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Abstract

The group-Ill nitrides, InN, GaN, AIN, and their alloys haemerged to one of the most impor-
tant material classes for opto-electronic devices. Therpmration of quantum dots (QDs) as
active material improves the performance of conventiopéd-@lectronic devices, such as light-
emitting diodes and laser diodes. Moreover, entirely neviceés, such as single-photon emitters
and emitters of entangled photon pairs, have already bedized using single QDs as active
medium.

In the present work the electronic and optical propertiehgBa;.xN/GaN and GaN/AIN
QDs are studied by means of eight-bdag theory. Experimental results obtained by (time-
resolved) photoluminescence and cathodoluminescenatrepeopy on IRGa;.xN/GaN QDs
are interpreted in detail using the theoretical resultse Kip model for the QD electronic-
structure calculations accounts for strain, piezo- andggctric effects, spin-orbit and crystal-
field splitting, and is implemented for arbitrarily shapeB£on a finite differences grid. Few-
particle corrections are included using the self-constdttartree method. Band parameters for
the wurtzite and zinc-blende phases of GaN, AIN, and InN areveld from first-principleGo\Wo
band-structure calculations. The parameters agree witllavailable experimental data. Reli-
able values are also provided for parameters that have potdetermined experimentally yet.

The electronic properties of nitride QDs are dominated leyiéinge built-in piezo- and pyro-
electric fields, which lead to a pronounced red-shift of exac transition energies and extremely
long radiative lifetimes in large GaN/AIN QDs. InjGa _yN/GaN QDs these fields induce a pro-
nounced dependence of the radiative excitonic lifetimetherexact QD shape and composition.
It is demonstrated that the resulting variations of theatnk lifetimes in an inhomogeneous
QD ensemble are the origin of the multi-exponential lumoeese decay frequently observed in
time-resolved ensemble measurements @& N/GaN QDs.

A polarization mechanism in nitride QDs based on strainugadl valence-band mixing ef-
fects is discovered, that can, in the future, be exploitedHe fabrication of QD-based sources
of single polarized photons. Due to the valence-band streaf wurtzite group-Ill nitrides and
the specific strain situation mplane QDs, the confined hole states are formed predomyniaytl
the two highest valence bands. In particular, the hole giatate (o = ha) is formed by theA
band, and the first excited hole stalte € hg) by theB band. It is shown that the interband tran-
sitions involvinghp or hg are affected differently by an anisotropic strain field ia tasal plane:
ha transitions are linearly polarized parallel to the direstof weakest compression; transitions
involving hg perpendicular to it. Based on this effect, experimentallyesteed spectra of single
InyGa.xN/GaN QDs are explained. These spectra contain up to fiv@wdmes, which are
linearly polarized in orthogonal directions. For GaN/AIND® spectroscopic properties, such
as excitonic transition energies, radiative lifetimesd dmding energies of few-particle com-
plexes are correlated to structural properties of the QOis.demonstrated how the polarization
mechanism discovered ford@a;.xN/GaN QDs can be exploited and manipulated to achieve a
well-defined linear polarization in devices based on GaN/@Ds for, e.g., future quantum-key
distribution and back lighting of liquid-crystal displays






Zusammenfassung

Die Gruppe-llI-Nitride InN, GaN, AIN und ihre Legierungemlben sich zu einem der wichtig-
sten Materialsysteme fiir opto-elektronische Bauelememnteekelt. Die Verwendung von Quant-
enpunkten (QPen) als aktives Material verspricht zudem @autliche Verbesserung der Eigen-
schaften von konventionellen opto-elektronischen Bauefgen wie Leucht- und Laserdioden.
Darlber hinaus wurden bereits vollig neuartige Bauelememiee Einzelphotonenemitter und
Emitter von verschrankten Photonenpaaren, unter Verwendan QPen als aktives Medium
realisiert.

In der vorliegenden Arbeit werden die elektronischen uniisopen Eigenschaften von
InyGa;.xN/GaN und GaN/AIN QPen mit Hilfe von acht-bakdp-Theorie untersucht. Anhand
der theoretischen Ergebnisse werden experimentelle Riggbaus (zeitaufgeldster) Photolu-
mineszenz- und Kathodolumineszenzspektroskopie aB8aiN/GaN QPen im Detalil inter-
pretiert. DaK -p-Model fir die Berechnung der elektronischen Struktur vomiQenpunkten
(QPen) bertcksichtigt die Effekte von Verspannung, pierad pyroelektrischer Polarisation,
Spin-Bahn- und Kristallfeld-Aufspaltung und ist fur Quampenkte mit beliebiger Form auf
einem Finite-Differenzen-Gitter implementiert. Mehitéien-Korrekturen werden im Rahmen
der selbst-konsistenten Hartree-Methode einbezogen. dBakturparameter fur die Wurtzit-
und Zinkblendephasen von GaN, AIN und InN werden von abeildandstrukturrechnungen in
der GoWp Néaherung abgeleitet. Die Parameter stimmen sehr gut reih attrfligbaren experi-
mentellen Werten Uberein. Verlassliche Werte werden aiichdiche Parameter bereit gestellt,
die bisher noch nicht experimentell bestimmt wurden.

Die elektronischen Eigenschaften von Nitrid-Quantenpemkverden von den starken in-
ternen piezo- und pyroelektrischen Feldern dominiert,iligroen GaN/AIN QPen zu einer
deutlichen Rotverschiebung der exzitonischen Ubergamegg&m und extrem langen strahlen-
den Lebensdauern fuhren. IngBa.xN/GaN QPen fuhren die Felder zu einer ausgepragten
Abhangigkeit der strahlenden exzitonischen Lebensdavennder exakten Form und Kom-
position der QPe. Es wird gezeigt, dass die hieraus remiitie Variation der strahlenden
Lebensdauern in einem inhomogenen QP-Ensemble die Urdasheulti-exponentiellen Lumi-
neszenz-Abklingens ist, das héaufig in zeitaufgelosten lBhkeMessungen an \Ga xN/GaN
QPen beobachtet wird.

Ein Polarisationsmechanismus in Nitrid-QPen basierefhdexspannungsinduzierten Valenz-
band-Mischeffekten wurde entdeckt, der zukunftig fur dexstellung von QP-basierten Quellen
von einzelnen polarisierten Photonen ausgenutzt werdem Réerursacht durch die Valenzband-
struktur von Gruppe-llI-Nitriden mit Wurtzitstruktur undas Verspannungsfeld in QPen auf
der c-Oberflache, werden die lokalisierten Lochzustédnde vontieh durch die zwei hoch-
sten Valenzbander gebildet. Insbesondere wird der Loemdaustandhy = ha) vom A-Band
geformt und der erste angeregte Lochzustdmd=hg) vom B-Band. Es wird gezeigt, dass die
Interband-Ubergange unter Beteiligung Vanoderhg unterschiedlich von einem anisotropen
Verspannungsfeld in der Basalebene beeintrachtigt welgebergange zeigen lineare Polar-
isation parallel zur Achse der schwéachsten Kompresdigrbergange senkrecht dazu. An-
hand dieses Effektes werden experimentell beobachtetarBpeson einzelnen fGa; xN/GaN
QPen erklart, welche bis zu funf scharfe Linien zeigen, tghiedr in orthogonale Richtungen
polarisiert sind. Die spektroskopischen Eigenschaftem @aN/AIN QPen, wie Exzitonen-
Ubergangsenergie, strahlende Lebensdauern und MehgeiBindungsenergien, werden mit
den strukturellen Eigenschaften der QPe korreliert. Ed g@zeigt wie der an Ga; «N/GaN
QPen entdeckte Polarisationsmechanismus ausgenutzt angbutiert werden kann um eine
wohldefinierte lineare Polarisation in GaN/AIN-QPen-kasin Bauelementen mit Anwendung
in, z.B., zuklnftiger Quantenkryptographie oder als Higmtendbeleuchtung von Flussigkristall-
Displays.
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1 Introduction

Semiconductor nanostructures are essential buildingblor modern opto-electronic devices,
such as light-emitting diodes (LEDs) and laser diodes (LE¥)antum wells or quantum dots
(QDs) in the active regions of these devices convert etectnirent to light with high efficiency.
Different material systems have to be used for the activeonsgin order to realize the target
wavelengths of numerous applications in, e.g., entertairirtechnologies, telecommunication,
and medical engineering.

The group-1ll nitrides AIN, GaN, and InN and their alloys lealsecome an important and
versatile class of semiconductor materials, in particidaopto-electronics. Nitride-based semi-
conductor nanostructures have been widely studied in 8telcade and revolutionary devices
have emerged from this effort. Current applications in ssiade lighting (LEDs and LDs) range
from the visible spectrudtT®—including white light emitters with the aid of phosphars—to
the deep ultra-violet:® Already at early stages of research the enormous quantiicierty of
InyGa;.xN-based opto-electronic devices has been attributed torQepties of localization cen-
ters inside the IgGay N layer(s)1%-123 In addition to well-established benefits of QDs, like high
temperature stability and low threshold currents in U328 In,Ga; N QDs have the advantage
over InkGa;xN quantum wells that the quantum-confined Stark effect aedctirresponding
blue shift of the emission at high charge-carrier densisiemt observed.

