information.
Hence, many more pu-PL spectra of single, wurtzite GaN QDs are required in order

to derive an in detail S dependence.

6.3 Statistical analysis of the Huang-Rhys factor and the
LO-phonon energy

In order to obtain generally wvalid information, not only for the evolution of S
with the QD emission energy but also for the opposing scaling behavior for Ero,
one needs to measure a significant number of single QD u-PL spectra exhibiting
LO-phonon-induced emissions. In order to realize such measurements the p-PL
setup was equipped with an automated mapping function that first locates and
consequently measures the p-PL spectra of mesa structures containing individual
GaN QDs [46], cf. Chap. 2, page 16. The applied constant excitation power of
0.1 kW /mm? mostly still yields dominant emission lines that exhibit an excitonic
character with linearly scaling power dependencies [115,119] and a corresponding
fine structure splitting [43]. Hence, the effects of charged and neutral multi-excitonic
complexes [38,107,114] with deviating excitonic dipole moments as introduced in
Chap. 5, page 62 and therefore also deviating exciton-LO-phonon coupling strengths
[152], can be neglected in the following analysis. Measuring such large numbers of
p-PL spectra (>200) further restricts the conducted measurements and subsequent
data analysis to the intensity maxima of the zero- and one-phonon emission lines.

Fig. 6.4a illustrates the emission energy dependence of S’ values extracted from
single GaN QD u-PL spectra. The clear trend of a lowering of the overall exciton-
LO-phonon coupling strength towards larger emission energies as already suggested
by Fig. 6.2 can be confirmed. Furthermore, the data indicates that the absolute slope
of the S’ dependence decreases towards higher emission energies in good agreement
with the theoretical results for the QD height variation series from Fig. 6.3. As de-
scribed in Sec. 6.2.2 the experimental determination of S’ for hundreds of individual

GaN QDs is only feasible if the maximal peak intensities of the zero- and one-phonon
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lines are considered. In order to compare the experimental data with the theoretical
data from Fig. 6.3 the correction factor of 1.5 needs to be applied for the theoretical
dataset in order to account for the broadening phenomenon of the phonon replicas
as described in 6.2.2. Hence, the best agreement between the experimental and the-
oretical results is found for the QD height series with a constant QD diameter of 12
and 16 nm as plotted along with the experimental data in Fig. 6.4a.

The general trend of S’ in the measured emission energy interval is well reproduced
for the QD height variation series considering a QD diameter of 12 nm. However, the
corresponding absolute S’ values only appear to agree with their maximal measured
counterparts. Here, the second QD height variation series illustrated in Fig. 6.4a
(QD diameter of 16 nm) yields S’ values that are well comparable to the expe-
rimental values just the overall absolute slope of the S’ dependence seems to be
underestimated. Interestingly, the measured S’ distribution seems to narrow from
lower towards higher QD emission energies as also noticeable for the two calculated
QD height variation series, cf. Fig. 6.4a. Hence, the experimental and theoretical
Huang-Rhys factors are clearly less affected by QD diameter variations if it comes
to smaller QDs emitting at higher energies. The widths of the measured S’ distribu-
tion can be approximated by the two theoretical QD height variation series assuming
a QD diameter span from 12 - 16 nm as confirmed in Sec. 6.4 by STEM-HAADF
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(high-angle annular dark field) imaging. Deviations between the experimental and
theoretical Huang-Rhys factors, especially for smaller QDs emitting at ~4eV, can
be explained by alloying effects in the vicinity of the charge carriers as outlined
in Sec. 6.4, resulting further shape variations of the wavefunctions as subsequently

discussed in Sec. 6.5.2.

The datapoint distribution of S’ from Fig. 6.4a appears as split into four segments
due to the applied automated tracking and mapping function of the u-PL setup. In
order to achieve a sufficient spectral resolution for a precise Fro determination one
needs to reduce the spectral widths of the detection window. While the measured
absolute intensities in each spectral window are well comparable and applicable for
the determination of S’, the intensity comparison between several spectral windows
is naturally more error-prone due to slight drifts in the positioning on each individual
mesa structure over time. Hence, no S’ values are considered in Fig. 6.4a that would
comprise zero- and one-phonon lines from different spectral windows as their absolute
intensity comparison would be flawed. Generally, based on hundreds of y-PL spectra
one can estimate an upper limit of the error for each datapoint shown in Fig. 6.4a
yielding ~ 10 %. Hence, the contribution of the error of S’ is minor in regard to the
overall widths of the datapoint distribution caused by geometric variations of the
QDs, cf. Chap. 6.5.2. Naturally, not all LO-phonons contributing to Fig. 6.4a could
be identified by the entirety of indicators described in Sec. 6.2.1, meaning that the

shown trend only preserves its significances based on the large number of datapoints.

For a limited number of data points from Fig. 6.4a one can even precisely obtain
the energetic splitting between the zero- and one-phonon line Ejo based on the first
derivative of the corresponding p-PL spectra as shown in Fig. 6.4b. Here, a clearly
inverse trend is observed for Ero in regard to the emission energy. Larger Ero
values are observed for smaller QDs as already earlier on indicated by Fig. 6.2. A
linear fit to the energetic dependence of Ero yields a slope of 8.25(1.20) meV/eV.
The star-shaped symbols in Fig. 6.4a and b illustrate the particular S’ and Ero
values, which are extracted from the pu-PL spectra shown in Fig. 6.2. Finally, the
trends suggested by Fig. 6.2 are indeed common for the analyzed GaN QDs, which
has now been confirmed based on the statistical u-PL analysis shown in Fig. 6.4.
Interestingly, the observed trend for the Ero dependence illustrated in Fig. 6.4b
scales in between the LO-phonon energies of GaN and AIN at cryogenic temperatures
[88]. This observation motivates high resolution STEM-HAADF imaging in order to
analyze the GaN/AIN interfaces in regard to a possible Al,Ga;_,N alloying effect.
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Figure 6.5: Cross-sectional STEM-HAADF images of GaN QDs embedded in an AIN
matrix in the (a) (1120) and (b) (1100) projection, respectively. An AlGaN-alloying effect

is visible on the QD base and the side facets. Both images exhibit the same length scale.

Please see the text for any statistical results.

6.4 Microscopic analysis of alloying effects

Fig. 6.5 shows cross-sectional STEM-HAADF images of GaN QDs. Because of
the higher atomic number the GaN QDs and the wetting layer appear brighter if
compared to the AIN matrix. The wetting layer typically consists of 2 - 3 monolayers
of GaN. By analyzing 15 QDs it was found that they indeed have the shape of a
truncated pyramid as illustrated in Fig. 6.3a with a bottom widths scaling between
6 - 22nm and a height including the wetting layer of 8 - 12 monolayers. These
dimensions are in good agreement with the QD dimensions that were assumed for
the multi-particle 8-band k-p calculations, cf. Chap. 3, page 21. Concerning a
possible Al, Ga;_,N-alloying effect an atomically sharp (0001) top facet is observed
for all analyzed GaN QDs. However, the GaN/AIN (0001) interface directly at the
bottom of the QDs and the corresponding lower wetting layer interface in between
the GaN QDs appears to be not abrupt in the HAADF images, cf. Fig. 6.5.

Concerning the side facets of the GaN QDs one observes that the HAADF inten-
sity is not abruptly diminishing but is gradually decreasing over more than 10 nm
rather independent from the individual QD size. This effect was observed in both
relevant wurtzite projections as illustrated in Fig. 6.5 for QDs recorded in the (1120)
and (1100) zone axis direction, respectively. Additionally, the HAADF intensity of
atomic columns fluctuates more strongly in the region next to the GaN QDs. One
can determine the standard deviation and the mean value of the HAADF intensity
of atomic columns in Fig. 6.5a for 3 different regions: in the center of the GaN
QD, in the AIN matrix above and below the QD, and in the regions which laterally
surround the GaN QD. For each region 180 atomic columns were analyzed. Long-

ranged intensity gradients e.g. due to variation of the TEM specimen thickness have
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been subtracted before the evaluation of the standard deviation. The ratio of the
standard deviation and the mean intensity yields ~0.06 in the region of the GaN
QD and the AIN matrix material, while it amounts up to 0.10 in the region that
laterally surrounds the GaN QD.

All these STEM-HAADF results indicate that the GaN QDs are horizontally embed-
ded in an AIN matrix but are laterally surrounded by an Al, Ga;_,N alloy, whose AIN
mole fraction x gradually increases with the distance from the QD. An Al,Ga;_ N
alloy explains both, the increased mean HAADF intensity, as well as the stronger
intensity fluctuation of atomic columns caused by statistical composition fluctua-
tions of atomic columns in the alloy-region at the QD side facets. Such composition
fluctuations fading along the growth direction are evoked by the 2-step overgrowth
procedure described in Chap. 2.1, page 16), which is mandatory in order to maintain
the QD formation during overgrowth by AIN. A projection effect (2D image of a 3D
QD embedded in a matrix) can be ruled out as the reason for the observed contrast

features as approved by the two recorded STEM-HAADF projections.

6.5 Concept of the exciton-phonon interaction volume

The following three possible reasons for the increase of the Ero phonon energy with
increasing QD emission energy as shown in Fig. 6.4b can be discussed based on the
STEM analysis from Sec. 6.4:

(i) A QD size dependent Al,Ga;_,N alloying effect could shift the LO-phonon fre-
quencies towards the values for AIN if mainly matrix material LO-phonons con-

tribute to the exciton-LO-phonon interaction.

(ii) An increasing e.g. biaxial stress for decreasing QD size could originate an in-

crease of the observed Ero energy with increasing QD emission energy.

(iii) The exciton-LO-phonon interaction could average over the GaN QD and the
AIN matrix material resulting in an increased LO-phonon energy for smaller GaN

QDs due to a strengthened influence of the surrounding matrix material.

Even though an Al,Ga;_, N alloying effect is observed in Sec. 6.4, it mainly occurs at
the side facets of the QDs where no charge carriers are situated, cf. Fig. 6.3a. Hence,
a strong influence of the facet alloying on the exciton-LO-phonon interaction and
the corresponding E'1o energy can be excluded even if, at a first glance, the extent of
the exciton-LO-phonon interaction regime is limited by the exciton dimension. The

surrounding of the electron is dominated by pure GaN and AIN material separated
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by an atomically sharp interface, excluding a strong influence of intermixing effects
on the exciton-LO-phonon interaction. Only the alloying at the QD bottom (see
Sec. 6.4) could affect the exciton-LO-phonon interaction via the hole, resulting in
generally lower Ero values due to the Al,Ga;_,N environment. However, no clear
QD size dependence was evident during the STEM-HAADF measurements for the
widths of this particular alloying region that exhibits a composition gradient. Hence,
an overall dominant influence of the Al,Ga;_,N-alloying effect as suggested in point

(i) can be refused.

An increase of the biaxial stress in the QD center towards larger emission energies as
described in point (ii) can directly be calculated as described in Chap. 3.2.1, page 27
based on the theoretical approach relying on finite differences on regular grids [131].
The largest stress interval is observed for the QD height variation series for the
case of biaxial stress considering a QD diameter of 12 nm, which also yields a good
agreement with the experimental results in regard to the overall trend of S” with
the emission energy, cf. Fig. 6.4a. At an emission energy of ~3.38eV such a 12nm
wide GaN QD is biaxially compressed by 9.0 GPa in its center due to the lattice
mismatch to the underlying AIN. If the QD dimensions are now reduced, yielding a
QD emission energy of ~4.22¢eV, then this biaxial stress rises up to 11.0 GPa with
a direct effect on the LO-phonon frequencies for the A;(LO) and E;(LO) modes of
the QD material (GaN). The calculated biaxial stress values can now be combined
with the published phonon pressure coefficients for GaN [61] in order to determine
the effect of the QD size on the LO-phonon energies. Note that published phonon
pressure coefficients to date are only valid for room temperature but the slight
hardening of the phonon frequencies towards cryogenic temperatures [88] can be
neglected for the following estimations as the resulting deviation lies well within the
widths of the measured Ero distribution, cf. Fig. 6.4b. The predicted increasing
stress towards smaller QDs is directly mirrored by the energy of the polar A;(LO)
and E;(LO) modes with rising QD emission energy as shown in Fig. 6.6a. However,
the stress-induced change of the LO-mode energies [A41(LO): 0.53meV /eV, E1(LO):
0.65 meV/eV] cannot explain the measured trend for the Fro energy dependence.
The linear fit to the E7o dataset from Fig. 6.4b is illustrated in Fig. 6.6a and differs
by a factor of up to 15 for the A;(LO) mode.

Any more detailed stress variations over the extent of the QDs as reported by Grund-
mann et al. [131] are neglected in the given analysis as the exciton-LO-phonon in-
teraction naturally averages over volumes that at least circumferences the exciton
extent. In addition, the change of the biaxial stress in the QD center with emission
energy is rather unaffected by such particular stress gradients. Only the absolute
stress values can be flawed due to such averaging effects over an interaction volume.

Hence, the general statement that the measured Ero trend cannot exclusively be
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explained by a stress variation is maintained, no matter if just the QD center, or
any larger volumes including the matrix material are considered.

Generally, the consideration of two LO-phonon modes [A;(LO) and E;(LO)] is a
main characteristic of the wurtzite lattice [161] as introduced in Chap. 3.1.3, page 25.
The A;(LO) mode is based on oscillations of the Ga- vs. the N-sublattice in the
direction of the c-axis, matching the geometry of the light detection in the u-PL expe-
riments, while the E7(LO) originates from corresponding oscillations perpendicular
to the c-axis. Hence, the measured F1o energy dependence should be dominated by
coupling to the A;(LO) mode under quasi-resonant excitation. From this point on-
wards the discussion will be focused on the A;(LO) mode, keeping in mind that the
stress induced shifting behavior of the E;(LO) mode does not significantly deviate

if compared to the experimental data, cf. Fig. 6.6a.

The overall observed stress-induced shift rates are small in comparison to the slope
of this Ero dependence clearly demonstrating the negligible influence of the biaxial
stress as described in point (ii). Based on the given discussion for point (i) and (ii)
one now needs to discuss point (iii), the only plausible explanation left among the

presented selection in order to explain the measured Ejo energy dependence.

In order to describe the measured Eo energy dependence it is most feasible to
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assume that the exciton-LO-phonon interaction averages over the GaN QD and the
AIN matrix material resulting in an increased LO-phonon energy due to a strength-
ened influence of the surrounding AIN matrix material for smaller GaN QDs. The
corresponding interaction volume can be approximated with a sphere as illustrated
in the inset of Fig. 6.6b. Depending on the diameter Dx_ro of this spherical inter-
action volume, the exciton-LO-phonon interaction can now exclusively take place in
the GaN material of the QD or it can overlap into the adjacent AIN matrix material
yielding larger LO-phonon energies. The linear combination of the strain-induced
A1(LO) mode position related to the GaN QD [GaN - A;(LO): 91.3meV] and the
corresponding, as unstrained approximated value for AIN at cryogenic temperatures
[AIN - A;(LO): 110.8 meV] can now yield the measured Ero values for each cal-
culated QD emission energy. As a result, one obtains a composition ratio for all
QD emission energies and the corresponding QD heights as illustrated in Fig. 6.6b.
This composition dependence can now be fitted based on a simple geometric ap-
proach that assumes a constant exciton-LO-phonon interaction volume, while the
QD height varies in between e.g. 0.8 and 2.4nm. This approximation can now be
used in order to estimate Dx_ro based on the present unique conjunction of the-
oretical and experimental data. Interestingly, by calculating the difference between
the QD volume (truncated, hexagonal pyramid) and the interaction sphere one can
indeed find a fixed value [Dx_ro = 2.6(2) nm] that well describes the calculated
composition dependence as illustrated in Fig. 6.6b for the QD height series with
a constant diameter of 12nm. The second QD height series (16 nm QD diameter)
that also relatively closely matched the experimental results from Fig. 6.4a, yields

a within the error identical Dx_o value.

This value for Dx_1o represents the first estimate for an exciton-LO-phonon inter-
action volume based on a significant number of single GaN QD spectra that revealed
the underlying particular trend for the Ero values. For large GaN QDs with a height
of 2.4nm the exciton-LO-phonon interaction volume can already be estimated by
the extent of the exciton that overlaps into the matrix material, cf. Fig. 6.6b. How-
ever, with the reduction of the QD height from 2.4 to 0.8 nm the exciton overlap into
the AIN matrix just scales from 6.9 % to 14.2 %, clearly demonstrating its negligible
influence for the diameter of the exciton-LO-phonon interaction volume manifested
by the measured Ero values. Hence, for smaller QDs the origin of the determined
interaction volume extent seems to be dominated by the regime of the phononic
interaction and not by the excitonic extent and overlap into the matrix material.
Please see Fig. 3.4 and 3.5 in Chap. 3, page 21 for an illustration of the corre-
sponding electron and hole overlap into the matrix material for the QD center that

diminishes as soon as the QD side facets are approached.

Furthermore, it was found that the best fit for the composition dependence shown



6.5 Concept of the exciton-phonon interaction volume 91

in Fig. 6.6b is obtained by introducing a constant composition offset of ~ 17 %. This
offset value is motivated by the situation in QDs exhibiting a height that approaches
the determined interaction volume diameter of 2.6(2) nm. Here, it appears that the
interaction volumes starts to be more heavily influenced by the exciton extent with
an overlap into the matrix material of 6.9 % for a QD with a height of 2.4nm and
a width of 12nm. The fact that a larger offset is observed based on the fitting
routine can additionally be well understood keeping the STEM results from Sec. 6.4
in mind. Here, a weak alloying effect was observed in the vicinity of the hole that
now seems to be additionally confirmed by the extended p-PL analysis in terms of a
composition offset in access of the exciton overlap into the matrix material. Again,
the results are consistent if compared to the second QD height series exhibiting QD
diameters of 16 nm, cf. Fig. 6.4a. For instance a 2nm high QD from this series
exhibits an emission energy of 3.4eV and a exciton overlap into the matrix material
of 8.3 % approaching a constant composition offset of ~14 % as obtained from a fit
similar to the one shown in Fig. 6.6b. Furthermore, in the close vicinity of the QD
the matrix material is also stressed, an effect that would further globally alter the
determined aluminum fraction shown in Fig. 6.6b along with the composition offset.
The assumption of a spherical shape for the exciton-LO-phonon interaction volume
is motivated by its simplicity and the well agreement regarding the experimental
results, cf. Fig. 6.6b. Since the electric dipole field beyond the excitonic charge
distribution is diminishing with ~ 1/73, a spherical description of the exciton-LO-
phonon interaction volume seems feasible. Clearly, the shape of this interaction
volume should be influenced by geometric anisotropies and the different lateral ex-
panses of the electron and hole wavefunctions as well as the particular nature of the
contributing LO-phonons. However, any more complicated shape approximations
(e.g. elliptical shape), introducing more fit parameters, are by no means appro-
priate for the number of data points shown in Fig. 6.6b. A detailed modeling of
the exciton LO-phonon interaction volume remains a task for future work. The de-
termined interaction volume diameter of 2.6(2) nm also explains why the QD facet
alloying observed in Fig. 6.5 does not predominantly affect the exciton-LO-phonon
coupling for the analyzed QD widths in contrast to the weak alloying effect in the
vicinity of the hole. However, it can be assumed that fluctuations in the correspond-
ing composition gradients cause the widths of the measured Eo distribution shown
in Fig. 6.4b.
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6.5.1 Applicability of the spherical approximation and discussion

An improved agreement between the experimental and theoretical results shown in
Fig. 6.4a can be obtained if the particular LO-phonon energies along with their
emission energy dependence are considered. This energy dependence directly affects

Eq. 6.2 via the Frohlich constant comprising Fro as described by the following

formula [84]:
1 1
fo :\/27Te2hELo <— - —) (6.3)
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Hence, based on Eq. 6.2 and 6.3 one obtains S ~ 1/FEro for the Huang-Rhys
factor. As the measured trend for Ep resides above the bulk value of GaN and
rises with the QD emission energy (~ 8.25(1.20) meV/eV) towards the bulk values
of AIN, a lowering of the calculated S values from Fig. 6.4a could be obtained.
Consequently, both QD height series illustrated in Fig. 6.4a (QD diameter of 12 and

16 nm) would achieve a better agreement with the experimental results. However,

for the sake of clarity the application of any of such additional corrections is avoided
in Fig. 6.4a. Hence, the theoretical results show S values based on a constant Ero
value (bulk GaN A;(LO) mode: 91.3meV), which already yields a good agreement
in comparison to the measured values. Over the emission energy interval Fig. 6.4a
this correction scales in between 5 - 10 %, well within the limits of the experimental
error and significantly below the overall widths of the datapoint distribution for S.
The observation of the first and second LO-phonon replicas in Fig. 6.1 facilitates a
general statement concerning the applicability of the chosen adiabatic approxima-
tion for calculating the Huang-Rhys factor in Sec. 6.2.3. The measured LO-phonon
energies are not negligible in comparison to the electronic level spacings [91] or the
related multiexcitonic level separations [39,115,119], possibly leading to a strong
contribution of phonon-mediated scattering processes that are neglected in the adi-
abatic Huang-Rhys approach [84]. For InAs/GaAs QDs it was predicted that these
non-adiabatic contributions should yield a strong enhancement of the second LO-
phonon replicas by around 2 orders of magnitude if compared to the Huang-Rhys
model [162]. However, already Dufaker et al. only observed an enhancement of the
second LO-phonon intensity by a factor of 3 - 4 in InGaAs/GaAs QDs [156], clearly
demonstrating a less dramatic significance of non-adiabatic effects. Interestingly,
in wurtzite GaN/AIN QDs the ratio between the size of the e.g. electronic level
spacings and the occurring huge LO-phonon energies is even more extreme in regard
to possible phonon mediated scattering events. However, based on the presented
analysis one can only observe an overestimation of the second LO-phonon replica
by a factor of 2 - 3 in comparison to the Huang-Rhys-based peak area distribution

[140,144,145] as shown in Fig. 6.1b along with the corresponding fitting function.
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This observation substantiates the adiabatic treatment of the exciton LO-phonon
coupling applied in this work, demonstrating only a small influence of non-adiabatic
effects in wurtzite GaN QDs.

The long lasting debate in e.g. As-based QDs [136,151,152], whether the confined
exciton in a QD interacts with LO-phonons of the QD material or the matrix material
can considerably be advanced based on the observations from Fig. 6.4b. As discussed
in Sec. 6.6, a natural transition is observed regarding the contribution of LO-phonons
dominated by the QD (GaN) or matrix material (AIN). The predicted exciton LO-
phonon interaction averages over a volume that includes a certain fraction of the
QD and the matrix material, yielding the measured LO-phonon energy trend. In
addition, the role of the exciton overlap into the matrix material along with the
influence of weak alloying effects at the QD bases was demonstrated as supported
by the STEM study from Sec. 6.4.

Finally, it should be pointed out that the small dielectric contrast at the QD inter-
faces (GaN/AIN) suppresses any strong coupling contribution related to optical in-
terface modes and excitons [152,163-165] that could alter the measured Huang-Rhys
factors and LO-phonon energies in the accessible QD height regime (1.2 - 2.4nm).
It is even expected that the lower-frequency interface optical-phonon modes exhibit
a stronger Frohlich coupling if compared to their higher-frequency counterparts re-
siding in the frequency regime of the measured LO-phonon replica [165]. Hence,
the p-PL spectra from Fig. 6.2 already dissent any dominant contribution of opti-
cal interface modes, however, minor contributions cannot totally be ruled out and
remain a challenging task for future work as their spectral regime is additionally
affected by the LO-phonon traces related to the excited-state luminescence of GaN
QDs (cf. QD2 and QD3 in Fig. 6.2). Additionally, a dominating effect of phonon
confinement [166,167] cannot directly be witnessed in the extended pu-PL analysis of
hundreds of individual GaN QDs. Almost all measured LO-phonon energies shown
in Fig. 6.4b exceed the bulk value of the QD material [GaN: A;(LO): 91.3 meV],
clearly supporting contributions of the matrix material and the related averaging

phenomenon as the most dominant effect that explains the measurements.



94 6. Statistical analysis of the exciton-LO-phonon coupling

6.5.2 The Huang-Rhys factor in strongly and weakly polar quantum dot
systems - arsenides vs. nitrides

The huge difference in the magnitude of the Huang-Rhys factor S between wurtzite
GaN/AIN QDs (S < 0.8, see Fig. 6.3b) and zincblende InAs/GaAs QDs (S < 0.02
[145]) is discussed in this chapter. Both QD systems act as representatives for a
strongly and a weakly polar QD system and are similar concerning the spatial QD

dimensions but essentially differ in two aspects:

(i) Owing to the hugely different band-gaps (GaN: 3.51eV [168] vs. InAs: 0.417eV
[169]) the effective charge carrier masses differ by almost an order of magnitude
leading to very different exciton Bohr radii (GaN: 3nm / InAs: 35nm) in both QD

systems with a strong effect on the achievable charge carrier confinement.

(ii) The second aspect refers to the underlying lattice being zincblende in the case of
InAs/GaAs and wurtzite for the GaN/AIN QD system. Both lattices lack inversion
symmetry leading to piezoelectric fields in the case of strain. Their magnitudes,
however, are much larger in the case of GaN QDs. Furthermore, a spontaneous
polarization of the lattice that is unique to the wurtzite system causes the so called
pyroelectric effect introduced in Chap. 3.1.1, page 22. Altogether, both effects
lead to internal fields with a magnitude of up to several MV /cm in case of c-plane
GaN/AIN QDs [46], which is at least 10 times larger than for InAs(111)/GaAs QDs
[155].

In the case of c-plane GaN QDs the consequences for the ground-state exciton are a
generally small extent of the electron and the hole wavefunction in the c-direction due
to a strong confinement along the c-axis and a weak confinement in perpendicular
directions. This observation is particularly true for the wavefunction of the hole
that is laterally only weakly confined, cf. Fig. 6.3a. Hence, the overall lateral
exciton extent is limited by the electron-hole Coulomb interaction rather than the
confinement. For InAs/GaAs QDs, by contrast, the extent of the electron and
the hole wavefunction is determined by the QD size. Moreover, due to its smaller
effective mass the electron exhibits a stronger barrier penetration than the heavier
hole, leading to an even larger spatial extent of the electron wavefunction. Hence,
the vertical electron-hole dipole moment in InAs/GaAs QDs is comparatively small
and mainly determined by In composition gradients within the QDs [132].

In order to compare these two systems with their dissimilar internal fields and effec-
tive masses, one can even resort to a more intuitive, analytical model using Gaussian
functions as wavefunction replacements. The latter is strongly motivated by Eq. 6.2

showing that the Huang-Rhys factor S only depends on material properties such
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as dielectric constants [160, 170] embedded in the Frohlich constant fy [158], the
LO-phonon energy Erp, and on the wavefunctions’ extent and separation. Hence,

the following normalized ([ g*dV = 1) Gaussian function can be employed:

e (=) J403+(y—py)? [Aog+(2—p2)? /407]

g(m,y,z) - (64)

(27?)303303/02
The vertical separation of the electron and hole wavefunctions is considered by the

" With the separation d = u¢ — u as also depicted in Fig. 6.7. All

parameter ui
wavefunctions (electron: 1. = g. and hole: 1, = gp,) are treated as oblate-shaped
Gaussian functions with o, < 0, = 0, in good agreement with 8-band k-p simula-
tions for both QD systems [38,155]. In the context of the GaN QDs three parameters
are varied, namely, (i) the vertical electron-hole separation, (ii) the lateral, and (iii)
the vertical wavefunction extent as shown in Fig. 6.7a - ¢ and described in the fol-

lowing:

(i) Vertical electron-hole separation. The Huang-Rhys factor S increases with in-
creasing vertical electron-hole separation d reaching sizable values of about S > 1.0
for d approaching 5nm, cf. Fig. 6.7(a). Comparable large QD heights have been
found in the presented STEM analysis in Sec. 6.4 and are confirmed by the experi-

mental results shown in Fig. 6.4a.

(ii) Lateral wavefunction extent. With increasing QD base length, both, electron
and hole wavefunctions can expand up to the limit set by the Coulomb interaction.
Accordingly, as shown in Fig. 6.7(b), S decreases with increasing lateral electron

and hole extension for a fixed electron-hole separation d.



96 6. Statistical analysis of the exciton-LO-phonon coupling

121 ) a ¢’ =12nm
1ot _/./'/'/. ¢’ =12nm
0.8 | /_/-/'/
0.6 /@,/ d
041 "’ =1.1 nm
02 r , - (025
0 . .. .- G, . nm
0 1 2 3 4 5
7p) Electron-hole separation ¢ (nm)
— 14
Figure 6.7: The influence % 1.2+
of (a) the vertical electron- & 1.0
hole separation, (b) the lat- 208y
eral, and (c) the vertical 'é 0.6
wavefunction extent on the %0 0.4
Huang-Rhys factor S based — § 02 (t . . . .
on the material parameters L 050 075 1.00 125 1.50
Lateral wave function extent /
for GaN [160, 170].  The 0.7
tarti int of th 1- ’
starting point o e ca 06 | \_\
culations are electron and — ., A ’
. — RNE
hole wavefunctions that were 0.5} '\®\.
chosen to match the corre- e
sponding two-particle 8-band 041 \'\. c =vao
k-p wavefunctions of wurzite 0.3 ©

050 075 1.00 125 1.50

GaN quantum dots. Vertical wave function extent v

(iii) Vertical wavefunction extent. As result of an QD interface alloying, the ver-
tical wavefunctions size may increase as described by the scaling parameter v in
Fig. 6.7(c). Even though the QDs’ top facets appeared as atomically flat in the
STEM analysis (Sec. 6.4) an interface alloying at the QDs’ bottoms can be ob-
served, affecting the vertical wavefunction extent of the holes. As a result of such
a change in the vertical wavefunction extent S can decrease with increasing vertical
electron and/or hole extension for a fixed electron-hole distance d. This observa-
tion is particularly interesting in regard to Fig. 6.4a showing an overestimation of
the theoretical values for S especially for smaller QDs in regard to the experimental
counterparts, even though the detailed 8-band k-p modeling included QD dimensions
in good agreement with the STEM results. Hence, the theoretical overestimation for
S apparent in Fig. 6.4a could be caused by the interface alloying in the vicinity of
the hole wavefunction that would increase its penetration into the QD matrix mate-

rial causing a rise of the excitonic dipole moment scaling with the Huang-Rhys factor.