In recent years a new challenging field of application for isemductor QDs, beyond LDs
and LEDs, has emerged. The rapidly developing fields of guamommunication and quantum
computing give rise to the demand for electrically triggeseurces of single photons. Devices
based on self-assembled QDs are promising candidatesli@loleelow-cost solutions in this
matter. Quantum dots can be easily integrated into diodetsires for electrical triggering and
entire devices can be fabricated using well-establisheldni@ogies. Moreover, the emission
from single QDs is intrinsically single-photon emissiondontrast to, e.g., the use of attenu-
ated laser pulses, where single-photon pulses are achigwedloiting statistical effects at very

11



12 Chap. 1: Introduction

low intensities. Electrically triggered single-photoniters with extraordinary spectral purity
have been realized recently using InAs/GaAs GBY For application in quantum cryptogra-
phy and computing emission with controlled linear polai@ais favorable. This is achieved
for INAs/GaAs QDs at low temperatures by exploiting the fatieercture splitting of the exci-
ton, which splits the excitonic ground-state emission iamoorthogonally polarized line pair.
However, this splitting of up to 500eV for large QDs?° is smaller than the homogeneous line
width of the emission lines at elevated temperatures, itihgba spectral separation of the cross-
polarized line pair. Devices based on nitride QDs presepomant alternatives for single-photon
emission, because they have the potential to be operableatvelevated temperaturés.in
u-photoluminescence (PL) and cathodoluminescence (CLYE®e0py narrow emission lines
from single InGay.xN/GaN?*?2° and GaN/AIN QDs grown on theplane?®3%-33 anda-plane®*
have been observed. Also zinc-blende GaN/AIN QDs are imatsd presently>3® Optically
pumped single-photon emission from single GaN/AIN QDs ragderatures as high as 200K has
already been demonstratétin the future the spectral range of nitride QDs can be exighale
the long-wavelength range for fibre-optical communicagamploying INN/GaN3’

1.1  About this Work

Despite the tremendous advances described above, thestardtéing of the opto-electronic prop-
erties of nitride QDs still needs to be fundamentally imgain order to further advance devices
based on nitride QDs. This work contributes to this resefetth with theoretical investigations
of InyGa;.xN/GaN and GaN/AIN QDs within the framework of eight-bakgh theory.

First, a consistent set &fp parameters for the zinc-blende and wurtzite phases of IraW,G
and AIN is derived from first-principl&g\Wp band-structure calculations. It will be demonstrated
that the parameter set is in very good agreement with avai&dperimental data and, therefore,
provides reliable predictions for parameters that haveoaeh determined experimentally, yet.

Thereatfter, the electronic and optical properties gB8a_yN/GaN and GaN/AIN QDs, such
as excitonic transitions energies, radiative lifetimesj hinding energies of few-particle com-
plexes, are calculated. Spectroscopic properties aredela structural properties, such as size,
shape, and composition. It is shown that the electronic gntas of nitride QDs are domi-
nated by the large built-in piezo- and pyroelectric fieldsjali lead to a pronounced red-shift
of excitonic transition energies and extremely long radealifetimes in large GaN/AIN QDs.
In InyGa,.xN/GaN QDs these fields induce a pronounced dependence ddfetive excitonic
lifetimes on the exact QD shape and composition. Based o tlessilts it is demonstrated
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that the multi-exponential ensemble-PL decay giGe;.«N/GaN QDs frequently observed in
experiments can be fully understood in terms of variatidnhe radiative lifetimes in an inho-
mogeneous QD ensemble and without dynamical screeningi&ffe

Moreover, it is shown that nitride QDs exhibit a polarizatimechanism based on valence-
band mixing effects that leads to a separation of diffeyepdilarized emission lines more than
one order of magnitude larger than the fine-structure sgith InAs/GaAs QDs. Single-QD
CL spectra with up to five narrow lines that are linearly paed in orthogonal direction are
explained based on this effect. Shortly after the mechamiaspublished for IxGa;.«N/GaN
QDs2%38 similar polarization effects have been reported dgrlane GaN/AIN QDs3%39 |t is
also shown in this work that the same polarization mechaajgpties to GaN/AIN QDs and that
the optical polarization of the interband recombinatioartels in these QDs is controlled by
anisotropic strain in the basal plane. Hence, the resultsi®fvork provide the opportunity to
manipulate the optical polarization in opto-electronivides based on nitride QDs.

1.2 Thesis Structure

This work is organized in eight chapters: After a brief igtugtion to the fundamentals of self-
assembled QDs and, particularly, group-IIl nitride QDshater2, thek-p method used in the
present work will be described in detail in chapBein chapted k-p parameters for the group-
[l nitrides are derived from first-principle band-structucalculations. Chaptds deals with
the valence-band structure of strained wurtzite groumittides. The results of the electronic
structure calculations for QDs will be given thereafteryGay_xN/GaN QDs are discussed in
chapter6, GaN/AIN QDs in chapte?. Each of the chapte#through7 will be concluded by a
brief summary. A conclusion and outlook for the entire thasill be given in chapte8.
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Introduction




2 Fundamentals

In this chapter fundamental concepts helpful for the commgnsion of this thesis will be ex-
plained. First a brief introduction to self-assembled dquandots (QDs) in general will be given
in Sec.2.1 Then, the specific characteristics of group-IlI-nitridB$YSec2.2) and, particularly,
the wurtzite-nitride typical polarization effects (S@c3) will be discussed.

2.1 Three-dimensional Confinement in Self-assembled Quan-
tum Dots

Semiconductor QD¥4! are nanometer-scale objects (composed of a semiconduntiteyial)
that confine charge carriers in all three spatial directioBelf-assembled QDs are typically
grown by epitaxial methods, such as molecular-beam epivaxyetal-organic chemical vapor
deposition?? by deposition of the QD material on a different semiconduatatrix. Quantum
dots in most material systems are grown in the strain-indice. induced by the lattice mis-
match between matrix and QD material) Stranski-Krastanoviobner-Weber growth mode®
as in the case of GaN/AIN QDs, which are the subject of CilapDepending on the mate-
rial system and growth conditions the formation of thremesional islands (QDs) is energeti-
cally favorable over the formation of closed layers. Therfation of islands may occur directly
(Volmer-Weber growth mode) or after exceeding a criticgkelathickness (Stranski-Krastanow
growth mode) between 1 and 2 monolayers. But also other growtltes that leads to the for-
mation of nanometer-scale localization centers are plessHor instance, the hGa; xN/GaN
QDs discussed in Chap.are formed by composition fluctuations in thin@eyxN layers2444
Here, the driving forces for the QD formation are not fullydenstood, yet. The different growth
mode results in significant differences of the QD shape coetp@ Stranski-Krastanow QDs (cf
Sec.6.1).

15
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matrix guantum dot matrix
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. & Figure 2.1: Schematic single-particle energy
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energy due to the larger effective masses of holes. In an
experiment free carriers can be generated in the
matrix and then captured into the QD where they
el S eee recombine radiatively, emitting a photon with an
- - Ef === energy that is characteristic for the QD.
O ——p valence band edge

Electronically, two different classes of QDs can be digtisged by the band offsets at the
hetero-interfaces between QD and matrix material: If thedagtion-band edge inside the QD
lies below that of the matriandthe valence-band (VB) edge inside the QD above the VB edge of
the matrix, the QD is named a type-I dot. If one of both alignises the other way around, the
dotis of type Il. All QDs considered in this work are type-hus, if the QDs are large enough and
the band discontinuities are not to shallow, the QDs corttaiding energy levels for electrons
and holes. A schematic one-dimensional energy-level diagsasihown in Fig2.1 Inside the
QD the density of states is discrete for electrons and hbigshe level spacing between different
hole states is typically much smaller due to their largeeaf’e masses. The mechanism of a
typical experiment with non-resonant excitation is alsetsked in Fig2.1 electron-hole pairs
are generated in the matrix by, e.g., absorption of ligho{pluminescence) or current injection
(electroluminescence) and are then captured into the QDe. cbnfined charge carriers then
recombine within the QD, emitting a photon with an energy thaharacteristic for the QD.

An important subject of the present work is to calculate ttevevfunctions and energies
of the confined electron and hole states for realistic QDcttnes. After including additional
few-particle effects, the characteristic transition gnes of the ground states and the excited
states of the QDs are obtained from these calculations. réhsition energies depend crucially
on parameters like size, shape, and chemical compositidheoQDs and, of course, on the
magnitude of the built-in piezo- and pyroelectric fields$efc.2.3). These dependencies will be
analyzed in detail for IgGa;.xN/GaN and GaN/AIN QDs in Chajs.and?7.
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Band Gap E (eV)

%3 ' 3.2 ' 33 ' 34 35
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Figure 2.2: Band gap and in-plane lattice paramedgof the group-Ill nitrides AIN, GaN, and
InN and their ternary alloys. The vertical black lines irate the border between visible and
ultra-violet spectrum 380 nm) and visible and infra-red spectrusm 750 nm), respectively.