Additionally, the latter two cases (ii) and (iii) may well explain the experimentally

observed scatter in the Huang-Rhys factors for a given exciton energy caused by
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variations in the QD diameters and the interface roughening at the QDs’ bottoms.
For the case of InAs/GaAs QDs it is only feasible to differ between the following
two cases due to the occurring small dipole moments, namely (iv) the overall exciton

size and (v) the electron hole size ratio:

(iv) Variation of exciton size. The given variation in Fig. 6.8(a) links the GaN/AIN
QD excitons with their inherently small electron/hole extent to the much larger ex-
citons in the InAs/GaAs system. This case specifically aims at the differently sized
electron and hole wavefunctions in InGaAs/GaAs QDs with their small intrinsic
dipole moments. For a given set (of, uf; O'Zh, ,uzh) a transformation of the exciton size
is performed by scaling (oy, ;) — (x o, @ p;), thus, connecting the size range of
a wurtzite GaN/AIN exciton with the one of a InAs/GaAs exciton. Inspection of
Eq. 6.2 shows that S scales with the inverse of the scaling factor =, S — (1/x) S,
meaning, that for a doubling of the exciton size S is halved, cf. Fig. 6.8(a). This
scaling effect already accounts for large parts of the deviations between the two QD
systems. As soon as the exciton size is decreased a strong rise for S can be ob-
served even for the InAs/GaAs QD system, a situation that is permanently present
in wurtzite GaN QDs.

(v) Electron/hole size ratio. Due to the asymmetric effective masses of the electron
and the hole the electron’s spatial extension is larger than that of the hole counter-
part. The QD shape and internal fields, however, can override this asymmetry effect
by e.g. forcing the hole wavefunction into the corners of the QD exhibiting minima
in the piezoelectric potential, leading to complicated mutual size relations [145]. In
order to account for this phenomenon in the present analytical model the electron
wavefunction extent is varied between one half and three halves of an actual, fixed
hole size, while the electron-hole separation also remains constant at d = 0.3nm
as shown in Fig. 6.8(b). For evenly sized charge carriers the trend for the Huang-
Rhys factor S exhibits a distinguished minimum that is exclusively affected by the
inherent dipole extent d. As soon as the electron wavefunction deviates in size, the
Huang-Rhys factor reaches sizable values of up to S > 0.1 even in the InAs/GaAs
QD system, which is well comparable to the experimental results for small wurtzite
GaN/AIN QDs shown in Fig. 6.4a.

The presented analytical model facilitates an understanding of the large Huang-
Rhys factor variation observed for GaN QDs and its significant energy dependence
in terms of the height-dependent size separation and the related QCSE-induced
energy shift. Moreover, detailed insight was provided regarding the very different
magnitudes of the Huang-Rhys factor found for the wurtzite GaN/AIN and the
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zincblende InAs/GaAs system. By applying Gaussian wavefunctions it was feasible
to undertake a more detailed parameter study if compared to the 8-band k-p results.
Furthermore, in the future all the described Gaussian wavefunctions can be applied
by other research groups for an even more advanced modeling of the exciton-LO-
phonon coupling with focus on the interaction volume, as they are based on the
initial 8-band k-p calculations that achieved the present well agreement with the

experimental data.

6.6 Summary

In summary, the luminescence traces of the exciton-LO-phonon interaction in hun-
dreds of single, wurtzite GaN/AIN QDs were analyzed. General trends for the
Huang-Rhys factor and the LO-phonon energy were identified by analyzing the
Stokes-shifted LO-phonon replicas of first order. An increase of the QDs’ emis-
sion energy from 3.2 to 4.2 eV leads to a decrease of the vital Huang-Rhys factor by
over an order of magnitude (0.5 - 0.01). By applying an adiabatic approximation
residing on two-particle 8-band k-p wavefunctions, the Huang-Rhys factor was cal-
culated for various QD dimensions in good agreement with the experimental trends.
An analysis of the second LO-phonon replicas validates this adiabatic treatment even
for strongly polar QD systems as represented by GaN QDs in contrast to theoretical
reports from the literature. Based on this comparison between hundreds of measured
Huang-Rhys factors and the corresponding theoretical trends it was shown that the
QD height dominates all other QD geometry variations in such a strongly polar QD

material system. The LO-phonon energy as the second fundamental parameter for
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the exciton-LO-phonon interaction increases with rising QD emission energy, con-
tinuously scaling from the LO-phonon energies of the QD material (GaN) towards
the corresponding values of the matrix material (AIN). It is shown that the slope of
this measured LO-phonon energy trend [~ 8.25(1.20) meV/eV] cannot straightfor-
wardly be explained by stress or composition variations affecting the QDs and their
surroundings. A detailed STEM analysis proves that the measured LO-phonon en-
ergy variation is not predominantly caused by any alloying effects due to the specific
field-induced localization of excitons in nitride QDs. Also the stress calculations
cannot solely explain the measured LO-phonon energies, suggesting an averaging
volume for the exciton-LO-phonon interaction, whose diameter can even surpass the
individual QD height. For larger GaN QDs the diameter of this exciton LO-phonon
interaction volume seems to well agree with the exciton extent overlapping into the
AIN matrix material. However, for smaller GaN QDs the diameter of this interaction
volume is not further dominated by the extent of the exciton but by the phononic
contribution limiting its diameter. Novel general insight concerning the origin of
the LO-phonons that contribute to the exciton LO-phonon interaction in embedded
QDs is obtained as an averaging effect between the QD and the matrix material
phonons is witnessed.

Based on the unique conjunction between the extended u-PL analysis and the 8-band
k-p based two-particle calculations, one obtains a first estimate for the diameter of
an exciton-LO-phonon interaction volume yielding 2.6(2) nm for wurtzite GaN QDs.
The determination of this value is facilitated by the strong exciton-LO-phonon in-
teraction in nitride QDs revealing general trends for the Huang-Rhys factor and the
LO-phonon energy as measures of the exciton-LO-phonon interaction. Such depen-
dencies are commonly obscured in less-polar QD systems based on e.g. zincblende

InAs/GaAs as additionally explained based on a straightforward analytical model.



7 Analysis of photon statistics: From
one- to two-photon emission

A combined experimental and theoretical study of two-photon emission from the
biexciton cascade in single, wurtzite GaN QDs is presented in this chapter. By
changing the biexciton binding energy, pump power and temperature, the balance
between the one- and two-photon decay processes is controlled in this 4-level sys-
tem, which drastically affects the photon statistics of the resulting emission. As a
most pronounced feature of this interplay one observes a bunching phenomenon and
a transition from sub- to super-Poissonian photon statistics, originating from the
complex nature of the biexciton cascade. It is demonstrated how photon-statistics
can be steered between one- and two-photon processes towards an increased, bunched
two-photon emission probability up to 50 K providing the perspective of photon pair
generation in the ultraviolet spectral range. Furthermore, temperature-dependent
correlation spectroscopy attests phonon-induced dephasing processes directly related
to Chap. 6, page 74, while the in this chapter applied emission line assignment is

based on Chap. 4, page 74.

The results presented in this chapter are published in Ref. [39]. The numerics that
solve the quantum-state tomography of the biexciton cascade were developed and
implemented in the research group of Prof. Dr. A. Knorr by Dr. A. Carmele. Only
the joint efforts of experiment and theory finally lead to an intuitive explanation of
the bunching phenomenon as presented within this chapter, confirming an efficient

two-photon emission from the biexciton cascade in single, wurtzite GaN QDs.

7.1 Introduction to the bunching phenomenon

The search for quantum light sources exhibiting two-photon emission is related di-
rectly to applications in quantum information processing, cryptography and imaging
[6,171]. Prominent examples for two-photon emission involve parametric down-
conversion and highly-pumped semiconductor quantum wells [172], or either atomic
or semiconductor quantum dot (QD) based 4-level systems [173,174]. In contrast to
single photon processes, which are bound to sub-Poissonian distributions, the statis-

tics of a two-photon emission varies from non-classical (sub-Poissonian) to even
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chaotic (super-Poissonian) behavior. For example, polarization-entangled photon
pairs generated by a light-emitting diode can exhibit a sub-Poissonian distribution
[173,175]. However, two-photon emission in the case of single emitters is not always
solely associated with sub-Poissonian distributions.

In the following, controllable photon emission statistics are presented featuring a
unique bunching phenomenon, which arises from the biexciton cascade emission
from a single QD. Most interestingly, this system must theoretically be described
by a 4-level system and not by most commonly applied independent 2-level system
approaches, as substantiated by varying the biexciton binding energy, pump power
and temperature during the photon correlation measurements. GaN QDs appear
as an ideal semiconductor-based candidate for a study of such photon emission
statistics because two significant parameters, namely the fine structure splitting
of the excitonic bright-states [37] and the biexciton binding energy [75,83,119], can
efficiently be tuned close to, or even across zero depending on the QD size. As
a result, the photon-statistics are drastically altered, which is e.g. expressed by
the observation of a different degree of bunched two-photon emission. Depending
on the electronic configuration of the QD, the reported two-photon emission can
deteriorate the antibunched single photon emission property of an exciton as long as
the biexciton state is still populated, in addition to e.g. various types of commonly
assumed background luminescence [176,177]. It is experimentally and theoretically
shown that depending on the configuration of the QD’s electronic states, the number
of contributing decay processes changes drastically and shifts the weight between
one- and two-photon processes, favoring either anti-bunched or bunched emission.
The presented results contribute to the fundamental understanding of few photon
emission events and highlight the importance of measuring the photon-statistics in
order to probe exciton-correlations involved in the emission process. The observed
tunable stream of bunched photons is inherently related and applicable to previously
as non-classical considered effects [178], such as e.g. sub-wavelength interference
[179] and ghost imaging [180].

7.2 Influence of the biexciton binding energy

Fig. 7.1a presents a scheme of the employed Hanbury-Brown & Twiss (HBT) corre-
lation setup with indicators for the applied bandpass configurations (I., IL., ITI.) and
detected excitonic complexes (exciton - X, and /or biexciton - B). The corresponding
u-PL spectrum of a single GaN QD with X and anti-binding B emission is illustrated
in Fig. 7.1b. Due to a large inscribed dipole moment, single GaN QD emission is
affected by spectral diffusion [32,37] as previously introduced in Chap. 5, page 62
and acoustic phonon coupling [68]. The combination of both effects yields the ob-
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Figure 7.1: (a) Hanbury-Brown & Twiss setup for photon correlation measurements. Three
different bandpass configurations (I., II., III.) are illustrated along with the detected exci-
tonic complex (exciton - X and/or biexciton - B). (b) pu-PL spectrum of a single GaN quan-
tum dot showing X and anti-binding B emission. The spectral width of the bandpasses for
the auto- and cross-correlation measurements is depicted. (¢) Auto-correlation measurement
of X, cross-correlation measurement of B / X, wide bandpass auto-correlation measurement
of X 4 B. Bandpass configuration III. indicates bunching with g(®(0) = 1.23.

served FWHM of X and B emission in the meV range, which stands in contrast
to the corresponding radiative decay times, which are of the order of several ns for
QD 1 - 3 as approved by time resolved p-PL measurements, cf. Chap. 4.4, page 50.
For instance, QD 1 yields a radiative decay time of 7.7 ns for X and 4.4 ns for B. The
different applied bandpass configurations correspond to an auto-correlation mea-
surement of X (I.), a cross-correlation measurement of B and X (IL.), and a wide
bandpass auto-correlation measurement that collects both complexes in both detec-
tion channels (IIL.). As a result, a weak [¢(*)(0) = 0.90] antibunching is observed in
Fig. 7.1c for the bandpass configuration I.
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Such an incomplete antibunching feature can be explained as follows. In a low-pump
situation a pronounced antibunching for similar wurtzite GaN QDs [31,32] can be
observed. However, for rising excitation power the influence of the occupied biexciton
state on the overall emission statistics is strengthened, which is particularly valid
for low biexciton binding energies (see Sec. 7.3 for further details). The common
signature of a cross-correlation measurement of B and X, i.e. antibunching for
negative delay times (7) followed by bunching for positive 7, appears for bandpass
configuration II. In contrast, for the wide bandpass auto-correlation measurement
(I11.) a definite [¢¥)(0) = 1.23] and around 7 = 0 symmetric bunching feature is

observed.

In order to explore the origin of this bunching feature a large number of single GaN
QDs was analyzed in order to locate QDs with varying biexciton binding energies
Elfignd around an emission energy of 3.5eV. Exemplary u-PL spectra of 3 GaN QDs
(QD 1 - 3) are illustrated in Fig. 7.2a. QD 1 exhibits spectrally resolved X and anti-
binding B emission with a biexciton binding energy of EX —EB = Elﬁnd = —8.1meV.
QD 2 and 3 exhibit Eﬁn 4 below the FWHM of the envelope of the X and B emission.
In contrast to QD 1, only one dominant emission line composed by X and B emission
is observed. Based on a common FWHM value of 2 5.0meV for X emitting at
around 3.5eV, an estimate of Elﬁnd can be obtained for QD 2 and 3, which yields
|EB | < |—2.0/meV and |[EZ .| < | — 0.3 meV, respectively. Auto-correlation
measurements of the dominant emission of QD 3 with a bandpass as illustrated in
Fig. 7.2a allows the observation of a strong bunching with ¢(?) (0) = 3.10 as shown in
Fig. 7.2b. An increase of the detuning Elﬁnd between the X and B transition via QD
2 towards QD 1 now reduces the observed bunching effect down to ¢(? (0) =1.23 as
depicted in Fig. 7.2b and later on plotted in Fig. 7.3b.

The identification of the emission lines in the p-PL spectra (Fig. 7.1b and 7.2a)

of the GaN QDs originates from numerous excitation power dependent p-PL and
2

g

(X) and biexction (B) emission peaks as exemplarily represented by QD 1 - 3. The

-correlation function measurements on spectrally resolved and overlaying exciton

comparison of absolute emission line areas in regard to variations of the pump power
yields the scaling factor n for each excitonic complex [43] as introduced in Chap.
4, page 39. Within the spectral range around 3.5eV one commonly observes e.g.
px = 1.1(1) and pp = 2.0(1) for GaN QDs like QD 1, which strongly indicates the
identification of X and B emission [115,119]. Also, the typical signature of a cross-
correlation measurement as obtained for B and X (Fig. 7.1c) demonstrates a cascade

process and hence further supports the given emission line identification [117].

Before turning towards the interpretation of the bunching phenomenon, some facts
concerning the unusual biexcitonic structure of wurtzite GaN QDs will subsequently

be summarized in order to substantialize the given emission line assignment before



104 7. Analysis of photon statistics: From one- to two-photon emission

a detailed explanation is given in Chap. 8, page 118. Within the analyzed spectral
range at around 3.5eV it is common for GaN QDs to exhibit the observed anti-
binding B emission [115,119]. The large spatial separation of the charge carriers
in GaN QDs, originating from the built-in polarization fields parallel to the [0001]-
axis, leads to a reduction of the binding terms in the B complex. For modeling this
balance between binding and anti-binding terms in the B complex, the Coulomb,
exchange and correlation interactions need to be taken into account [36,75] as de-
scribed in Chap. 8, page 118. Interestingly, for ~2 % of the GaN QDs emitting at
around 3.5eV, as derived from a large (>200) number of y-PL measurements, the
compensation between the binding and anti-binding terms in the B complex leads to
a strong reduction of the absolute value of the biexciton binding energy |E£nd| as e.g.
observed for QD 2 and 3. As a consequence, no clear spectral separation between
the X and B emission lines can be observed based on the occurring FWHM values
and bunching in the g(®)-correlation function occurs for selected QDs, cf. Fig. 7.2b.
The statistical pu-PL analysis has shown for the analyzed sample that an average
Elﬁn 4~ —8meV is common for GaN QDs emitting at around 3.5eV, an observation
previously introduced in Chap. 4.2, page 40. However, mainly due to diameter fluc-
tuations of the QDs in the sample of interest, one can also observe |E£n 4| values well
below the commonly observed FWHM value of 2 5.0meV for X (see lower quartile
of the line widths distribution from Fig. 5.2, page 66). Consequently, excitation
power dependent p-PL measurements yield scaling factors of nxp = 1.4(1) e.g. for
QD 2 and 3 suggesting a spectral overlay between the X and B emission for those

QDs.

7.3 The quantum-state tomography of the biexcitonic decay

The explanation of the observed bunching phenomenon will be addressed in this
section. Bunching in the g(®-correlation function itself is not an uncommon feature
in QD spectroscopy and is e.g. assigned to spectral diffusion [137,181] or weakly
pumped biexcitons [182]. However, such origins for the reported bunching phe-
nomenon can be excluded as explained in Sec. 7.5. Especially the Egn 4-dependence
of the bunching phenomenon does not allow its straight-forward simulation based on
typical rate equation approaches [5,183] and realistic parameters for wurtzite GaN
QDs embedded in AIN [43,45]. As a consequence, the quantum-state tomography
of the biexciton cascade [149,184] can numerically be solved in order to account for

the quantum mechanical particularities of the analyzed system.
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Figure 7.2: (a) Exemplary p-PL spectra of GaN QDs 1 - 3 showing spectrally resolved ex-
citon (X) and biexciton (B) emission (QD 1) or corresponding spectrally overlapping X + B
emission (QD 2 and 3). The FWHM and the biexciton binding energy (Ef ;) are shown
along with applied auto-correlation bandpasses. (b) Auto-correlation measurements for
the corresponding quantum dots illustrate the inverse scaling behavior between the photon

bunching strength ¢(*(0) and the detuning EE .

The corresponding Hamilton operator within the rotating wave and dipole approx-

imation, still without the system-environment coupling, reads:

H = thchck —h Z Mk(GTch/,JrC + X;BCL) + H.c.
% G=H,V

thwp BIB 4 hwy X[ X, + oy X)X, (7.1)

Here, the Coulomb interaction between the horizontally and vertically polarized ex-

X}L{/v and the

biexciton BT operators with the eigenenergies hwg /i/vs determined by the fine-

citons (H,V) is incorporated in the ground-state GT, the exciton

structure splitting of the excitonic bright states E%(SS = h(wyg — wy) and Elﬁnd.
The precise value for EI);(SS does not change the theoretical results if chosen as just
sufficiently small in comparison to Eﬁnd, which is typical for GaN QDs emitting
at around 3.5eV [37]. Hence, for simplicity wy = wy is assumed for the following
explanation, cf. Fig. 7.3a and d. The ground-state energy is chosen as zero and the
electron-photon coupling element M; couples equally strong to both polarizations
(H,V), while the photon-creation and -annihilation operators are denoted with c/,TC
and c¢;. The system dynamics based on the Hamiltonian from Eq. 7.1 describe
very complex emission dynamics into free space, i.e. a photon mode continuum

with wavenumber k& [150,185]. Since the experiment only detects photons in reso-
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nance with the exciton-biexciton state transition (XL

state transition (GTX H/V), the complex dynamics can be reduced to two modes

/VB) and the ground-exciton

kp and kx. Therefore, only two polarization-independent modes in resonance are
assumed with the exciton-ground state transition w% = cokx = wpyy and the
biexciton-exciton state transition w% = cokp = wp — wg/y, while c} /B denotes the
corresponding photon-creation and -annihilation operators in agreement with the
experimental limitations.

Concerning the loss of photons and excitonic coherence due to the system-environment
coupling, a Markovian approximation is applied. This is possible, since the time-
scale of the observed emission processes leading to a bunching signature is within
the nanosecond regime and, clearly, losses such as pure dephasing dominate the dy-
namics. In order to consistently introduce such losses, the Born-Markov approach in
the Lindblad-form was chosen for a system operator A (L[A]p := 24pAT — ATAp —
pAT A), which takes into account photon mode loss &, incoherent pumping P [186],
radiative decay I'; 44, and phenomenological pure dephasing vp,re (LA-phonon-based,
band diagonal pure dephasing mechanism [149]) based on their corresponding rates.
Finally, the complete dynamics is calculated within the density matrix p approach
(p= %[p, H|+ Lp) comprising a dissipative Liouvillian £ and parameters that assure
the weak coupling limit (k + Ypure > M) in order to prevent any induced emission
dynamics, clearly not present in the experiment. As a result of the introduced sim-
plifications, the theoretical description does not allow a full quantitative discussion
of the bunching phenomenon, but still provides an essential qualitative description
and successfully reveals the underlying physics. The following dissipative Liouvillian

L is applied:

K
Lp = 5 Y Llalp+P ), LIX]Clp+ LIB'X]p (7.2)
i=X,B J=H)V

+Tvaa >, LIGTX;]p+ ﬁ[X]T-B]P = Y % (TepTi - p)
J=H,V k=G.X,B

Here, p denotes the density matrix while x, P, .44, and 7ypure are the rates for
the mode loss, the incoherent pumping [186,187], the radiative decay and the phe-
nomenological pure dephasing [149]. The pure dephasing part of £ is defined with
Te = X5 X, +X1, X, ~GIG, Tx = BIB-X|, X, — X{, X/, as also Tp = BIB-G'G
for the three possible population differences and ¢ = vx = Ypure, VB = 2Vpure aS
the dephasing constants.

Based on the described model one can derive the stationary correlation function
g (0) = (cTBc}cXcB>/<c}cX><chB> (see Sec. 7.3.2 for all resulting equations).
Bunching processes yielding ¢®(0) > 1 (see Fig. 7.2b and 7.3b) trivially con-
firm that the intensity-intensity correlation (IIC) is larger than the intensity itself,
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Figure 7.3: (a) Level scheme of the biexciton cascade for the resonant case with a biexci-
ton binding energy |EZ | < M. Biexciton, exciton, intermediate-states and ground-state
are denoted with B, X, I3, and G, while M is the electron-photon coupling element.
Dashed/solid arrows denote the exciton/biexciton photon modes. (b) + (c¢) Theoretical and
experimental ¢(?)(0) values for varying EZ , (dashed line — guide to the eye) d) Level

scheme of the biexciton cascade for the non-resonant case |Ef | > M.

hence two-photon processes dominate their one-photon counterparts resulting in:
(cgc}cxcm > (c}cx>(cEcB>. As a consequence of the measured Ef | dependence
of g®(0) (Fig. 7.2b and 7.3b) one now needs to elucidate the E -affected balance
between the intensity and the IIC. Contributions from all decay processes involved in
the generation of the intensity and the IIC facilitate the calculation of ¢(2) (0, Elﬁn 2)
as shown in Fig. 7.3c. This theoretical result agrees well with the trend of the

experimental data from Fig. 7.3b.

7.3.1 Intuitive explanation of the bunching phenomenon

In order to intuitively explain the measured and calculated asymmetric effect of
Elffn 4 on the intensity and the IIC, a straightforward description of the bunching phe-
nomenon based on the level schemes shown in Fig. 7.3a and d is possible. Here two
scenarios with respect to the ratio between the biexciton binding energy Egnd and
the electron-photon coupling element M are classified; the resonant case |E£n Jd <M
(see Fig. 7.3a) and the non-resonant case |EZ | > M (Fig. 7.3d). Only most dom-
inating, i.e. resonantly contributing, decay processes are depicted with dashed or
solid arrows for the exciton and biexciton photon modes kx and kp.

The source of the intensity are the photon-assisted B-X and X-G state transitions
as depicted in Fig. 7.3a and d (top). For |Ef | < M all state transitions are
in resonance with the modes of the emitted light field kx and kp and hence four
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transition processes originate the intensity in Fig. 7.3a (top). However, as soon as
|E£nd| > M occurs, only two processes still resonantly contribute to the intensity as
shown in Fig. 7.3d (top), due to the existing mismatch e.g. between the B-X state

transition and the kx mode.

In contrast to the intensity, the IIC is genuinely a two-photon process, which is first
of all fed by a generally larger number of radiative decay processes as illustrated
in Fig. 7.3a and d (bottom). For |[EE .| < M the B-X and X-G state transitions
are in resonance with the kx and kg modes, and a large number of decay processes
arises. The B-X state transition can either populate the one-photon X states (ver-
tical arrows) or the correlated two-photon intermediate (I) states (diagonal arrows),
which are either density- (I;) or polarization-like (I2). Please see Sec. 7.3.2 for a
more detailed description of both two-photon states. These two-photon [ states are
a particular feature of the 4-level system and are essential for the description of
the bunching phenomenon that arises from the biexciton cascade [149,175]. Subse-
quently, the system evolves via the one-photon X and the intermediate two-photon
states I7 and I, into the two-photon G state by emission of a photon pair. As a result
there are ten possible two-photon decay processes towards G in Fig. 7.3a (bottom),
eight via the two-photon [ states and two via the one-photon X state if the weak
coupling regime is assumed. Please note the break in the X state visible in Fig. 7.3a
and d (bottom), which just illustrates that no twofold population of the same mode

is possible in the IIC schemes.

Again, with a larger detuning |E£nd| > M the situation changes significantly. Due
to the lifted resonance condition only two two-photon decay processes survive and
contribute efficiently to the IIC as expressed by the remaining bunching in Fig. 7.3b
and c for larger detunings. All other eight processes become off-resonant and hence
negligible as shown in Fig. 7.3d (bottom). Only one residual process still resonantly
populates the polarization-like two-photon I, state and another one the X state,
which then still allows the formation of a photon pair. Hence, the reduction of
the number of contributing decay processes is 10—2 for the IIC, which is in clear
contrast to the case of the intensity, where the reduction of the contributing decay
processes is just 4—2. This asymmetry in the Egnd dependence of the g(2)(0)—
function based on the number of contributing decay channels for the intensity and
the IIC explains the detuning dependence of the bunching phenomenon. Only the
absolute detuning value |Eé3md| is relevant for steering the photon statistics between
one- and two-photon processes (intensity <+ IIC) as the detuning dependence of
¢ (0) is symmetric, i.e. only the energetic difference between |EB .| and M tunes

the bunching strength.

Considering the particular nature of a 4-level system it is now also possible to un-

derstand the comparable [32] weak antibunching feature of the excitonic emission



7.3 The quantum-state tomography of the biexcitonic decay 109

of QD 1 in Fig. 7.1c [¢®?(0) = 0.90]. Even though the X and B emission are
spectrally separated, there is just weak indication for an antibunching dip due to a
residual overlay with the two-photon process induced bunching, which is neglected
in frequently applied 2-level based models [5,31,183]. Not only commonly assumed
background luminescences deteriorate such single photon emission [176,177], also
two-photon processes play a dominant role if the biexciton state is initially occu-
pied. This matter is demonstrated by the residual bunching in Fig. 7.3b and c,
even for larger Egnd exceeding the FWHM of the related emission lines. For par-
ticular, large EZ  values of e.g. around —35meV [32] one can observe much smaller
g (0) values compared to QD 1 for even up to 200 K due to a negligible influence
of 2-photon processes, cf. Fig. 7.3b. Please note that the theory also predicts a
strong influence of Efm(s g on the bunching phenomenon as soon as it approaches the
quantity of M. Hence, for particular and on the analyzed sample rare QD shapes
and sizes it is even possible to observe smaller ¢(?) (0) values than for QD 1 with
comparable Eﬁnd but consequently deviating and not negligible E?SS. By choosing
typical GaN QDs emitting at around 3.5eV, based on analyzing a statistical valid
number of QDs, one frequently observes QDs with negligible E%(S g in regard to M
and Elﬁnd‘ Hence, for smaller GaN/AIN QDs emitting at higher energies, or even
for QDs based on other material systems such as e.g. InAs/GaAs, one would have
to take the unique balance of Egn g and Efgss into account in order to estimate the

strength of the 2-photon processes that induce the bunching phenomenon.

7.3.2 One- and two-photon processes in the biexciton cascade

The explanation of the bunching phenomenon is mainly based on the number of
decay processes, which either contribute to the intensity or the intensity-intensity-
corellation (IIC) representing the denominator and nominator of the g -correlation
function, respectively. Distinction between the resonant case (|Ef | < M) and the
B

non-resonant case (|Ey;

4| > M) is achieved by comparing |EZ | with the electron-
photon coupling element M. Even though the given explanation based on level
schemes (Fig. 7.3a and d) might be intuitive, it cannot account for all the details of

such a complex 4-level system as the biexciton cascade.
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In detail one can e.g. describe the level schemes, which illustrate the generation of
the intensity (one-photon processes) in Fig. 7.3a and d (top) via the decay of the

biexciton density <BTB > by spontaneous emission, as shown in the following:

W (B'B) 3 (x'Bcl) 3 (chey)

() (B'B) = (X'Bel) > (ches)

(3 (X'X) 3 (c"xch) 3 (cheg)
) (xTx) — -

(4

Decay path 1 and 3 (black) are influenced by the absolute value of a detuning
A = |EE || and vanish for rising |EZ |, whereas decay path 2 and 4 (red) are
maintained even for larger detunings. Here the ground-state, the exciton and the
biexciton operators are again denoted with GT, XT, and BY, while the photon cre-
ation and annihilation operators are consistently denoted with c} /B and cx/p. For
the resonant case all 4 decay processes contribute to the intensity but as soon as the
non-resonant case is reached, only 2 decay processes remain and contribute to the
denominator of the ¢®-correlation function. However, for the IIC as the numerator
of the g(2)—correlation function, 10 decay processes contribute to the resonant case
that is reduced to 2 dominant decay processes (red) for the non-resonant case with
larger detuning A = Elfignd' The resulting decay processes (two-photon processes)

for the IIC are illustrated in Fig. 7.3a and d (bottom) and can be summarized to:

(1): 1, (B'B) 3 <XTBCE(> A <GTBCE(CTB> 3 <GTXcXchX> <chXcXcB>
(2): I <BTB> 3 <XTBCE(> 3 <GTBCE(CTB> — <GTXCXCBCB> — <chXcXcB>
3): X <BTB> 3 <XTBCE(> A <XTXCJE(CX> A <GTXCJE(CTBCX> 3 <cTBc&cXcB>
(4): I <BTB> A <XTBCE(> — <XTXCJ;(CB> — <GTXCJ;(CTBCX> 4 <cTBc;cXcB>
(5): I <BTB> 3 <XTBCE(> — <XTXC§(CTB> 3 <GTXC§(CTBCB> — <CTBC§(CXCB>
(6) : I (B'B) — <XTBCTB> — <GTBCE(CTB> 3 <GTXCJE(CTBCX> 3 <cTBc&cXcB>
(7): I (B'B) — <XTBCTB> — <GTBCE(CTB> — <GTXCJ;(CTBCB> — <cgc}cch>
(8): X (B'B) — <XTBCTB> — <XTXCTBCB> — <GTXCJ;(CTBCB> — <CTBCJ;(CXCB>
9): I <BTB> — <XTBCTB> 3 <XTXCJE(CB> 3 <GTXCJ§(CTBCB> — <cTBcXcXcB>
(10): I <BTB> — <XTBCTB> E <XTXCJ;(CB> — <GTXCJ;(CTBCX> 23 <cTBc;cXcB>
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As an example for the resulting complex set of equations, the equation of motion

for the photon-assisted ground-biexciton state transition is given:

o (GHBCyCRY) (7.3)
= —i (wp — (m —n)h — (0 — ) (G'BCFCRY)
—r(m+n+p+q) (GTBORCRT)
— (2P + 2ypure + 2Wraa) (GTBCRCRY)

+iM Y (X]B Rt eRt) 4 (X]B oot
i=H,V

—i M S (G o) + (GG cpreyet)
i=H,V

+iM Y om <XZTB Cgbflﬂcg(ﬂ> 4 <XZTB Cgb’”0§*1’q>
i=H,V

with CZ™ = c%mc% and CR7 = cﬂ?cg( and m,n,p,q as integers. Since, the ob-
servable is calculated in the spontaneous emission limit, only ground-biexciton state
transitions with m +p = 2 and n = ¢ = 0 contribute. As an example, Eq. 7.4 shows
the resulting important polarization-like intermediate-state transition with m = 2

and p = 0:

o (G'BCHCY) (7.4)
— i (wp — 23) (G'BCRCRY)
-2 (ff + P+ Ypure + Frad) <GTBC§;,OC§(7O>

+i2M Y (X]B O}
i=H,V

Finally, the stationary, adiabatic limit is of interest, hence, the biexciton energy

must be written as wg = w% + wg( in order to obtain

(xIB Cy°c}’)

el BCQ’OCO’O> —i2 M : . (7.5)
< v @'g{;v iEf g +2 (5 + P+ Ypure + I'raa)
Note: wp — 2w = Wi + Wy — 2w = Wy —wp = —Ef ; with W = % + Ef ;.

Consequently, for this important transition that is feeding the cross-correlation, one
observes a strong effect of Egn 4 and Ypure, which is for the latter case twice as large

as for the one-photon transitions. The full set of parameters used for the calculation
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of the bunching phenomenon and its Egn 4> bump rate, and temperature dependence
is listed in Tab. 7.1.

The two remaining decay processes 7 and 8 (red) for the non-resonant case decay
via the polarization-like two-photon intermediate I and the X state and are not
cf. Fig. 7.3d (bottom). The decay

processes via the intermediate two-photon I; or Iy states are either density- or

effectively influence by the detuning A = Egnd,
polarization-like, as expressed by the notation of the processes given in either 4, 5,
9,and 10 or 1, 2, 6, and 7. The processes 3 and 8 represent decay processes via the
X state and are classical in case of 8 (first generation of a B photon then of an X
photon) or clearly non-classical as for case 3 (first generation of an X photon then of
a B photon). Please note that only the absolute value of the detuning A = |EE ||
has an impact on the contribution of the decay processes to the intensity and the

IIC as only the energetic state offset influences the computed dynamics.

7.4 Excitation power and temperature dependence

Further parameter studies of the pump power and the temperature dependence were
conducted in order to confirm the given interpretation by a comparison of the trends
for the experimentally and theoretically derived ¢(? (0)-values. Fig. 7.4a illustrates
the power dependence of the bunching phenomenon for QD 2 at 25K, showing a
reduction of the bunching towards higher pump powers (Fig. 7.4b). The evolution
of the bunching phenomenon with temperature is shown in Fig. 7.5a. At 6K a
strong bunching is observed for QD 2, which is reduced upon the rise of tempera-
ture towards 50 K and finally vanishes at <70K (see Fig. 7.5b). For the smallest
experimentally accessible pump powers and temperatures, two-photon processes can
well compete with one-photon processes. Consequently, a bunched photon emission
is observed as long as the biexciton state is still sufficiently populated.

Both, the pump power and the temperature dependence of the bunching phe-

Table 7.1: Set of essential parameters applied for the quantum-state tomography calcula-

tions of the biexciton cascade in wurtzite GaN quantum dots.

Parameter description: Value
electron-photon coupling element M 0.06 ps—*
pump rate P M x0.025

mode loss rate s M %16

radiative decay rate I';qq 1.5ns7!
pure dephasing rate ypure 0.32ps~!

fine structure splitting EI);(SS 4 peV
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Figure 7.4: (a) Excitation power dependence of the g@-correlation function for QD 2 at
a temperature of 25 K. (b) Corresponding power dependence of the resulting ¢(*)(0) values
shows a decrease of the bunching phenomenon with increasing excitation power that can
be modeled based on the presented theoretical approach (please see the text for details).

Dashed lines are guides to the eye.

nomenon can be understood within the frame of the model if the pure and the
excitation-induced dephasing are considered. Most two-photon processes, which e.g.
relax via the intermediate I states, are twice as sensitive [186,187] to such dephasings
(—29pure, —2P) in regard to their one-photon counterparts (see Sec. 7.3.2). Hence,
an increased pumping or temperature simply reduces the number of participating
two-photon decay processes more drastically, if compared to the one-photon case in
accordance with the Elﬁnd detuning dependence, cf. Fig. 7.3. The measured ¢(? (0)-
dependencies are in good qualitative agreement with the corresponding theoretical
results in Fig. 7.4b and Fig. 7.5b, which well supports the overall given interpreta-
tion. The rising temperature also strongly affects the FWHM of the bunching peak
Ty, which is reduced from 2.7 to 0.4 ns in the temperature interval from 6 to 50 K, cf.
Fig. 7.5b. This speeding up of the bunching phenomenon demonstrates the rapid
dephasing of the two-photon process by acoustic phonons, while the one-photon pro-
cess remains stable up to a temperature of at least 70K (Fig. 7.5b) and above in
GaN QDs [32] due to the deep confinement potential.
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Figure 7.5: (a) Temperature dependence of the g(®)-correlation function for QD 2 up to
a temperature of 70K at a constant excitation power of 1.1kW/mm?. The ¢(®)(0) value
decreases upon rise of temperature as shown in (b) for the experimental data and the applied
modeling, while the FWHM of the bunching part in the g(®)-correlation function narrows as

expressed by 7,. Dashed lines are guides to the eye.

7.5 Alternative origins of the bunching phenomenon

The given interpretation of the bunching phenomenon well explains its biexciton
binding energy, pump power and temperature dependencies and is further supported
by the provided in-detail emission line identification. However, bunching in the ¢(®)-
correlation function can also occur mainly due to the following two alternative effects
that must be ruled out in order to proof the reported observation of two-photon
emission based bunching.

First, spectral diffusion as an origin of the reported bunching phenomenon must be
excluded. Due to the huge built-in dipole moments in wurtzite GaN QDs up to
2enm and a surrounding defect rich AIN matrix material one observes a drastic
emission line broadening previously introduced in Chap. 5, page 62. The defect-rich
AIN matrix material induces a fluctuating Coulomb field in the vicinity of a GaN QD
that constantly alters the emission energy of the inherent excitonic complexes. As
a result, spectral emission line jitter, emission line broadening [68], and a particular
excitation power dependence of the emission line widths [43,89] can be observed.
Fig. 7.6 shows auto-correlation measurements of the bunched emission from QD 2
for two bandpass configurations A and B as illustrated in the attributed inset. Com-

monly, such variation of the applied bandpass widths and spectral positions drasti-
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cally alters the strength of the bunching if originated by spectral diffusion [137,181].
For a bandpass configuration comprising the full QD emission (bandpass A), a com-
parably weak bunching should occur in case of spectral diffusion on a ns time scale.
In contrast, the bunching in the g(®-correlation function should strengthen as soon
as the bandpass width for the auto-correlation measurement is reduced and spec-
trally shifted towards coverage of one half of the emission line (bandpass B). Due to
the limited spectral diffusion time the e.g. excitonic emission remains in the energy
range of bandpass B for a time period in excess of the radiative decay time, which
results in a bunched photon stream. However, altering the bandpasses does not
drastically affect the bunching strength or the general shape of the ¢(®-correlation
function as shown in Fig. 7.6. This observation proves that the homogenous emis-
sion line does not remain within one half of the broadened emission line on a ns
time scale. For bandpass B even a weak reduction of the bunching phenomenon is
observed in Fig. 7.6 due to the residual small spectral separation between the X and
B emission for QD 2, cf. Fig. 7.3b. Hence, the observed bunching phenomenon for
QD 1 - 3 does not originate from spectral diffusion.

However, as a second alternative interpretation one needs to consider that even
spectrally pure biexcitonic emission can originate a bunching in the ¢(®-correlation
function for low pump powers as shown by Kiraz et al. [182]. Although, the emission
line assignment contradicts the observation of purely biexcitonic emission for QD 2
and 3, the entire matter is discussed in order to further support the interpretation
of the bunching phenomenon as a particular overlay between one- and two-photon
processes. An exclusively by biexcitons induced bunching in the g(®)-correlation
function occurs at 7 # 0 and is commonly overlaid by a temporarily narrower anti-

bunching feature at 7 = 0 in contrast to the results for e.g. QD 2, c¢f. Fig. 7.6. The
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experimental observation of a biexciton induced bunching at low pump powers [182]
can well be modeled based on rate equations for X and B emission [43], yielding a
most pronounced bunching at 7 # 0, whereas the maximum in the g(®)-correlation
function for the reported bunching phenomenon occurs at 7 = 0, cf. Fig. 7.6. One
could argue that due to the limited time resolution of the applied HBT setup the
antibunching dip in the ¢(®-correlation function measurement of B could be omit-
ted. However, a variation of the pump power commonly tunes the temporal width
of an antibunching trace [31,43], which is not evident in Fig. 7.4a, nor has ever
been observed in this study. Hence, a purely biexcitonic origin of the bunching
phenomenon must be excluded and clearly separated from the given interpretation
based on varying numbers of one- and two-photon processes.

Finally, none of the alternative interpretations for the experimental results, namely
spectral diffusion or a biexciton-induced bunching in the ¢(?)-correlation function at
7 # 0, explain the particular biexciton binding energy dependence of the bunching
phenomenon. Hence, the provided interpretation of the experimental data is further
strengthened, identifying a unique balance between one- and two-photon processes

as the origin of the reported photon-bunching phenomenon.
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7.6 Summary

In summary, this chapter showed that the two-photon emission from the biexciton
cascade of a single quantum dot, as a representative of a 4-level system, can exhibit
a super-Poissonian photon distribution in contrast to the sub-Poissonian statistics
of e.g. polarization-entangled photon pairs [173,175]. In particular, it was experi-
mentally and theoretically demonstrated how bunched two-photon emission from a
single GaN QD can be tuned by means of the biexciton binding energy, pump power
and temperature up to 50 K. Alteration of these parameters enables control over
the emission from sub-Poissonian one- to super-Poissonian two-photon processes, as
explicitly expressed by the reported bunching phenomenon. Alternative common
interpretations for a bunching signature in the ¢(®-correlation function based on
purely biexcitonic single photon emission or spectral diffusion have been ruled out,
demonstrating the importance of two-photon processes in the biexciton cascade.
Moreover, it was outlined that the antibunching in the g(®)-correlation function of a
”single” photon emitter can be overlaid by the reported bunched two-photon process
as long as the biexciton state is still populated. All results prove that the full nature
of the 4-level system must not be neglected as in 2-level based approaches, which

evidently only consider one-photon processes.



8 Manifestation of unconventional
biexciton states

After having established the exceptionally strong exciton-LO-phonon coupling in
Chap. 6 (page 74) and the particular influence of the biexciton binding energy re-
garding the photon statistics in Chap. 7, page 100, it is the aim of this chapter to
introduce a novel biexciton model [40]. This so called hybrid-biexciton model de-
viates from the common biexciton perception and originates highly unconventional
emission characteristics. The recent discovery of this novel type of quasiparticle will
not only explain the observed anti-binding nature of biexcitons for certain wurtzite
GaN QD sizes, but will also explain the experimentally confirmed distinct transition
from anti-binding to binding biexcitons [119].

Generally, the strong internal piezo- and pyroelectric fields native to wurtzite GaN
QDs embedded in AIN separate the electron- from the hole-subsystem, causing a
very distinct confinement in the growth-direction (c-axis) for both charge carrier
types, cf. Sec 3.7, page 37. Along lateral directions the electrons are still sub-
ject to a strong confinement, in contrast to the weakly confined holes with their
large effective hole mass. Consequently, no significant orbital structure for holes can
be present anymore, facilitating the generation of the hybrid-biexciton complex, in
which Coulomb forces, in particular the hole-hole repulsion and the exchange inter-
action, become most significant. Hence, laterally separated hole states with parallel
spins are energetically more favorable than those exhibiting anti-parallel spins as
common for the case of strong confinement in all spatial directions. In contrast to
the conventional-biexciton complex with a net spin of s = 0, the hybrid-biexciton
exhibits s = 43 leading to completely different photoluminescence signatures as
shown in this chapter along with drastically enhanced charge carrier binding ener-
gies. An efficient biexciton cascade via the excitonic dark states will be attestable,
benefitting from the generally strong exciton-phonon coupling in such QDs, as al-

ready indicated in Chap. 6, page 74, with a spin flip process as a key element.

The results presented in this chapter are published in Ref. [40]. G. Honig theoret-
ically developed the presented hybrid-biexciton concept, implemented the particle
interaction algorithms and calculated, as well as evaluated the numerical data shown

in this chapter. Dr. A. Schliwa developed the multi-excitonic rate equation model
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that facilitates an understanding of the temperature and excitation power dependent
luminescence results. The unique phalanx of experiment and theory described in the
following confirms the hybrid-biexciton concept, yielding a coherent description for

this first member in the novel class of hybrid-quasiparticles.