2.2 Nitride-based Quantum Dots

So far, three different groups of nitride Qf¥shave been realized: |Ba;.(N/GaN 222426-28
GaN/Al(Ga)N 39313336 gand InN/GaN3’ From an application-driven point of view, the differ-
ent material systems can be classified by the spectral rdmayecbver (Fig2.2). Neglecting
red-shifts induced by the quantum-confined Stark effecBézf.2.3), QDs emit photons with an
energy higher than the band gap of the QD material. The difiez between the band gap of
the QD material and the QD ground state energy is attrib@@dnfinement effects and strain-
induced band-shifts. Thus, GaN/AIN QDs emit in the ultralet spectral region, InGaN/GaN
QDs can be used for the visible spectrum, and InN/GaN QDsiwithe future, extend the spec-
tral range of nitride QDs to the infra red. The latter is oftmadar importance for fibre-optical
communication technologies. However, this picture dodshiotd once the quantum-confined
Stark effect (cf Sec2.3) is included in the consideration: The built-in piezo- andgelec-
tric fields inside the QDs induce a red-shift of the transitemergies. Indeed, GaN/AIN QDs
have frequently been reported to emit light well below thedgap of GaN in the visible spec-
trum.*6-48 This effect can, however, hardly be exploited technoldbjiche long emission wave
lengths is implementable attainable only in devices tharage at very low injection densities,
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such as single-photon emitters. (At higher excitation diexss in devices like light-emitting
diodes or laser diodes the injected charge carriers screeeléctric fields and the emission
wave length shifts back to higher energies.) But, these dewould then suffer from very low
repetition rates due to the (field-induced) extremely lcajative excitonic lifetimes, rendering
them practically unusable.

Another property distinguishing the three different matlesystems are the effective elec-
tron and hole masses in the QD material. This shall be disdussre using the effective elec-
tron masses as an example. All three materials, AIN, GaN liaNdshow much larger effec-
tive massestes(INN) ~ 0.07mp, Mesr(GaN) ~ 0.20my, me(AIN) ~ 0.33mp] than, e.g., InAs
[mesr(INAS) ~ 0.03mg], which is a well-established QD material. Regarding comfiast effects,
this means that a GaN QD has to be about 6-7 times smaller tt@mjarable InAs QD in order
to achieve comparable confinement/quantization effeeglécting effects arising from the dif-
ferent band offsets to the matrix material). On the othedh#re lower limit for the QD size, at
which the QD does not contain localized electron levels aayems lowered by the same factor.
A similar line of thought applies, of course, to the diffecer between the different nitride QDs,
because the effective electron mass of InN is three timedemntiaan that of GaN, resulting in
larger quantization energies ink@a;.xN/GaN QDs than in GaN/AIN QDs.

Nevertheless, all nitride QDs have a number of common clexriatics, such as the huge
built-in polarization fields (Se@.3) and a rich-featured spectrum of confined hole states that
results from the complex VB structure of strained groupritrides (Chap5).

2.3 Polarization Fields in Group-III Nitride Heterostructures

A prominent feature of nitride-based nanostructures ageldrge built-in electrostatic fields,
which occur due to piezo- and pyroelectric polarizatioreetf. Piezoelectric polarizations are
induced by non-hydrostatic strain along polar #Xesf the crystal (here the [0001] axis). Thus,
it only occurs in strained structures, such as the nore&ttiatched nanostructures considered in
this work. Pyroelectric, or spontaneous, polarizationuosavithout any external stress applied.
Due to the deviation of the bonds from the ideal tetrahedratsire in wurtzite, the dipoles of
the polar bonds in each unit cell do not completely cancellteg in a residual dipole moment
of the hole unit cell. The effect increases if the crystalatinre deviates from ideal wurtzite, i.e.
if the ag/cy ratio and/or the internal lattice parametedeviate from their ideal value®,

In this section, these fields shall be discussed using twmpbes: A GaN/AIN quantum well
(QW) and an Ig2Gay sN/GaN QW, both grown along the [0001] direction and with akimess
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Figure 2.3: Local band-edge profiles in a GaN/AIN (a) and ap4dGa gN/GaN (b) QW along
[0001]. The built-in electrostatic potentials (c,d) catsif a piezoelectric and a pyroelectric part.

of 2nm. Both examples can be solved analytically. Only theheraiatical detail needed for
the discussion in this section will be given here. Completaitteon how the calculations are
performed for QDs can be found in Cha&p.

Both QWs are compressively strained in the growth plane (heyeplane), resulting in a
relaxation (an extension) along the growth direction (herdirection). The strain in the-y
plane induced by the lattice mismatclejg = &y = —0.022 (—0.024) for the Ip 2Gay gN/GaN
(GaN/AIN) QW, resulting in a tensile lattice distortion alpz of

2C
£7= —aljexx,yy —0.012 (0.013. (2.1)

The strain shifts the band edges inside the QWSs; unstrairgedteained local band-edge profiles
are shown in Fig2.3(a,b) (black solid and red dashed lines, respectively).

The pyroelectric polarization depends only on the matema has a finite component only
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along [0001], which is denoteR,. The values oPspused in this work are-0.034-, —0.090-5,
and—0.0SO% for GaN, AIN, and I 2Ga gN, respectively (cf appendi&). The piezoelectric
polarization, in contrast, is strain-induced. For the eys considered in this chapter its only
non-vanishing component is also along [0001]. The compressaxial strain and the Ga-faced
orientation (growth along [0001]) induce a polarizationdim growth direction. The piezoelec-
tric polarization inside the QWs is

C
Poz,z = 2€31&xxiyy + €336z = 0034@ (2.2)

for Ing 2Gay gN/GaN and 0037% for GaN/AIN. The piezoelectric polarization outside the QW
is zero, because the matrix material is unstrained for iIQ¥&és (infinitely extended in the growth
plane and no thickness fluctuations).

The piezo- and pyroelectric polarizations are rather absiuantities. More tangible are
the piezo- and pyroelectric charges that occur at disconigs of the polarizations. The surface
charges at the hetero interfaces of the QW can be calculated by%. The electric field and
potential inside the QW is obtained from these charges goakto the field in a plane-parallel
capacitor! The field outside the QW (i.e. in the matrix) cannot be calmdawithout further

information about how the structure continues in largetagise from the QW.

The local band edges including the electrostatic potentieg also shown Fi@.3(a,b) (blue
long-dashed lines). Figuré&s3(c,d) show the decomposition of the total electrostatieptls
into the piezo- and pyroelectric parts. In both systems thet®static potentials are of the
same order of magnitude as the band offsets at the hetertigusic Also, in both systems the
electron energy inside the QW decreases along [0001]theelectrostatic potential increases).
Therefore, an electron in the QW is expected to be locateskdtwthe upper hetero interface and
a hole at the lower one.

In the GaN/AIN QW the potential arising from the pyroelectgart [red dashed line in
Fig. 2.3(c)] is larger than the piezoelectric one (black solid liné) sum the potential drop
inside the QW exceeds 2eV. In theghGa gN/GaN QW pyroelectric effects are almost neg-
ligible; the potential drop inside the QW of almost 1 eV candbeibuted almost solely to its
piezoelectric component.

Regardless of the origin of the built-in fields, in both cadesythave a large impact on the
electronic and optical properties of the nanostructurdse dforementioned field-induced band
bending and resulting spatial separation of electrons afeshesult in a significant red-shift of
excitonic transition energies and increase of the radidifetimes due to the reduced overlap
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Figure 2.4: Schematics of the quantum-confined Stark effect (QCSE). lfa)bLiilt-in electro-
static fields cause a band bending inside the QD, which inleads to a spatial separation of
the charge carriers and a red shift of the transition endlyA large number of charge carriers
inside the QD can screen the electric fields compensatingfteets of the QCS

of electron and hole wave function [Fig.4(a)]. An upper limit for the red-shifAEx is given

by the potential drop inside the nanostructure, AEx < 2.1 eV for the GaN/AIN QW and
AEx < 0.8eV for the In2Ga gN/GaN QW. The whole effects (charge separation and red-shif
of the transition) is known as treuantum confined Stark effect (QCSE)t is important to note
that a large number of electron-hole pairs in the QW leadsstmeening of the built-in fields by
the electron and hole charges themselves, which in turrslead compensation of the effects
of the QCSE, i.e. to a blue shift of the emission [RRgd(b)]. When interpreting spectroscopic
results on ¢-plane) group-Ill nitride nanostructures it is importaminote whether the screened
or unscreened luminescence is observed. The differeneertthe screened and unscreened
emission energy for, e.g., GaN/AIN QDs exceeds 1 eV for |§Fs 4853
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3 The k-p Method for Strained
Semiconductor Nanostructures

For the electronic structure calculations presented sittigsis a three-dimensional strain-depen-
dent eight-ban#-p model has been used. The model is implemented on a finiteehites grid
within the envelope function schem&|t includes piezoelectric and pyroelectric effects as well
as crystal-field splitting and spin-orbit interaction. Fparticle states are calculated using a self-
consistent Hartree (mean field) approach. Kipemodel is based on the one originally developed
by Stieret al,>® which has been successfully applied to various types ofiecde material
quantum dots (QDs)>°’ The model has been extended to QDs in materials with wurgystal
structure.