8.1 From anti-binding to binding biexcitons

The biexcitonic emission (B) described in Chap. 4, page 39 appeared on the high
energy side of the exciton (X) emission at an energy of around 3.5V in good agree-
ment with the results from Chap. 6, page 74. However, in Chap. 7, page 100 a
reduction of the difference between the X and B emission, the so called biexciton
binding energy (Egnd), is observed, scaling from -8.1 meV towards -0.3 meV with a

striking effect on the photon statistics. The observation of this scaling behavior is
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Figure 8.1: The biexciton (B) binding energy is plotted versus the exciton (X) emission en-
ergy. The red circles show calculated values based on the hybrid-B model for GaN QDs with
a constant aspect ratio of ar = 0.2 and reduced height (h) towards larger emission energies.
The grey dots depict the experimental data for quantum dots (QDs) grown by metalorganic
chemical vapor deposition (MOCVD), while grey circles show the corresponding molecular
beam epitaxy (MBE) values [119]. The inclusion of theoretical data points with ar = 0.1
(green hexagons) spans a data grid that encloses the experimental data point spread in well
agreement with microscopic studies. Theoretical results for the conventional-B model from
Tomié¢ et al. [75] are indicated by black squares. Please see the text for further details.
Adopted from Ref. [40].
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in good agreement with the results from Simeonov et al. [119] for single, wurtzite
GaN/AIN QDs grown by molecular beam epitaxy (MBE). At elevated emission en-
ergies one can even observe a transition from anti-binding (Elgnd < 0) to binding
biexcitons (Egn 4 > 0), an observation that will be explained in the following along
with all its consequences for the optical signature of B for the particular case of
wurtzite GaN QDs with varying emission energy. Fig. 8.1 summarizes experimental
Eﬁn 4 values for QDs grown by metalorganic chemical vapor deposition (MOCVD -
this work and Ref. [32]) as well as MBE-grown (Ref. [119]), single, wurtzite GaN
QDs (grey dots and circles).

The transition from anti-binding to binding biexcitons is evident in Fig. 8.1 along
with an astonishing magnitude of the absolute Eﬁnd values. In addition, Fig. 8.1
shows the theoretical results based on the hybrid-B model in well agreement with
the experimental data. The theoretical results for a QD aspect ratio of 0.2 (red cir-
cles) nicely match the results for MBE-grown QDs and reproduce the sign change of
the B binding energy, while they slightly deviate from the results for QDs grown by
MOCVD. However, QD growth kinetics and the resulting QD geometries are known
to be different between MBE and MOCVD growth [188] due to fundamentally dif-
ferent segregation temperatures. The apparent spread of the MOCVD results can
be well described by doubling the QD diameter towards an aspect ratio of 0.1 (green
hexagons), as marked by green arrows and the blue line in Fig. 8.1, indicating a
data-grid for future explorations. Atomic force microscopy (AFM) and scanning
transmission electron microscopy (STEM) studies confirm such QD aspect ratio in-
terval between 0.1 and 0.2 [43] for wurtzite GaN QDs as outlined in Chap. 2, page 16.
Therefore, the assumption of ar = 0.2 represents a lower limit for common B binding
energies in Fig. 8.1 for MOCVD-grown, wurtzite GaN QDs. Previously published
calculations by Tomié et al. [36,75] still failed to predict such a transition from
anti-binding to binding biexcitons as shown in Fig. 8.1 (black squares), constituting
the need for a detailed consideration of the interaction energies inherent to the biex-
citon complex as described in the following section and Chapter 3.2, page 26. Here,
also the transition from conventional-biexcitons to quantum well-biexcitons via the

hybrid-B will be discussed as already indicated by the color fading in Fig. 8.1.

8.1.1 Particle interaction energies in excitonic complexes

As depicted in Fig. 8.2a, the spatial separation of confined electrons and holes,
which is common to wurtzite GaN QDs (see Sec. 3.7, page 37), reduces their charge-
related, attractive Coulomb interaction (blue) and their spin-related, repulsive ex-
change interaction (red). For the conventional-B shown in Fig. 8.2b, additional
repulsive/attractive (red/blue) Coulomb interactions between the charge carriers

exist as indicated by the depicted arrows. However, the simulations of the B reveal
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a Coulomb repulsion that overcomes the lateral confinement of the holes, leading
to a separated localization of the hole wavefunctions at the bottom of the QD, cf.
Fig. 8.2c. Accordingly, the B forms a hybrid system of two electrons sharing one
orbital at the top of the QD and two spatially separated holes at the bottom of
the QD. In this configuration the holes can exhibit parallel spins, thus reducing
the energy of the so called hybrid-B via the hole-hole exchange interaction (blue).
Due to the reduced hole-hole Coulomb repulsion and the additional attractive hole-
hole exchange interaction illustrated in Fig. 8.2, the total energy of the hybrid-B is

drastically decreased, rendering it more energetically favorable.

Calculations within the conventional-B model assuming antiparallel hole spins for
small QDs with an aspect ratio of 0.33 as shown in Fig. 8.1 could not explain the
zero-crossing of the B binding energies [39], not to mention positive B binding en-
ergies of up to 30 meV and beyond for even flatter QDs. All hybrid-B calculations
presented in Fig. 8.1 use the material parameters listed in the supplementary mate-
rial of Ref. [40], which are identical to the values assumed in Refs. [36,75] for the
conventional-B, however, without any artificial reductions of the built-in polariza-
tion fields as suggested therein. Nevertheless, due to the large aspect ratios of the
model QDs discussed in Refs. [36,75], these QDs correspond to the conventional-B
regime of strong confinement, i.e. antiparallel hole spins. The applied non-restricted
Hartree-Fock calculations (see Chap. 3.2.3, page 31) in combination with the experi-

mental evidence, predict different biexcitonic regimes, which are marked by colored
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areas in Fig. 8.1: First, the conventional-B regime (red) for QD diameters < 6 nm,
followed by the hybrid-B regime (green) with weakly confined holes for QD diam-
eters > 6nm. For QD diameters > 12nm the electrons and holes encounter weak
lateral confinement followed by a transition into the quantum-well-B regime (white)
without significant lateral confinement. However, please note that the depicted B-
regimes lack well defined border lines (indicated by the color fading in Fig. 8.1) due
to the apparent wide range of structural QD parameters and are meant for rough
orientation only. The height of the QD can additionally influence this most piv-
otal QD diameter approximation, since a smaller electron-hole separation leads to a
stronger lateral confinement of the holes by the attraction of the electrons.

Prior two-dimensional studies of electron interactions in QDs [189-193] raised the
question, whether a Wigner molecule (of electrons) is reliably described within the
unrestricted Hartree-Fock method, allowing for symmetry-broken solutions [194].
The presented calculations use such a, here three-dimensional, Hartree-Fock method,
which predicts a Wigner molecule like hole separation within the hybrid-B model.
Therefore, the presented theoretical method might underestimate the minimum QD
diameters required for the observed lateral hole separation. However, the strik-
ing agreement between the theoretical and experimental data confirms the entire
hybrid-B concept as substantiated in the following. Although, the situation with
one strongly and one weakly confined charge carrier type is similar to the situation
found in type IT QDs [195]; a negative B binding energy (relative to the dark X)
would prevent the formation of a B in such QDs in strong contrast to the case of
wurtzite GaN QDs.

8.2 Hybrid-biexciton decay cascade - experimental

evidences

The in-parallel aligned hole spins of the hybrid-B cause a total spin of s = 43
if band intermixing effects are neglected. Therefore, the hybrid-B can radiatively
decay into the dark X states exhibiting total spins of +2 via the emission of pho-
tons with an angular momentum of +1, cf. Fig. 8.3a and b. As the electron-hole
exchange interaction of symmetry-broken wavefunctions does not lead to a split-
ting of the dark X states, in contrast to the bright X states, such dark X states
are expected to show a significantly smaller splitting than the bright X states of
wurtzite GaN QDs (with measured bright X fine-structure splittings of 2 - 7meV
[37]). Therefore, the emitted photons of the hybrid-B show a smaller energetic split-
ting than expected for a conventional-B, commonly showing the same splitting as
the bright X states [90,196-200]. Due to the large total spin of s = +3, future u-PL

experiments within magnetic fields should reveal a field strength dependent four-
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Figure 8.3: The conventional-biexciton (B) decay scheme is illustrate in (a), while (b) shows
the hybrid-B decay comprising a spatial hole density separation (see the corresponding
isosurfaces), due to a small lateral hole confinement native to GaN quantum dots. The
separated holes align their spins in-parallel, reducing the hybrid-B energy by the hole-hole
exchange interaction. Compared to the conventional-B (s = 0), the hybrid-B has total spins
of s = £3. Therefore, this complex decays into the dark exciton (X) states (s = +2) via
the emission of photons. An efficient mechanism in order to depopulate the dark X states is
a phonon-mediated spin flip into the bright X states (green). (c) A polarization-dependent
p-PL analysis of the B emission of a quantum dot with a bright X splitting of 4.3(2) meV
(compare Fig. 8.4a) reveals a small energetic drift of 270(50) ueV due to the dark X splitting.
Adopted from Ref. [40].

fold splitting of the hybrid-B emission line, caused by the splitting of the hybrid-B
states and the dark X states, which will become optically active. Observing such a
splitting will be challenging due to the large emission linewidths [46] introduced in
Chap. 5, page 62, but seems achievable based on recent growth advances indicated
in Chap. 5.3, page 72. However, even without the application of a magnetic field
one can already indirectly witness the anomalous cascade process via the dark states
by a straight-forward polarization-dependent p-PL measurement. A careful analysis
of such spectra yields a polarization-dependent shift of the hybrid-B emission line
(see Fig. 8.3c) along with a periodic intensity variation, yielding an estimate for
the dark X splitting of 270(50) peV. The corresponding bright X states show an
approximately 16 times larger splitting of 4.3(2) meV as most directly shown in
Fig. 8.4a.
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8.2.1 Polarization-dependent luminescence traces

A direct comparison between the experimental and theoretical results concerning the
polarization of the emission is shown in Fig. 8.4 for a QD with an emission energy of
around 4 eV. The depicted contour plots show experimental (a) and theoretical (b)
u-PL spectra as a function of the polarization angle. On top of each contour plot
two single spectra for orthogonal polarization angles are plotted vs. the emission
energy, demonstrating the fully linear polarization of the bright X states lumines-
cence (X1, X2). The intensities for the corresponding emission lines are plotted vs.
the polarization angle on the right side of each contour plot for a better identifica-
tion of the polarization angle dependent emission maxima. The overlap of two fully
cross-polarized B emission lines in Fig. 8.4a is mimicking a single, partially polarized
emission line [37]. This observation can directly be confirmed by the simulated spec-
tra shown in Fig. 8.4b belonging to a QD structure with an aspect ratio of 0.1 and a
B binding energy of ~28 meV at an emission energy of 4.08 eV, which corresponds
to the upmost theoretical data point in Fig. 8.1 (green hexagon). The observation
of such a striking agreement between experiment and theory already supports the

identification of the hybrid-B and the underlying model and is further strengthened



8.2 Hybrid-biexciton decay cascade - experimental evidences 125

Figure 8.5: Experimental
(a) Polarization-dependent measurements: (a) and theoretical (D)

E , T color-coded,  polarization-

04F +x
0.0 . . i Intensity (arb. units)

225 are compared to each other

dependent  u-PL  spectra

0.67

0.60

' qoo
.V.
3
T

yielding a good quantitative

o
7
b

[ agreement of polarization

S o
[N
e &

degrees, angles and ener-

S
w
b

getic spacings. Besides the
excitonic (X1, X2) and biex-

[ citonic (B) emission lines,

0.26

Intensity (arb. units)

0.19

Polarization angle (°)

0.12
0.05

4105 4.1094.113 also additional luminescence
Emission energy (eV)

___________________________ of charged excitons (+X,

(b) Polarization-dependent simulations: X), can be assigned based

12 F B a x on a direct comparison

Intensity (arb. units)
B < <

between the experimental

%

4.00 =
result and the calculated

360

'S
X1
s F spectra. A good agreement
270 F b .
between experiment and

225

theory regarding the B

180
8 s [ binding energy is achieved

Intensity (arb. units)
Polarization angle (°)

9" r by increasing the quantum

dot aspect ratio from 0.1
J81 L 3986 3959 (see Fig. 8.4) to 0.2.

Emission energy (eV)

by additional measurements as shown in the following.

The only parameters that had to be approached regarding the experiment for the
simulation shown in Fig. 8.4 are the emission line width induced by spectral diffusion
[38,46], the particular excitation power, and the temperature dependencies that vary
the intensity balance between X1, X2, and B. Neither material, nor geometric QD
parameters were varied in order to match the individual measurement, causing the
apparent slight discrepancies for the luminescence energies. Therefore, also the
bright X states show a QD anisotropy-dependent smaller fine-structure splitting
of ~1meV in the simulations and a slightly larger hybrid-B binding energy. The
visible emission energy variations of the measured emission lines in Fig. 8.4a during
the polarization angle scan are caused by the spectral diffusion phenomenon, which
can be suppressed by lowering the temperature but sacrificing the intensity balance
of the bright exciton states as explained in the following.

In some of the single QD spectra additional emission lines were found, which can
tentatively be assigned to positively (+X) or negatively (-X) charged excitonic com-
plexes by comparison to the modeled polarization spectra shown in Fig. 8.5. Here,

the measurements result a spectrum with a significantly smaller hybrid-B binding
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energy of ~4meV, if compared to Fig. 8.4, and a well comparable bright X splitting
of ~4meV. However, the overall emission energy is not significantly varied, meaning
that the electron-hole wave function anisotropy and overlap are maintained, while
the QD aspect ratio must have been increased, cf. Fig. 8.1. Increasing the QD as-
pect ratio from 0.1 to 0.2, well within the limits determined by the AFM and STEM
techniques [43] as described in Chap. 2, page 16, yields an artificial PL spectrum as
shown in Fig. 8.5b. Based on the striking agreement between experiment and theory
regarding the optical finger print one cannot only identify the X and B emissions
but also the optical traces of charged exciton luminescence, so called trions.

Generally, such pronounced charged exciton emission is only rarely observed in the
analyzed QD samples and emission characteristics as depicted in Fig. 8.4 are more
common. For instance, structural defects in the close vicinity of a QD can affect its
charge neutrality by charges that tunnel in between the defect and the QD potential.
The occurrence of +X and -X in Fig. 8.5 hints the tunneling of one charge carrier type
either (electron/hole) out of the QD into the defect potential (hybrid-B — +/-X)
and backwards from the charged defect into the QD potential (X — -/4X). Hence,
the measured intensities of the charged exciton emissions are not predominantly
governed by the calculated oscillator strengths but by the charge transfer rates
between the QD and the surrounding defect environment. In order to achieve a
reasonable comparison between experiment and theory in Fig. 8.5, the calculated
oscillator strengths of both charged excitons had to be reduced by 70 %. Naturally,
the +X is expected to exhibit the same spatial hole separation as the hybrid-B.
Therefore, all hole and electron spins are expected to align in parallel to each other,
due to the exchange interaction. The two possible +X ground states with total spins
of s = £1/2+3/2 £ 3/2 = £3.5 are degenerate and exhibit a high resistance against
spin dephasing, which makes the +X in GaN QDs extremely interesting for quantum
computing applications. The preparation and reading of the +X spin states observed
in Fig. 8.5 should be possible in future polarized photon absorption and emission
experiments. Nevertheless, the assumption of parallel hole spins allows a precise
modeling of the experimental line separations as well as polarization directions and

degrees.

8.2.2 Temperature dependence of the luminescence

Temperature-dependent pu-PL measurements (Fig. 8.6) reveal the thermal activation
of the bright exciton states (X1, X2) due to phonon-mediated spin-flip processes
[108] transferring the carriers between the dark and the bright exciton states. By
comparing the overall exciton intensity with its biexciton counterpart in an Arrhe-
nius plot (Fig. 8.7a), one determines an activation energy (Epp) of 1.0(3) meV,
resembling the average excitonic dark-bright (DB) splitting. Interestingly, the sole



8.2 Hybrid-biexciton decay cascade - experimental evidences 127

| B
6.0 | A
| p
| “0 Xl»/\ /\\ *
551 J | W;‘ v
|
50 M -
I / \ /\\J/)‘
asp e T a0y
|
i ““ “\ A
7 40 ’\ /“‘\\/’,\
:f 35 };‘ “\ /(\\ Figure 8.6: Vertically stacked
"c% | | | | \/’\ p-Photoluminescence  spectra
: 3.0 MW"“M /'h\‘w/ ' \WJZQE showing the bright excitonic
Z // | \ (X1, X2) and hybrid-biexciton
8 a5t ) | | A (B)  emissions  depending
o M/M\/ \ J\
— A ‘/\ S 203KE on temperature at a  con-

stant  excitation power of
2.5 kW/me. With rising tem-
perature, a thermal activation
process strengthens mnot only
the emission of X2, but also the

overall luminescence intensity of
the exciton (X1 4 X2). The cor-

62K responding Arrhenius plots can

0.5 b Excitation power:
| 2.5kW/mm’

3.08 a0 40 4.04 406 408 be found in Fig. 8.7. Adopted
Energy (eV) from Ref. [40].

0.0

thermal activation of X2 in regard to X1 is a two-step process as shown in Fig. 8.7b.
Based on a two-step Arrhenius fit [201] one can extract two activation energies:
Epp= = 0.9(4) meV, again matching the average excitonic dark-bright splitting;
and Epp = 5.1(8) meV, implying the much larger fine-structure splitting of the
bright exciton states. Therefore, both Arrhenius plots independently deduce Epg,
in-line with the theoretical prediction of an average dark-bright splitting of 0.81 meV,
strongly scaling with the QD volume.

The thermal activation of the excitonic emission lines evidences the existence of
efficient phonon-mediated spin-flip processes [108] within GaN QDs. This explains
the stronger X1 emission in comparison to the X2 emission at a temperature of
33K in Fig. 8.4, despite the much larger oscillator-strength of X2 depending on
the amount of fine-structure splitting between X1 and X2 [37]. Additionally, this
unbalance in the oscillator strengths explains the observations of Epp« in the low
temperature regime of Fig. 8.7b. The dark X states as the final states of the hybrid-

B are expected to be long-time stable until additional carriers are captured by the
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Figure 8.7: (a) Arrhenius
plot belonging to Fig. 8.6
showing the overall thermal
activation process of X1 4 X2
in regard to B fitted (solid
line) with one activation en-
ergy. (b) Arrhenius plot
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QD or a phonon-mediated spin-flip to a bright X state takes place, cf. Fig. 8.3b.
The latter process must be efficient in order to explain the occurrence of an intense
X emission besides the hybrid-B emission. This presumption is strongly supported
by excitonic spin-flip times on the order of ps that were already observed in QDs
[202] in addition to the generally strong coupling between excitons and phonons in
GaN QDs [68,69] as partially treated in Chap. 6, page 74.

8.2.3 Temperature-dependent second-order correlation analysis

The most direct and suggestive proof for the occurrence of phonon-mediated spin-
flip processes arises from temperature-dependent second-order correlation measure-
ments. At a temperature of 30K (see Fig. 8.8a) one observes the typical signature
of a cascade process arising from the decay of the hybrid-B (start) to the ground-
state via the dark and bright X states (stop). By lowering the temperature towards
8K (see Fig. 8.8b) it becomes feasible to efficiently suppress the phonon-mediated
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spin-flip processes, yielding the typical cross-correlation signature of a B cascade via
an additional intermediate level [203] that governs the decay dynamics. Here, the
hybrid-B decay rate (R1) is enhanced in comparison to the exciton decay rate (R2*),
which is limited by the spin-flip rate from the dark into the bright X states. Identical
excitation conditions at 30 K almost equalize R1 and R2*, proving the existence of a
phonon-limited hybrid-B cascade, including a transition from the dark to the bright
X states.

The apparent temporally broad [~ 25 (3)ns] bunching phenomenon noticeable in
both correlation functions, arises from spectral diffusion [38,46] as described by
Sallen et al. [129,137]. The limited biphoton time resolution of the applied HBT
setup (225 ps) is considered by a convoluted fitting routine [43] along with the effect
of spectral diffusion, yielding the fitting functions shown in Fig. 8.8a and b. Conse-
quently, a phonon-limited hybrid-B — dark X — bright X — empty QD emission

cascade is witnessed, which is activated upon rise of temperature.
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Figure 8.9: Excitation power dependent ;-PL overview spectra of B and X1 (a) support the
identification of the biexcitonic and excitonic emissions by analyzing their intensity scaling
behaviors that strongly dependent on the number of charge carriers involved. The spectra
show a broad energy range of ~ 300 meV without any additional strong luminescence traces.
Only the acoustic and longitudinal-optical (LO) phonon replica are noticeable, while X2 at
the higher energy side of X1 is only weakly present at the given temperature of 8 K.

8.2.4 Excitation power dependent measurements

By raising the excitation power at a constant temperature of 8 K, the biexcitonic
complex with twice the number of particles if compared to the exciton is increasingly
populated as shown by the u-PL overview spectra from Fig. 8.9. Please note that no
other dominant emission lines are noticeable in these overview u-PL spectra along
with X1 and B except of the corresponding LO-phonon replica [32,68]. The emission
of X2 at the higher energy side of X1 (see Fig. 8.6) is still sufficiently suppressed at
the given temperature. The weak overall shift of X1 and B towards lower energies
upon rise of excitation power is caused by the phenomenon of spectral diffusion
[43,89].

Gaussian fit functions applied to the emission lines yield the peak areas plotted in
Fig. 8.10 versus the excitation power on a double logarithmic scale. Already the ap-
plication of a simplified rate equation model [43,45], which neglects the dark exciton
states, fits the experimental data yielding the commonly extracted exponent n [32]

as described in Sec. 4.2, page 40. However, an extension of the modeling towards a
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more advanced rate equation model as outlined in Sec. 8.2.5, page 131, will intro-
duce numerous additional fitting parameters, clearly rendering the fitting function
over-parametrized in regard to the experimental data. A similar observation is true
for the fitting of the photon correlation results evidencing the cascade process pre-
sented in Sec. 8.2.3. Already a simplified fitting model based on a three-level system
[32,43,183,204], i. e. neglecting the dark exciton states, facilitates sufficient fit results
(see Fig. 8.8) for each individual temperature. However, the entire temperature de-
pendence of the photon correlation results clearly demonstrates the contribution of
the dark exciton states as expressed by the altered rate ratio R1/r2* extracted from
the fitting procedure applied in Fig. 8.8. Similar to the case of the power-dependent
u-PL results, the inclusion of additional rates considering the occurring spin-flip
processes, would over-parametrize the individual fitting function, which can only be
encountered by recording additional temperature steps and applying concatenated
fitting routines taking all temperature steps simultaneously into account. Such more

detailed analysis remains a motivating task for future work.

8.2.5 Multi-excitonic rate equation model

An independent multi-excitonic rate equation model [43] is briefly outlined in the
following in order to introduce the reader to the complexity of the rate balance
describing the excitation power and temperature dependence of the hybrid-B cascade
introduced in Secs. 8.2.2 and 8.2.4. Such a model is characterized by the following
properties as depicted in Fig. 8.11a:

e The model includes the ground-state |0), two dark exciton | X D1), |X D2) and
two bright exciton states |XB1), |XB2), the three relevant biexciton states
|B(£3)), |B(0)), and larger multi-excitonic complexes depicted in the level
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scheme of Fig. 8.11a. These higher order multi-excitonic complexes mainly
serve as reservoir in order to achieve an accurate description of the biexcitonic

occupation at elevated pump rates.

e The hybrid-B (|B(+£3))) with s = £3 constitutes the degenerate biexciton
ground-states and the conventional-B |B(0)) with s = 0 the excited-state.
Their splitting equals 25 meV as supported by the particle interaction calcu-
lations for a QD aspect ration of 0.1, cf. Fig. 8.4.

e All further relevant energetic splittings of the hybrid-B cascade are taken from

the temperature-dependent u-PL spectra illustrated in Fig. 8.6.

e Radiative transitions between the states occur upwards with the pump rate 11 ,
and downwards with the decay rate . Therefore, deviating individual optical
decay rates for specific excitonic complexes are neglected in this first approach,

allowing a straightforward qualitative description of the measurements.

e Phonon-assisted processes are considered among the four exciton states, be-
tween the hybrid- and conventional-biexcitons, and between the ground (-A)
and excited states (-B) of higher order multi-excitonic complexes. The phonon
creation rate is proportional to the phonon density, and the complementary
phonon annihilation rate accounts for the temperature-dependent phonon oc-
cupation, hence, the Bose statistics as already applied in Fig. 8.4 and 8.5.
Generally, the exciton phonon interaction strength is significantly larger in
the nitride than in the arsenide QD system [68,69] as introduced in Chap. 6,
page 74, due to large deformation potentials as well as piezoelectric constants,
and the directly related pronounced electron-hole dipole of the excitonic com-

plexes [38,46] as introduced in Chap. 5, page 62.

Application of the rate equation model yields the results depicted in Fig. 8.11b -
d. At low temperatures (< 10K) only |XB1) shows a significant occupation prob-
ability as a function of the excitation power, cf. Fig. 8.11b and 8.6. The onset
of this dominance of | X B1) at low excitation powers can also directly be observed
in the excitation power dependent u-PL spectra presented in Fig. 8.9. The occu-
pation probability of the conventional-B [|B(0))] always remains very small upon
rising pump rate due to its large energetic spacing (25 meV) in regard to the hybrid-
B [|B(£3))], which gets increasingly populated as demonstrated in Fig. 8.11b. The
temperature dependence of the occupation probabilities shown in Fig. 8.11¢ predicts
several intersection points for the illustrated dependencies, which can also directly
be found in the corresponding intensity trends from Fig. 8.11d. For fixed excita-
tion conditions (I/y = 0.6) the temperature-dependent intensity trends intersect at

characteristic temperatures marked by (i) and (ii) in Fig. 8.11d. Exactly these two
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Figure 8.11: (a) Scheme of the multi-excitonic rate equation model based on a level di-
agram. |B(+3)) denotes the degenerate hybrid-biexcitons with s = +3 and |B(0)) the
conventional biexciton with s = 0. (b) Occupation probabilities of the two bright excitons
(|XB1): dark green, | X B2): light green), the dark excitons | X D1) and | X D2) (black dotted
line) and the hybrid-biexciton | B(£3)) (red line) depending on the pump to decay rate ratio
I/y. The temperature dependence of the occupation probabilities is shown in (c¢) and the
intensities of the corresponding radiative decay-channels are illustrated in (d). The colors

in the diagrams match the level scheme coloring. Please see the text for further details.

intersection points (i) and (ii) are also marked in the experimental results (Arrhenius

plots) shown in Fig. 8.7 and are further analyzed in the following:

(i) Here, |[XB1) +|X B2) and | B(£3)) intersect upon rise at a temperature of ~25K
in accordance with the experiment (=26 K, see Fig. 8.6 and 8.7). The sole occupa-
tion probabilities of | X B1) and |X B2) match at a temperature of 58 K, with | X B1)
dominating at low temperatures and | X B2) gaining towards elevated temperatures

as shown in Fig. 8.11d.

(ii) This latter crossing point deviates from its experimental counterpart (36K,
see Fig. 8.2.2, page 126) due to the neglection of individual optical rates for | X B1)
and | X B2). More correctly, | X B2) exhibits an increased oscillator strength in com-

parison to |X B1), which is weighted by the excitonic fine-structure splitting [37].
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However, an in-detail consideration of such individual optical rates would spoil the
deeper physical insight provided by the applied rate equation model based on its

simplicity and must remain a task for future work.

Beyond the experimental observations, the presented model also predicts a high
occupation probability of the dark-exction states for large excitation powers at the
given temperature. The overall deviation of the exponents nx = 0.77(2) and np =
1.09(2) in Fig. 8.10 from the, in a first approach, ideal values of nxy =1 and np = 2
(see Chap. 4, page 39) indicates non-radiative decay channels with the long-lived

dark-exciton states as most probable starting points.

8.3 Summary

In conclusion, the theoretical and experimental evidence is given for the existence of
a hybrid-biexciton, featuring a net spin of s = +3. It is exactly this particular spin
configuration that causes the crossing between the bright excitons and the hybrid-
biexcitons in the corresponding pu-PL spectra. The strong repulsive dipole-dipole
interaction in the hybrid-biexciton complex can be counterbalanced by the hole-
hole exchange interaction and large correlation effects as approved by the provided
agreement between calculations and experiment. Hence, due to angular momentum
conservation, the commonly anticipated radiative decay sequence of such biexcitons
is heavily altered in contrast to the classic counterpart with s = 0. The intermediate
state of the cascade of the hybrid-biexciton is not any longer a bright exciton state
with s = £1 but a dark exciton state with s = 2. As a most direct consequence of
this deviating cascade, a spin reversal is necessary in order to proceed towards the
second stage of the cascade, the decay of a bright exciton that finally leaves an empty
GaN QD behind. The most striking evidence for this hybrid-biexciton is provided
by the conjunction of polarization-, excitation-, and temperature-dependent u-PL,
in combination with correlation spectroscopy. On the basis of this unique phalanx
of experimental techniques it is not only feasible to comprehend the cascade process,
but also all energetic level spacings of the biexciton cascade can be derived. For the
first time, the bright and the dark exciton splitting are experimentally accessible in a
single QD along with the dark-bright splitting and the biexciton binding energy. As
all these experimental parameters compare well regarding theory, the first coherent

description for this novel member in the class of hybrid-quasiparticles is obtained.



9 Summary

The central results of this thesis establish a fundamental understanding regarding the
optical signatures of single, wurtzite GaN quantum dots (QDs) embedded in AIN. A
wide range of topics is encompassed, treating fundamental effects as the generation
of multiexcitons, carrier dynamics, the exciton-phonon coupling, advanced photon
statistics, unconventional quasiparticles, and even the interaction of QD excitons
with their defect environment. In contrast to common QD systems based on e.g.
selenides and arsenides, the analysis of nitride QDs is still a rather novel topic and its
results often challenge existing established conceptions based on comparable, weakly
polar QD materials. However, this unique opportunity to question time-honored
models and understandings comes at the price of very challenging and elaborate

single QD spectroscopy in the ultraviolet spectral range.

In order to overcome this challenge, the first aim of this thesis was to design and build
a fully automated, extremely stable, and highly efficient micro-Photoluminescence
(u-PL) setup with time-resolved and correlation capabilities, second to none if com-
pared to the international competition. All experimental results clearly demonstrate
the unique capabilities of this setup sketched in the Appendix and speak for them-
selves. However, the entire set of original experimental results can only find its com-
plete physical interpretation if an equally strong modeling is applied. A significant
share of all the related modeling endeavors are based on 8-band k-p calculations in
combination with a Hartree-Fock approach and correlation interaction calculations,
allowing a successful description of excitons inherent to GaN QDs.