K-p models for wurtzite nitride QDs have been presented befioost prominent by Andreev
and O'Reilly>® and Fonoberov and Balandi.The differences between these two models and
the model used in the present work have been discussed inr6Re@ind shall be summarized
briefly here:

(i) The method introduced by Andreev and O’Reftfyjincludes all important effects except spin-
orbit splitting, which has been neglected in order to rediheedimensions of the Hamiltonian
from 8 x8 to 4 x 4. This simplification can be justified, givemtlhe spin-orbit splitting is small
in GaN (17 meV) and AIN (19 meV) and modifies the absolute vathe exciton transition
energies roughly by the same amount. InN shows an even srspilteorbit splitting of 5 me\#!
However, neglecting spin-orbit splitting leads to an ani#i degeneracies in the hole spectra, in
particular of the hole ground stat€$.

(i) Fonoberov and Balandit? use a 6 x6 Hamiltonian for the valence bands (VBs), and the
effective mass approximation for the conduction band (CBjs fethod neglects the coupling
between VBs and CB, which is justified for large band-gap mdsesizch as GaN and AIN. InN,
in contrast, has a much smaller band gap=d.7 meV (cf Chap4) and therefore requires the
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inclusion of VB/CB-coupling.

Meanwhile, also a full-fledged eight-bakdp implementation for for wurtzite and zinc-
blende QDs is (freely) available within the neano® project®? Calculations for group-llI-
nitride QDs using the atomistic tight-binding mo8have been presented for InGaN/GaN-
QDs %4 GaN/AIN-QDs®® and recently for pure InNN/GaN-QD¥:%” An in-depth comparative
discussion is beyond the scope of the work.

In the following sections the method used in the present woodescribed in detail, starting
with the calculation of the strain field (Sex1) and the built-in electrostatic potential (S8c2),
followed by the description of thie-p Hamiltonian (Sec3.3), the calculation of exciton energies
(Sec.3.4), recombination probabilities, and radiative lifetim&e¢€.3.5). All equations are given
for wurtzite crystals.

3.1 Strain Field

The correct description of the strain field inside the QDs iarttieir direct vicinity is crucial to
a proper description of the QD’s electronic properties. iRf®mogeneous strain field modifies
the electronic properties of the QDs in two separate waysctly by strain-induced band shifts
and indirectly by strain-induced piezoelectric polarizas.

In the present work the strain field has been calculated usieagcontinuum mechanical
model88 by solving the fundamental equations:

(90i1+00i2+00i3 _

x tay oz O i=1,23) . (3.1)

Here,x,y,z are cartesian coordinates, adgl are the components of the stress tensor. In linear
approximation (Hooke’s Law) they are related to those ofstingin tensog;; by

011 €11
022 €22
el BB (3.2)
023 2€23
013 2¢13
012 2¢12

where—for wurtzite-type crystals and tk@xis along the [0001]-direction—the tensor of com-
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pliancesC is given by*®

C1 C2 Gz 0 O
Ci2 C1 Gz 0 O
Ciz3 Ci3 Gz 0 O
0 0 0 Cuqu O
0 0 0 0 Cu 0

O 0 0 0 0 Sfrw

O O o o

(3.3)

o»
Il

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

In contrast to QDs in most other material systems, such awéfieknown InAs/GaAs system,
polarization effects play a dominant role in wurtzite grdimitride QDs for two reasons. First,
in wurtzite semiconductors biaxial strain in the basal plH0001)-plane] causes a piezoelectric
field parallel to theC-axis (0001-axis). Since most heterostructures are grown on@0@1)-
plane, the corresponding biaxial strain is usually largecddd, due to the high ionicity of the
bonds, the piezoelectric constants of group-llI-nitrides significantly larger than those of most
other semiconductor materiafS.

In additon to the piezoelectric fields, spontaneous (pgaiat) polarization occurs in wurtzite
crystals. For GaN/AIN QDs, the built-in potentials resudfifrom the spontaneous polariza-
tion are of the same order of magnitude as those resulting friezoelectric effects®>? For
InyGa;.xN/GaN QDs, however, the spontaneous-polarization pateistmuch weaker than the
piezoelectric one, because the difference between thaapawus polarization constants of InN
and GaN is much smaller (cf Sez.3).

The total polarizatior in wurtzite-type semiconductors is given by
P=Ppz+Psp , (3.4)

wherePp;z is the strain-induced piezoelectric polarization &g the spontaneous polarization.
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The piezoelectric polarizatioRpz can be calculated from the strain tensor components by

&11
€22
Per—| B | (3.5)
2823
2813
2€1

Here,é is the electro-mechanical tensor for wurtzite crystalstivifie positivez-axis along the
[0001]-direction, it takes the form:

0 0 0 0 es0
e=| 0 0 0 es 0 O] . (3.6)
€31 &1 &3 0 0 O

The spontaneous polarizati®apis given by

0

Psp

The corresponding electrostatic potenti®lr) is obtained by first calculating the polarization
charge density (r), using
p(r)=-0-P(r), (3.8)

and subsequently solving Poisson’s Equation:

goll-[&r(r)Do(r)]=p(r) . (3.9)

3.3 The K-p-Hamiltonian

The k-p-Hamiltonian used in the present work is based on the oneduatred by Gershoret
al.”* for zinc-blende crystals and its extension to wurtzite tigsstructures on Ref§2-74.
Following Gershongt al.’* the Hamiltonian is expanded into the basis

(IST), IR 1), IRy 10, 1P 10, 1S 1) B 1), IRy 1), IR 1)) T (3.10)
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and takes the block matrix form

ﬁ:<G<E) T ) . (3.11)
- G(k)

G(k) andT are both 4x4 matrices and the overline denotes the complgugate. G decom-
poses into a sum of 4 x4 matrices:

G=G1+Gy+Gso+Gst - (3.12)

The matrixG; represents the pure 4 X4 description of the conduction and valence band
neglecting all remote band contributions. For wurtzitestais it is given by

Ec+Acr+ T iPoky Pk, iPyk,
—iPok E/, +Acg+ 2K 0 0
Gy = o ! o R (3.13)
—iPoky 0 E)+Acr+ 5K 0
. 21,2
—iP1k, 0 0 Ey + e

Here,my is the free electron masEc andE;, are the conduction and valence band edges, given
by

A
EL = Ev+EG+ACR+%)+vext , (3.14)
E, = Ev+Vex . (3.15)

Ev is the average VB edge on an absolute scale [the VB edge ofteained matrix material
(GaN or AIN) is arbitrarily set to 0 meV throughout this work\sp and Acr are the spin-
orbit and crystal-field splitting energies of the given nnigtle Veyx: can be any additional scalar
potential. In our case it is the built-in piezoelectric andqelectric potential Eg is identical
to the fundamental band g#&j; for all materials with a positive crystal-field splittintgrg, i.e.
GaN and InN, andeg + |Acg| for materials with negativ&cg, i.e. AIN. The parameterB,
are proportional to the absolute value of the CB/VB dipole mattements al”. They are
customarily expressed in terms of the Kane paramé&iers:

ﬁZ
P = ﬁEPUZ : (3.16)
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The matrixG, describes the influences of all bands not considered ettpllzy the 4 x 4-
matrix. For wurtzite crystals it is given by

a Bokyks Nk ki MakZ + Lik2 + MakZ  Ngkyk, — Nak,
(3.17)

The parameters i, are defined in terms of optical matrix elements in, e.g., R&f. The
parameters are related to the more commonly used effedactr@n massesnﬂ, andmg, and
Luttinger-like parametersy;, by

AL = Ez i_i _P_12

2\m¢ mo) Ey
L i (Ao +As+A 1)+p12
1 — A 2 5— =
2mg Eg
ﬁ2 PZ
L, = — (Aj—1)+-2
M; = il (A+As—As—1)
1 = 2|Tb 2 5 5
My = iz(A +A3—1)
2 = Zn'b 1 3 )
HZ
Mg = — (Ab—1
3 2mo( 2—1)
ﬁZ P2
N = —2A5+ %
1 2mg 5+Eg ;
R2 PP
N, = — ==
2 2mo\/_2A6+ E,
N, = ivV2A; . (3.18)

The parameterB, , occur due to the lack of inversion symmetry in wurtzite cayst Since
no reliable values are available for these parameters,ithey been set to zero throughout this
work.
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The matricesGsp andl” describe the spin-orbit splitting. They are given by
00 0 O
Aso|l 0 O -1 O
Gep= —— 3.19
73 [0oi 0 o0 (3.19)
00 O O
and
0O 0 0 O
Asol O 0O 0 1
r=— 3.20
3 O 0 O —i ( )
0O -11i O
Gst describes the strain-dependent part of the Hamiltonian:
ap (Exx+ &yy) 0 0 0
+a1&z7
0 l16xx + Mgy N1Exy N2&xz
3
Ger— +Mpé&zz (3.21)
O nlgxy mlgxx + I]_gyy nzgyz
+Mpéz;
0 Noxz No&yz Mg (&xx + &yy)
+2&7,

Here,a; anday are the CB deformation potentials. The paramelierg, andmy are related to

the VB deformation potentialS; by

(D2+ D4+ Ds)
D1 ,
(D2+D4—Ds)
(D1+D3)
D2 ,

2Ds5

V2Dg

Y

Y

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

In order to predict the energies and properties of excitors excitonic complexes correctly
additional few-particle effects have to be taken into actoThese are the direct (mean-field)
Coulomb interaction between all charge carriers confinetiénQD, exchange effects, and the
guantum-mechanical Coulomb correlation. A method to accfuurall three effects is the con-
figuration interaction (Cl) schem@ where the few-particle Hamiltonian is expanded into a basis
of anti-symmetrized products of the bound single-partstétes. This method has been applied
successfully to QDs in other material systems, such as ®G#&&s./’8 However, due to the
large computational effort involved in solving the Poissategrals in three dimensions and, in
many cases, the lack of a sufficiently large number of boundlsiparticle states, the Cl basis
for three-dimensional QD calculations has to remain indetep Whether or not the expansion
into the incomplete basis yields acceptable results dep@fdourse, on the basis size, but also
crucially on the size and chemical composition of the QDsa simplified picture, in which the
individual wave-functions of the particles in a few-paeicomplex are separable, e.g. Hartree
(mean-field) ansatz, the wave-function of each particlengba its shape, size, and position in
response to the Coulomb interaction with the other partidi&snce, the wave functions of the
particles in the complex differ from the corresponding teAgarticle wave functions; this ef-
fect will be denotedvave-function renormalizatiom the following. The question with respect
to the CI expansion is whether or not the (incomplete) CI basable to reproduce the renor-
malized wave functions. Due to the small effective massesA$, confinement effects are
strong in INAs/GaAs QDs. Thus, renormalization effectssamall and the resulting few-particle
wave-function is well-approximated by Slater determisamit the bound single-particle wave
functions; a small CI basis yields satisfying results. Thas been demonstrated by conver-
gence tests and comparison to quantum monte-carlo simns§8° The effective masses of
GaN and IRGa;«xN, however, are much larger. Therefore, renormalizatidéeces are stronger.
Moreover, the charge carriers are spatially separatedélatiye built-in electrostatic fields. In
a few-particle complex the separation is reduced by thadite Coulomb interaction between
electrons and holes; consequently a (small) Cl basis fornoaal the single-particle states cannot
reproduce the few-particle wave functions accuratelyGh_yN/GaN QDs additionally do not
contain enough bound electron levels to form an appropGateasis.

For the reason detailed above a simpler model will be applidiiis work, the self-consistent
Hartree method! Although this approach does not account for exchange amelation effects,
it has the advantage that it can be performed self-congigterhus, at least the direct (mean-
field) Coulomb interaction is accounted for correctly.
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In the Hartree approximation the ansatz for the few-partwhve function(rq,...,rn) is
given as a product of single-particle wave functigng;):

v=1¢ - (3.23)

The particles interact solely through the direct Coulombriadttion; thus, the total energy of the
few-particle state is given by

Zd/¢i*(r)H¢i(r)d3r
13 a9 ()PS5 5,
22471810/ &(r’)r—r’|? Frer’ (3.24)
l#l

Here,n is the number of participating particles agds the charge of theth particle, i.e.—|€]|
for electrons andk| for holes;H is the single-particle Hamiltonian. Equatidh24) is minimized
self-consistently in order to obtain the few-particle eations.

3.5 Transition Probabilities and Radiative Lifetimes

An important property of a confined exciton is its recomhbmratprobability, i.e., its radiative
lifetime. The radiative lifetimes;,aq of the confined excitons can be calculateddby

27TEgMoCaN>

"B o (3.25)

Trad =
Here,&p is the permittivity of free spacey the free-electron masss the vacuum speed of light,
h the reduced Planck constant, afg the transition energy of the excitom.is the refractive
index of the matrix material (GaN or AIN in this work), whiclarc be described as a function
of the emission wavelength by a Sellmeier-type law (cf appeA). The effective oscillator
strengthfes has been calculated by integrating the (anisotropic) lasoil strengthfe over the
unit sphere:

2h?
MoEex
Here,|¥;) are thek-p electron and hole wave functions, which consists of a sum alé-p
basis state§) (Bloch functions) multiplied with the respective envelopmdtions¢;: |¥;) =

[(Wele-p|Wh) [ . (3.26)

1
feﬁ—ﬁ/dofede L fom
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52, ¢ili). When calculating the matrix elements contribution aridign the Bloch parts and
the envelope-function parts of the wave functions have la@eounted for.e is a unit vector
indicating the polarization of the light.



4 Material Parameters for Group-Ill
Nitrides

The correct choice of material parameters is crucial forgbaelity of simulations of nanos-
tructures and/or (opto-)electronic devices. This is troe anly for thek-p simulations, but
also for all other methods that can be used to simulate lscgée heterostructures at reason-
able computational expense, such as the empirical tigtdifg metho§36583 or the empirical
pseudo-potential methdi.

All these methods are typically parameterized for bulk dtrites and are applied to het-
erostructures with finite size (e.g. micro- and nanostmesu Ideally, the parameters are de-
termined entirely from consistent experimental input. thar group-Ill-nitrides, however, many
of the key band parameters have not been conclusively dietednuntil now despite extensive
research effort in this fiel8>8® In a comprehensive review Vurgaftman and Meyer summarized
the field of I1l-V semiconductors in 2001 and recommendedasdate band parameters for all
common compounds and their alloys including the nitriéieBut only two years later they re-
alized that most nitride parameters had already been sagexs Therefore, they published a
revised and updated description of the band parameter#ifisleacontaining semiconductors in
200351 While this update includes evidence supporting a revisicth@band gap of InN from
its former value of 1.9 eV to a significantly lower value ardun7 eV8-2°2 they had to concede
that in many cases experimental information on certainrpaters was simply not availabf.
This was mostly due to growth-related difficulties in proahgchigh-quality samples for unam-
biguous characterization. In the meantime the quality @f,, evurtzite InN samples has greatly
improved® and even the growth of the zinc-blende phase has advatideevertheless, many
of the basic material properties of the group-IIl nitrides atill undetermined or, at least, con-
troversial. On the theoretical side, certain limitatiofglensity-functional theory (DFT) in the
local-density approximation (LDA) or generalized gradiapproximation—currently the most

33
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wide-spreadab-initio electronic-structure method for poly-atomic systems—ehlawmdered an
unambiguous completion of the missing data.

Here, a consistent set &fp parameters for the zinc-blende and wurtzite phases of GaN,
AIN, and InN is derived from first-principle band-structwr&culations (Secet.1). To overcome
the deficiencies of DFT the parameters are derived @Gty calculations based on DFT calcu-
lations in the exact-exchange optimized effective po&ti@ipproach (OEPX). It has been previ-
ously shown that the OEP5pWp approach provides an accurate description of the quasiieart
band structure for GaN, InN and 11-VI compoun&>®

However, due to the lack @o\Wp calculations for strained states of these materials it vwas n
possible to determine the strain-dependept parameters in the same way. Also other parame-
ters needed for the quantum dot simulations, such as etastgtants or piezo- and pyroelectric
constants have to be taken from the literature. The compédtef material parameters used for
the simulations is given in appendix

4.1 Band Dispersion Parameters Derived fronGy\W, Calcula-
tions

In this section a consistent setlofp band parameters [effective masses, Luttinger(-like)&nd
parameters] for AIN, GaN, and InN in the zinc-blende and witetphases will be derived from
first-principle calculations in th&Wy approximation. Th&gWy method has been combined
with DFT calculations in the OEPx approach. A detailed deson of the method can be
found elsewher@%% Here, only the derivef-p parameters will be discussed and compared to
available experimental data (Sdcl.1).