This experimentally focused thesis introduces the reader to common techniques of
emission line assignment, which are further developed towards a successful identifi-
cation of multiexcitonic complexes. An entire zoo of multiexcitonic emission lines is,
for the first-time, identified in a GaN QD, boasting previously unobtainable level of
detail, while also raising fundamental questions regarding complex binding energies
and spin alignments. Exactly these challenges are again treated in the last chap-
ter of this thesis, which describes an entire class of novel quasiparticles featuring
so called hybrid-states. In this sense, the early description of extended multiex-
citons establishes a common thread aiming towards the final thesis chapter that
establishes such hybrid-quasiparticles. Following this common thread, the reader is

introduced to the interaction of excitons with their defect environment yielding a
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prominent emission line widths broadening, to the exciton-phonon coupling, and to
highly unconventional photon statistics arising from the biexciton cascade.

While the identification of an exciton and a biexciton inherent to a single GaN QD
has already been reported, the observation of excited state related luminescence
situated ~ 53 meV higher in energy represents a novel research result. In addition,
various multi-excitonic complexes up to the sext-exciton are identified, which is not
only an astonishing achievement regarding nitride QDs, but for any other QD sys-
tem as well. For excitonic complexes up to the quart-exciton it was even possible to
reveal their accompanying excited multiexcitonic transitions. As a result, not only
all occurring multiexcitonic binding energies are reported, but also radiative decay
and relaxation times are extracted. Hence, by combining excitation power depen-
dent measurements scaling over =~ 6 orders of magnitude with time-resolved p-PL
measurements, a large variety of multiexcitons can be observed, which invariably
challenge any modeling approaches ever reported. The sheer size of the GaN QDs
limits the theoretical treatment to an 8-band k-p approach combined with Hartree-
Fock and correlation interaction calculations. However, even such an elaborated tool
for the description of excitons struggles with complexes beyond the biexciton, em-
phasizing the importance of the presented experimental analysis. Nevertheless, the
particular case of the biexciton still allows a direct comparison between experiment
and theory, yielding a so far unprecedented agreement. The determined radiative
decay times for the ground-state multiexcitons range from 7.73(28) ns to 1.97(04) ns,
scaling with the number of participating electron-hole pairs, which determines the
amount of available decay channels. The fact that no corresponding rise-time is
observable within the experimental limits (=5 ps) stands in good agreement with
an Auger-electron-dominated relaxation process from the electronic matrix material
or wetting layer states into the QD states that initially still overcomes the phonon-
bottleneck effect. However, this particular balance scales with the number of free
carriers, whose concentration rapidly decays after the laser-induced excitation. After
the initial carrier population is established inside of the QD, further intra-QD relax-
ation is indeed limited by the efficiency of multi-phonon processes. This particular
shift in the weighted balance between Auger- and multi-phonon-induced carrier re-
laxation is directly monitored by the conducted time-resolved p-PL measurements.
As a result, relaxation times scaling from 51(27) ps to 155(17) ps can be observed
for a single GaN QD emitting at around 3.5eV. Hence, despite the strong coupling
between polar phonons and excitons in GaN QDs, a significant phonon-bottleneck is
evident for the intra-QD relaxation, which naturally limits achievable, future device

performance.
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Any more detailed analysis of the multiexcitonic complexes by e.g. correlation spec-
troscopy is hindered by a particular emission line-width broadening phenomenon
common for wurtzite GaN QDs. As a result, the median emission line width scales
with the QD height from 8.2 meV at an emission energy of 3.45eV down to 3.3 meV
at 4.15eV as derived by a statistical analysis of emission line widths based on hun-
dreds of individual GaN QDs. Only rarely emission line widths below 1 meV can be
observed and only recent growth advances allow entering the sub-meV range with
record emission line width of just 440(5) ueV as shown in this thesis. Charge fluctu-
ation in the close vicinity of the QDs along with huge dipole moments scaling from
1.55 e-nm down to 0.47 e-nm for the analyzed QD emission range cause a particular
vulnerability of wurtzite GaN QDs to spectral diffusion, yielding the observed emis-
sion line broadening. However, this phenomenon does not only hinder more in-detail
spectroscopic endeavors, it even enables novel pathways for an emission line assign-
ment. Here, this particular correlation between the emission line width broadening
and relative multiexcitonic dipole moments is applied for an identification of ex-
citons and biexcitons in several GaN QDs in good agreement with the theoretical
predictions. Furthermore, an estimate of the electric field strength that causes the
emission line widths broadening can be obtained, yielding ~2 MV /m along with an
average distance of ~8nm in between the QD center and the particular, fluctuating,

charged defect.

As a statistical analysis of emission line widths broadening presents such a beneficial
tool, it is only natural to apply the same experimental concept focussing on the
coupling between excitons and longitudinal-optical (LO) phonons in hundreds of
single GaN QDs. Huge Huang-Rhys factors are observed as a measure of the related
coupling strength, scaling from values of ~ 0.5 down to below 0.05. While the Huang-
Rhys factor decreases with increasing QD emission energy, i.e. diminishing QD
height, the corresponding LO-phonon energies increase. A precise statistical analysis
of contributing LO-phonon energies exhibits a gradual progression in between the
bulk LO-phonon energies of the QD material (GaN) and the matrix material (AIN)
with a slope of 8.25(1.20) meV /eV. As a result, a unique approximation of an exciton-
LO-phonon interaction volume is obtained, yielding a diameter of 2.6(2) nm. Hence,
the exciton-LO-phonon interaction regime overlaps into the QDs’ matrix material

and therefore even surpasses the exciton extent.

Multiexcitons and their most simplistic representative the biexciton can serve as
ideal sources for advanced photon statistics. The biexciton cascade for GaN QDs
at approximately an energy of 3.5eV benefits from small excitonic fine-structure
splittings, which enable an efficient contribution of two-photon processes. Such two-
photon processes account for a bunching phenomenon observed in the corresponding

g? (1) correlation functions. At 7 = 0 a striking bunching effect is noticeable, which
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reaches well up to ¢(®(0) = 3.1. Hence, the biexciton cascade in single, wurtzite
GaN QDs represents an ideal candidate for the generation of photon-pairs. For
particularly small biexciton binding energies and negligible excitonic fine-structure
splittings, it is even feasible to observe an excitation- and/or temperature-induced
dephasing of the two-photon states. Hence, the presented measurements detail the
first demonstration of an optically driven UV-two-photon source up to a temper-
ature of 50 K. Exactly quantum light sources of such kind are described as a key
requirement for quantum cryptography ultimately leading to truly secure data trans-
mission [6]. By providing a numerical solution of the quantum state tomography
related to the biexciton cascade, a unique understanding of the balance between one-
and two-photon processes can be established. Additionally, an intuitive model is de-
veloped in order to explain the complex underlying quantum physics, facilitating a
fundamental understanding based on level schemes depicting decay channels.

The analysis of the exciton interaction with its charge and phononic environment,
along with the correlation analysis finally culminates in the description of hybrid-
quasiparticles. As a first member of this novel class of hybrid-quasiparticles, the
biexciton is experimentally analyzed by the entire set of experimental techniques.
As a result, an astonishing agreement with the presented calculations is achieved,
which predict an experimentally confirmed novel spin alignment for certain biexci-
tonic complexes. Depending on the the QDs’ emission energy that is affected by
their size, the biexciton in GaN QDs can either exhibit a classical spin configuration
(antiparallel hole and electron spins) or a hybrid spin configuration featuring paral-
lel hole spins. Consequently, the emission characteristics and statistics are heavily
altered, showing unknown polarization patterns and the signature of a spin-blockade
biexcitonic cascade at a temperature of 8 K. However, raising the temperature to-
wards 30 K enables the entire biexcitonic cascade, evidencing a phonon-mediated
spin-flip process from the dark-exciton states into their bright counterparts. A
unique combination of temperature- and polarization-dependent luminescence stud-
ies even directly results all important parameters of the underlying biexciton cas-
cade in-line with the theoretical results, featuring a biexciton binding energy of
> 25(1) meV, an exciton bright-state splitting of 4.3(2) meV, an exciton dark-state
splitting of 270(50) ueV, and an exciton bright-dark-splitting of ~1.0(3) meV at an
emission energy of around 4.0eV. Finally, the high hole masses native to wurtzite
GaN QDs facilitate their spatial separation that enables the parallel hole spin con-
figuration. Similar configurations can be expected for the experimentally observed
species-rich zoo of multiexcitons, rendering their simulation and further analysis a
compelling, future task. Hybrid-quasiparticles appear not only as highly promis-
ing for future quantum-computing and bit storage applications, but also for more

fundamental spectroscopy under the influence of magnetic fields.
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12 Appendix

The scheme of the u-PL setup introduced by Fig. 2.2 (page 18) in Chap. 2 illustrates
a strong simplification of the entire u-PL system, which also suits luminescence
techniques beyond the scope of the present thesis. Due to the complexity of the
entire constructed pu-PL system it is better illustrated by three separate figures.
Hence, Fig. 12.1, Fig. 12.2, and Fig. 12.3, depict the ” Excitation”, the "Main pu-PL”,
and the ”Detection” part of the entire u-PL system that are directly connectable
via the sketched beam paths.
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Figure 12.1: Illustration of the ”Excitation” part I of the constructed u-PL system fea-
turing a large variety of different pulsed and continuous-wave laser sources along with a
monochromatized XBO lamp. The section shown directly connects to the "Main u-PL
system” in Fig. 12.2 via the sketched light beam paths. Please see the text for details.

Nearly all experimental results presented in this thesis are based on continuous wave
(cw) laser sources like a frequency doubled Ar?*-laser (244 nm, Coherent, Innova 300
FreD) and a HeCd laser (325 nm, Melles Griot, Series 74) as shown in Fig. 12.1. An
extra-cavity frequency-quadrupled (2+2), pulsed Nd:YAG laser (266 nm, Coherent,
Antares 76 s) was applied for the p-TRPL measurements providing ~ 55 ps wide
laser pulses with a repetition rate of 76 MHz based on the principle of active mode
locking. However, also several additional alternative laser sources are available in the
constructed p-PL setup and are intended for future measurements as additionally
illustrated in Fig. 12.1, showing the entire ”Excitation” part of the pu-PL system

along with an XBO lamp attached to a double monochromator featuring various
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gratings for future photoluminescence excitation (PLE) measurements.

Part II: ,,Main pPL*
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Connects to part III: ,,Detection*

Figure 12.2: The "Main p-PL” setup section is shown, connecting the experimental sections
from Fig. 12.1 and Fig. 12.3. The sample is situated in the helium flow cryostat and a
microscope lens [specialized for the ultraviolet (UV) spectral range] focusses the laser of
choice onto the sample. The luminescence light is gathered by the same microscope lens and

is consequently transferred to the detection section. Please see the text for details.

The directly to Fig. 12.1 connected "Main pu-PL part” is illustrated in Fig. 12.2.
The e.g. GaN/AIN quantum dot (QD) sample is situated in a helium flow cryostat
(Janis ST-500 microscope cryostat, 4 - 400 K) and the laser light of choice is focussed
onto the sample surface by a microscope lens [N.A. 0.4 - 0.65, magnification 20x -
50x, several manufactures, ultraviolet (UV) transmission|. In order to facilitate y-PL
mapscans over the sample’s surface the microscope lens is mounted on a closed-loop,
3-axis, piezo actuator with a travel range of 100 um (Physik Instrumente, P-611.3
cube). Due to space restrictions, the final second harmonic generation step (SHG),
leading to the extra-cavity quadrupling of the pulsed Nd:YAG laser, is implement
in this section of the pu-PL setup. In order to e.g. locate mesa structures on the
GaN/AIN QD sample surface with a diameter of down to 200 nm by a microscope
lens with the listed comparable low magnifications, one needs to take special care
on the microscope illumination and final imaging on a 1/2” CMOS monochrome
camera (iDS, UI-5240SE-M-GL). Therefore, a fully customized Kohler illumination
along with a matching CMOS camera modul were constructed. Fully automatized
continuous neutral density filter wheels allow precise control of the excitation power
over up to 6 orders of magnitude.

The light collected from the sample of choice is finally guided towards the ”Detec-
tion” section of the pu-PL system as shown in Fig. 12.2. As most straightforward
detection choice, a single monochromator (Spex 1704, focus length of 1m, various

gratings) is available reaching an optical resolution of below 100 peV at a central



150 12. Appendix

PMT |

Part III: ,,Detection*

" 1o TCSPC start
/stop...

Connects to part I1: >
»Main pPL*

}

0\
v

Legend:

& Mirror
Beamsplitter/flip-mirror
—»— Beampath

1 m Spex monochromator
(300 nm blaze, 1200 G/mm)

10)EWOIYIOUOW GNP
aandenqns judpuddapur w gt

(ww/9 bz “dzelq wu gg)

... To TCSPC Start
i /Stop...

MCP/PMT

Figure 12.3: Illustration of the ”Detection” section of the pu-PL system directly connect-
ing to the experimental setup shown in Fig. 12.2. For standard p-PL measurements a
monochromator equipped with a charge-coupled device (CCD) is available and for y-TRPL
a subtractive double monochromator can be applied. Auto- and cross-correlation measure-
ments can be performed with the illustrated Hanburry-Brown & Twiss (HBT) setup. Please

see the text for details.

wavelength of ~ 300 nm if higher (e.g. 2nd) grating orders are applied. The system is
equipped with a 2048 pixel wide, UV-enhanced charge-coupled device (CCD, Prince-
ton Instruments, SPEC-10) and a large variety of edge filters can be used in order
to reach the desired straight light level reduction in the corresponding monochro-
mator. As an alternative, the luminescence light can also be guided towards an in-
dependently drivable, subtractive, double monochromator (McPherson, 2035, focus
length of 0.35 m, various gratings). If the entire subtractive double monochromator
is used in combination with a multichannel plate photomultiplier (e.g. Hamamatsu,
R3809U-50, S20 cathode) and one of the various pulsed laser sources then u-TRPL
measurements can be performed. Therefore, the time-correlated single photon count-
ing technique (TSPC) is applied in combination with a suitable two-channel TSPC
measurement card (Becker & Hickl, SPC-130 modul) and a fast photodiode modul
(Becker & Hickl, PHD-400), cf. Fig. 12.1. As a result, one obtains an ideal time res-
olution of down to = 30 ps if one of the dye lasers (Fig. 12.1) is applied. If additional
deconvolution techniques are applied then even a time resolution of below 10 ps is
achievable [47], depending on the signal to noise ratio of the measured signal. The
most outstanding subsection of the constructed pu-PL system is the Hanburry-Brown
& Twiss (HBT) setup, cf. Fig. 12.3. Due to the independently driven subtractive
double monochromator one can perform auto- and cross-correlation measurements
down to a wavelength of ~250nm. Photomultiplier tubes (Hamamatsu, H10721-

210) are used as detectors in the HBT setup, exhibiting a measured biphoton time



151

resolution of down to 225 ps.

The entire p-PL system described by Fig. 12.1 - 12.3 is controlled by a Labview
program, operating the monochromators, the UV-enhanced CCD, the piezo stage,
the cryostat mount, and the TSPC measurement card. Additionally, motor-driven,
fully UV-capable A/2-plates and linear polarizers can be mounted into the beam

path of choice in order to allow polarization angle resolved p-PL scans.
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