Key energy differences at critical points serve as firstaathrs of the quality of band-
structure calculations. Particularly, the fundamentaldbgapEg, which can be accessed easily
in experiments, is known with great accuracy for most materiTheGo\Wy band gaps for the
three materials and both phases are reported in4laltogether the experimental values. The
GoWp value of 069 eV for wurtzite InN supports recent observations of a bgeqal at the lower
end of the experimentally reported range. For zinc-blendie Which has been explored far less
experimentally, the calculated band gap d®eV also agrees well with the recently measured
(and Burstein-Moss corrected)d®V.11? For GaN the band gaps of both phases are well estab-
lished experimentally and th8oWp values of 324 eV and 307 eV agree to within B eV. For
AIN experimental results for the band gap of the wurtzitegghscatter appreciable, whereas for
zinc blende only one value has—to the best of the author’sviedge—been reported so far.
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param. GoWp EXxp. LDA OEPx

wurtzite
wz-AIN  Eg 6.47 6.0-6.83™103 429 5.73
Acr  -0.295 -0.2388 -0.225 -0.334
wz-GaN  Eq 3.24 3.%%6 1.78  3.15
Acr 0.034  0.009-0.03% 0.049 0.002
wz-InN  Eg 0.69 0.65-0.8890104-107 1.00
Acr 0.066  0.019-0.02%7 0.079

zinc blende
zb-AIN  E; " 6.53 429 577
EE—X 5.63 5.3408 3.28  5.09
zb-GaN Eq 3.07 3.305111 1.64 2.88
zb-InN  E4 0.53 0.612 0.81

Table 4.1: Band gapskg) and crystal-field splittings{cRr) 112 for the wurtzite and zinc-blende
phases of AIN, GaN, and InN. All values are given in eV.

Contrary to GaN, th&gWp band gaps for AIN are larger than the reported experimemias$.o
It has to be emphasized that the agreement ofG\&y values is significantly better than for
DFT calculations. For comparison, also the band gaps arsiatfifeld splitting energies from
LDA and OEPXx calculations are given in Tabl (For a more detailed comparison of different
methods see Ref6.) It will be shown in the following section that similarly gd agreement
with available experimental data is found for tkep parameters derived from th&Wy band
structures.

The GoWp band structures of InN, GaN, and AIN in the zinc-blende andtxite phases in
the vicinity of thel-point have been used to directly parameterize a &xp4Hamiltonian. To
determine thek-p Hamiltonian for a given band structure with band dapand crystal-field
splitting Acg the parametersr{e, A, v, and Eip are fitted. This is achieved by least-square-
root fitting of thek-p band structure to th&,Wp band structure in the vicinity of. For the
wurtzite phases the directios A\, T, andA have been included in the fit, each represented by
22 equidistank-points fromr” to % (5, %) and 22 equidistant points fromto 4. For the zinc-
blende phases the directioBsA, and/A have been included, each with RZooints froml™ to %
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The parameters obtained by fitting to ®gWp band structures are listed in Teh2 The
resultingk-p band structures are plotted in Figkl and4.2 (black solid lines) together with
the respectivé5oWy data (black circles). The excellent agreement ofkhe and GoWp band
structures illustrates that the band structures of thezitarand zinc-blende phases of all three
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(a) wz-AIN (b) wz-GaN (c) wz-InN
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Figure 4.1: Band structure of wz-AIN (a), wz-GaN (b), and wz-InN (c) in thieinity of I".
The graphs show th&yWp band structure (black circles), the corresponding band structure
(black solid lines), and thie-p band structure using the parameters recommended by Viongaft
and MeyePt114 (VM '03) (red dashed lines).

materials are accurately described by khp-method within the chosekrranges. Additionally,
thek-p band structures based on the parameters recommended aftvhag and Meyé114
(VM '03) are shown (red dashed lines). As alluded to befdreirtrecommendations are based
on available experimental data and selected theoretitaésarepresenting the state-of-the-art
parameters up until the year of compilation (2003). The mpatars will also be compared to
more recent experimentally derived parameters (see4T3db.

4.1.1 Comparison to Experimental Values

For the comparison of the theoretical and experimentat®¥e hole masses two points regard-
ing the relation between the valence-band (VB) paraméteand the effective hole masses in
wurtzite crystals have to be emphasized: (i) Two differets ©f equations connecting the effec-
tive hole masses to th& parameters are used in the literature. Referéf&ksts both; one is
labeled “Near the band edgke - 0)” and the other “Far away from the band edges(large)”.
The latter is widely used to calculate the effective hole sea&**2” However, the experimen-
tally relevant effective masses are those closE.td@ hus, throughout this thesis the “Near the
band edge” equations are used (see Appe@lixQuoted values differ from the original publi-
cations in cases where the original work uses the “Far awaay the band edge” equations. (ii)
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(a) zb-AIN (b) zb-GaN (¢) zb-InN
—~ 100 o« OEPxcLDANG,W, |
= 08H kp -
"’E 06H--- kp(VM'03)
O
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Figure 4.2: Band structure of zb-AIN (a), zb-GaN (b), and zb-InN (c) in thenity of . The
graphs show th&yWp band structure (black circles), the correspondingband structure (black
solid lines), and thé&-p band structure using the parameters recommended by Viorgiafand
MeyerP1114 (VM '03) (red dashed lines).

The Luttinger-like parametergy, are independent of the spin-orbit and crystal-field irdttoa
parameterdso andAcr; the effective hole masses, in contrast, differ for difféso andAcr
parameters. Only th&-band C-band in AIN) hole masses can be calculated from the Luttinge
like parameters alone. All other hole masses additionajyethd on the choice of the spin-orbit
and crystal-field splitting energi€s. Thus, effectiveB- andC-band @- andB-band in AIN) hole
masses derived from different sets of Luttinger-like pagtars are comparable only if the same
Aso andAcg values are assumed.

The available experimental values for the wurtzite phasedisted in Tab4.3. For the ther-
modynamically metastable zinc-blende phases of GaN, Atid,laN hardly any experimental
reports on their band dispersion parameters are availatiéa.sTherefore, the discussion will be
restricted to the wurtzite phases, for which experimeng@hn, at least, the effective electron
masses are available. For wz-InN alsp has been determined, by fitting a simplifikep -
Hamiltonian to the experimental dat&®121 For wz-GaN, values foEp118117 and the effective
hole masses are available (see 7aB).

Wurtzite GaN. TheGg\W, effective electron masses in Wz-Gam!(: 0.19mp, mg = 0.21my)
are in very good agreement with experimental values, whigttter aroundne = 0.20my. 26
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wurtzite phases zinc-blende phases

param. AIN GaN INN param. AIN GaN INN

m 0.322 0.186 0.065m(l) 0316 0.193 0.054
me 0.329 0.209  0.068 y 1.450 2.506 6.817
Ay -3.991 -5.947 -15.803 y 0.349 0.636 2.810
A -0.311 -0.528 -0.497 5 0597 0977 3.121
Ag 3671 5414 15251m>°?  1.330 0.810 0.835
Aq 1147 2512 -7.151m+% 2634 1384 1368
As 1.329 2510 -7.060m-Y 3912 1812 1.738
Ag -1.952 -3.202 -10.078m>°* 0466 0.265 0.080

h

A7(eVA) 0026 0046 0175m'® 0397 0233 0078
11
h

L]

D
Elev) 16972 17.2902 8742mi'Y 0378 0224 0.077
Ed (eV) 18.165 16.265 8.809Ep(eV) 23.844 16.861 11.373

Table 4.2: Band parameters for the wurtzitieff) and zinc-blender{ght) phases of GaN, InN,
and AIN derived from theGoWy band structures. The effective hole masses forHke and
LH band of the zinc-blende phases have been calculated fromutitieger parameters. (see
appendixC)

However, the present calculations predict an anisotropgh®felectron masses of about 10 %,
which is larger than values found experimentaly % - 6 %2813% TheEp values of 173 eV
and 163 eV support those obtained by Rodina and Mé¥¢~ 18.3 eV and~ 17.3 eV), rather
than a larger value dfp ~ 19.8 eV reported recently by Shokhovedsalll’

A detailed analysis of the effective hole masses has besemied by Rodinat al118 Note,
that only theA-band masses in their work have been extracted directly &perimental data.
All other effective hole masses have been calculated fr@#Athand effective masses and the
spin-orbit and crystal-field splitting energies within tpgasi-cubic approximation. The effective
A-band masses derived herBLL(z 1.88my andmy = 0.33my) agree very well with the experi-
mental values derived by Rodied al. (mﬂ =1.76mg andmﬁ = 0.35mp). Adopting their values
for the spin-orbit and crystal-field splitting parametekg4 = 0.019 eV,Acr = 0.010eV), also
good agreement for th8- andC-band masses is found (see TalS).

Wurtzite AIN.  The available experimental data on the band dispersion eAlzare limited
to the effective electron mass, which has been determineelitothe range of @9 to Q45my.11°
The Go\Wp values ofmik = 0.32my andmy: = 0.33my, fall within this range.
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param. GoWo exp. VM '03°%1
(recommended)
m 0.32 0.29-0.4515 0.32
0.33 0.29-0.45%5 0.30
AN EL(ev) 16.97 . .
Ea (eV) 18.17 - -
Mk 3.13 . 3.57
e 0.69 - 0.59
m 0.19 0.26 0.20
0.21 0.26% 0.20
EL‘, (eV) 17.29 17.8-18.%6 19,8117 -
Es (eV) 16.27 16.9-17.86 19.8117 -
GaN mj 1.88 1.7618 1.89
mx 0.33 0.3318 0.26
m 0.37119 0.42118 .
mg 0.4911° 0.51118 -
m. 0.2619 0.30118 .
me 0.6511° 0.6818 -
ma 0.065 0.07%0 0.05'%%, 0.04'22,0.085%°  0.07
me 0.068 0.0#%0 0.05'%%, 0.05'%2,0.085%°  0.07
nN_ Eb(eV) 8.74 1020, 97121 -
Ea (eV) 8.81 1020 9.7121 -
m), 1.81 . 1.56
My 0.13 - 0.17

Table 4.3: Band parameters of wurtzite group-Ill nitrides: Comparisoparameters from the
literature. Listed are experimental values and the parrsieecommended by Vurgaftman and

Meyer®! (VM '03).
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Waurtzite InN.  Experimentally derived effective electron masses of wi-$gatter over a wide
range (see Takt.3). The most reliable seem to be the ones reported byet\alt?° and Fu
et al,121 since they explicitly account for the high carrier concatitm of their samples and
the non-parabolicity of the conduction band in their anigly$heir effective electron masses of
0.05mg 121 and 007my12% in conjunction with values foEp of 9.7 eV and 10 eV, respectively,
are in good agreement with those derived from &®¥\ calculations |(nlvi = 0.065mg, Mg =
0.068my andE,ﬂ = 8.7eV,Es = 8.8eV), which also predict an anisotropy of the electron masse
of about 5 %. A similar anisotropy has been reported by Hofretral1?? (see Taht.3).

The parameters derived from tl@Wp calculations match all available experimental data to
good accuracy and, therefore, provide reliable predistfonall parameters which have not been
determined experimentally so far.

4.1.2 Comparison to the Parameters Recommended by Vurgaftman and
Meyer

For none of the group-Ill nitrides a complete set of band p&tars has so far been derived
from experimental values alone. Therefore, Vurgaftman Mager®! (VM '03) have compiled
parameter sets comprising experimental and the most ieliadoretical values in the year 2003.

For wz-GaN, VM’'03 recommend the experimental value of tHeative electron masses of
mlvl =mg = 0.20mg and Luttinger-like parameters derived from calculatiomgshe empirical-
pseudopotential method (EPM) by Ren al126, which yield effective hole masses in good
agreement with experimental and Bg\\p data (see Talt.3). The parameter set yields a band
structure that agrees well with tl&Wp band structure for the conduction band and the two top
VBs (see Fig4.1). It deviates, however, for the VB (the third valence band counted from the
valence band maximum), where the curvatures in the EPM kamctgre are too large.

Of all the compounds and phases discussed here wz-GaN ie#helaracterized experi-
mentally. The good agreement between our quasiparticléd saactures and those based on the
parameter set recommended by VM’03 proves the quality of3pMyy band structures.

For wz-AIN the effective electron masses recommended by 0AVire the averages over
several theoretical values; the recommended VB paramatergheoretical values by Kirat
al.131 derived from LDA calculations. These parameters yield altstructure which is in good
overall agreement with th&oWp band structure (see Fig.1a). The anisotropy of the effective
electron masses, however, has the opposite sign, simitahés LDA calculations’®

For wz-InN, VM’03 recommend the experimental effectivectien masses by Wat al120
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(m'i — mg = 0.07mg) and the EPM values from Pugdt al1?’ for the VB. The pseudo potentials
used by Puglet al. were designed to reproduce their LDA calculations, whiath been “scissor
corrected” to the incorrect band gap oD2V. These parameters are therefore to no avail from
today’s perspective.

The compilation by Vurgaftman and Meyer is a thorough revisf band parameters for the
group-lll nitrides available in the year 2003. Howevertpaf the parameters have by now been
superseded, for instance by tke parameters derived in the present work. However, Vurgaft-
man and Meyer also provide recommendations for a numberrafipeters not addressed in this
chapter. For the quantum dot electronic structure simaratin the following chapters, there-
fore, the parameters by Vurgaftman and Meyer will be complatied with thek-p parameters
derived here.

4.2 Summary

In this chapter a consistent setlofp band parameters for the wurtzite and zinc-blende phases
of GaN, AIN, and InN has been derived from first-principle dastructure calculations within
the GoWp approximation. It has been demonstrated that the band p#easrare in very good
agreement with available experimental data, proving thabiity of the method. Thus, it was
possible to derive reliable values for parameters whicle met yet been determined experimen-
tally, such as, e.g., the band parameters of the zinc-blghdses of GaN, AIN, and InN and the
Ep and VB parameters of wurtzite phases. These parameterssaetial for understanding the
physics of these materials and accurate modelling of eibidsed devices and nanostructures.

The parameters derived here (complemented with additiovadérial parameter from the
literature as described in appendi) present the basis for the quantum-dot electronic stractur
calculations presented in Chapsand?.
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5 Valence-band Structure of Strained
Group-Ill Nitrides

To understand the electronic properties of nitride-basBg @ is important to have a detailed
understanding of the valence-band (VB) structure of thelime materials. In this work QDs
with wurtzite crystal structure are considered. Thereftire VB structure of the wurtzite phases
of the group-Ill nitrides under different forms of strainadihbe analyzed here in detail. GaN
will serve as an example where quantitative results areepted, but the considerations can be
fully transfered to wurtzite InN or InGaN. AIN is an exceptidecause the crystal-field splitting
(see below) is negative in this material. First, the VB dinte under symmetric biaxial strain
in the basal plane, typical for quantum dots (QDs) or quanietis (QWSs) grown on the-
plane, will be discussed in Se&.1 Thereafter, an additional strain anisotropy in the balksaig
will be considered in Se&.2 The later analysis is of particular importance for the etauc
structure of QDs with low symmetry of the confinement potnith the basal plane due to,
e.g., an elongated shape, an inhomogeneous compositifite pos externally induced strain
anisotropy. The results of this analysis will be used in Séésand7.4to interpret the results of
the QD electronic structure calculations.

5.1 Group-lll Nitrides under Biaxial Strain

Similar to the “heavy hole, light hole, and split-off” baniiszinc-blende 1l1-V semiconductors,
wurtzite 111-V or II-VI semiconductors also have three @ifént VBs energetically close to the
fundamental band gap. These bands are lab&l8dandC in wurtzite crystals, wheré denotes
the highest VB. The energy separation between the bandsussinained crystals, determined
by the spin-orbit and crystal-field splitting energiss, andAcg. The energies (with an arbitrary

43
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(a) zb-InAs (b) wz-InN (c) wz-GaN
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Figure 5.1: Calculated bulkk-p VB structure of (a) zb-InAs, (b) wz-InN, and (c) wz-GaN;
unstrained (black solid lines) and under compressive aiatiain (-3 %) in the basal plane with
elastic relaxation along [0001] ([001] in the case of InAgedtion (red dashed lines). The
splitting between thé andB VB at " is &~ 3meV in strained and unstrained InN and 11 meV
(5meV) in strained (unstrained) GaN. (In hexagonal crgstaék points A and M correspond
tok = v/21/(v/3ag) - (0110) andk = 71/co - (0001), respectively.)

offset) of theA, B, andC VBs atl™ are given by?

A
Eak=0) = Acrt—° .

Bso _ Bso\ 2 2
Eg(k=0) = Acrt73° <A&> _i_z(Aﬁ)) 7

2 +\ 2 3
Aso _ Bso\ 2 2
Ec(k=0) = A%_ <A%> +2(A%3> . (5.1)

Note thatAcris negative in wz-AIN. Therefore, the band label&l In Eqgs.5.1is the uppermost
VB and, consequently, would have to be labeléd In this material. However, to preserve
consistency with the other materials, | will stick to thedtibg scheme of Eq®.1 throughout
this work. The splittings between the different VBs are atfedy (non-hydrostatic) strain. The
shifts of the band edges for specific strain situations cagdmerally derived from equations
given in Chap3or in Ref. 73. Here, only a qualitative discussion of strain effectsva in the
considered systems will be given.

In quantum dots or wells with larger lattice constants tHangurrounding matrix, such as
GaN/AIN, IngGa _xN/GaN, or InAs/GaAs the dominant strain components are cessve hy-
drostatic strain and compressive biaxial strain in the gingelane. The compressive hydrostatic
strain simply widens the band gap. The biaxial strain maslifie VB structure: In zinc-blende
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InAs QDs it leads to a splitting of the two top VBs—the heavyehl H) and the light holel(H)
band—resulting in a clear separation of all three VB$i( LH, and split-off band) [Fig5.1(a)].

In wurtzite InN and wurtzite GaN, by contrast, the alreadisixg splitting between the two
top VBs—theA and theB band—does not significantly increase if similar strain iplegol
[Fig. 5.1(b,c)]. Note, that this is true only fatompressivébiaxial strain in the basal plane.
Moreover, theA and theB bands show a similar dispersion along thaxis, which is the di-
rection of the strongest confinement[0001-grown heterostructures. Therefore, in contrast to
InAs/GaAs QDs, the energetically highest confined holeestat the QDs considered in this
work are formed by two different bands, tBeand theB band. This strain field is realistic for
QWs or QDs grown on the-plane.

5.2 Anisotropic Strain in the Basal Plane

In order to gain further insight in the character of the haéges it is useful to expand the three
VB states af’, |A), |B), |C), into another set of basis stat¢s;), |R,), and|P,). This basis set is
widely used fork-p calculations (also in the present work), because the dptiatrix elements
of the state$R) with the conduction-band statelat|S), are simply

(SpilR) = &R (5.2)

wherePR are material constants. This is favourable for the impldaatéeon of ak-p method in
rectangular coordinates, but can also be helpful for théyaiseof the band edges and, later on,
confined hole states in QDs. Th&), |B), and|C) states expressed in this basis are givert$y:

A1) = SRR

Al = IR

B1) = IR+ ) —iblReT)

Bl) = SRR 1) bRL)

e = DiEam) iR

C1) = BB 1) —alfel) (5.3)
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wherea andb are defined by

1
a =
Vx2+1
b X
X2 +1
— (8Acr— Aso) + 1/ (3Acr — Aso)? + 8AZ

2v/20s0

The nanostructures considered in the present work, GaNaAlNIn Ga,.xN/GaN QDs (and
QWs in the present example), are compressively biaxialirgtd in the basal plane, because
they are grown along the [0001]-axis on substrate materithl avlarger lattice constam. In
this case Eqs.3simplify in the following way?3118

AT) = \/—|(Px+'Py) mn
Al) = \/—|( x—i1Ry) 1),
‘§T> = \/—|<Px+lpy) b

Bl) = f\( —iR)H

cn = ik
Cl) = —IrL) . (5.5)

The characters of these states determine the polarizatiaghbemitted or absorbed by ex-
citons that are formed including these hole states (theliadoelectron state is always ¢
character). The optical matrix elemei® p|P) is polarized inx-direction (the[1120]-direction),
while the matrix element$S p|R)) and (S/p|P,) are polarized iry- ([1100) andz ([0001) di-
rection, respectively.

In QDs that are asymmetric in the basal plane the strain-figldalso be asymmetric in
the basal plane. The effects of such a strain field on the badtgre is shown in Figh.2
Figure5.2 (upper panel) shows, once again, the VB structure of wer@aN, but this time along
the x andy directions. The dispersions along both directions arelammt his does not change
under symmetric biaxial strain in the basal plane [Big.(center panel)], but the bands split and
their characters change in the ways described in the predeadtion. If now, in addition, the
biaxial strain is unsymmetrical in the basal plane [FH@ (lower panel)], the splitting between
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unstrained
(€22 = €y = 0)
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Figure 5.2: Valence band structure of bulk GaN in the vicinitylof Upper panel unstrained.
Center under symmetric biaxial strain in the basal plane, typicat-plane QDsLower. With
an additional strain anisotropy in the basal plane, e.@symmetric QDs. The splitting between
the two top bands increases and their characters changeMrandB-like to P- andR,-like.

the A and theB band increases and their dispersions are unsymmetricah &éore important,
the band-edge states change their character again: themggieband (thé\-band) turns td>
character, the direction of least compressive strain, a@déxt band (thB band) toR, character.
This strain field, therefore, leads to a linear polarizatbtight emitted (or absorbed) b4 and

B excitons in orthogonal directions. This effect can pothtibe exploited for applications
where polarized light emission is desired. Examples agesiphoton emitter for quantum key
distribution or back lights for liquid-crystal displays.

5.3 Summary

In this chapter the VB structure of wurtzite group-I11l niteis under different forms of strain has
been analyzed. It has been shown, that the energy sepabatimeenA- andB VB does not
increase under biaxial strain in the basal plane, in contoasther QD materials like In(Ga)As.

It will be shown in the following chapter®(@nd?) that this results in confined- and Bband
hole states in nitride QDs grown on tbglane. An additional anisotropy of the strain in the basal
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plane leads to a linear polarization of the interband ttaoms between conduction and valence
band.A- andB-band transitions are polarized in orthogonal directidrss analysis will be used
in Secs6.5and7.4to interpret linear polarization phenomena in the spedtsangle QDs.



6 InGaN/GaN Quantum Dots

The InkGa; xN/GaN system has evolved into one of the most important nahteystems for
solid-state light emitters. Applications include greerd dfue light emitting diode$:? laser
diodes34 and white light emitters~’ As already alluded to in Chafh, In,GayxN/GaN quantum
dots (QDs) and QD-like localization centers have alwayggaaan important role in this research
field. The electronic structure of J@a.xN/GaN QDs, however, is yet poorly understood. In
this chapter the electronic and optical properties @fda.xN/GaN QDs will be investigated
theoretically. The calculations will be used to interpretenber of experimental results, which
will also be detailed in the following sections.

In Sec.6.1 the model structures used in the calculation will be descriand motivated
based on experimental observations. Thereafter, a nunilb@portant general features of the
electronic structure of InGaN QDs will be discussed in $2. In the subsequent sections cal-
culations will be presented that were performed with the @nmnderstand certain experimental
findings: In Sec6.3the dependence of the excitonic transitions energies aotstal properties
of the QDs will be compared to experimental luminescenca déthe I Ga;.xN/GaN QDs.
The radiative lifetimes of excitons confined in the QDs wdlibvestigated in Seé.4. The the-
oretical results will be compared to an analysis of the redponential decay of the ensemble
photoluminescence (PL) signal of the@g;_yN/GaN QDs. Another experimentally observed
phenomenon will be addressed in Sé& The linear polarization of single-QD emission lines
observed in single-QD cathodoluminescence (CL) will beddalsack to recombinations of ex-
citonic complexes either via or B valence band (VB) states.

6.1 Model Quantum Dots

Despite the fact that many of the results presented in th@Ailg sections are of general charac-
ter and are therefore, at least qualitatively, applicabiltin,Ga; xN QDs, the model structures

49
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(b)
30 nm GaN
2 nm InGaN

In concentration

600 nm GaN

[0001]

400 nm AlGaN
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%
° scan through InGaN layer

Figure 6.1: (a) Schematic drawing of the structure of the®s;.xN/GaN-QD sample inves-
tigated in the experimentgb) X-TEM/DALI-image of the active layer. The theoretical mdde
QDs have been design to resemble the localization centéns iactive layer of this sample.

used in the present work are designed to reproduced a spsmifes of samples that has been
grown at Technische Universitat Berlin. These samples werergon Si(111) substrate by
low-pressure metal-organic chemical vapor deposition QWD) using a horizontal AIX200
RF reactor. An AlAs layer was grown and subsequently consedeAIN as a nucleation sur-
face 132 In the following step an AJgsGay 9sN/GaN buffer layer was grown at T=118C up to

a total thickness of im. The InGa;_xN layer was grown at 800C with a nominal thickness of

2 nm using trimethylgallium, trimethylindium, and ammoamprecursors. The QDs are formed
by alloy fluctuations in the kGay.xN-layer?* The growth was finished with a 20 nm GaN cap
layer grown during the heat-up phase to 11G0The sample structure is schematically shown in
Fig.6.1(a). Figure6.1(b) shows the results of the investigation by cross-seativansition elec-
tron microscopy (X-TEM) in conjunction with the digital-alysis-of-lattice-images (DALM3
technique, where the inter-atomic distances observed TiEXF are mapped to an indium con-
centration profile. Unfortunately, a quantitative deteration of indium concentrations or the
exact shape of the QDs from these images is not possiblé.tistilcomposition fluctuations are
clearly visible. The model structures used in this work aeved not only from these structure
images and related growth informatiéfit34135 put also from more general knowledge about
composition fluctuations in thin J&a; «N-layers (see, e.g., Refid). A broad distribution of
QD sizes, shapes, and indium concentrations can be ggnexpkcted. Due to the QDs’ growth
mode, based on phase separation mechanisms in thin lagiensshapes differ significantly
from the shape of, e.g., INnAs/GaAs QDs. Moreover, no wettygr is present, but the QDs are
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Figure 6.2: The CL spectrum of the entire J&a& «N/Gan QD ensemble (back line) has its
maximum slightly above 3 eV and a FWHM ef 80 meV. Sharp emission lines of discrete QD
states were observed in spatially resolved measuremeutsirfe) from 28 to 32 eV indicating
QD origin of the entire emission.

embedded in a quantum well (QW).

The sample luminescence has been investigated B €land PL2° spectroscopy. In both
cases measurements on the ensemble and on single QDs hayeebeemed. An example CL
spectrum is shown in Fig.2 The emission peak of the entirg{Ba;.xN-layer has its maximum
slightly above 3 eV and a full width at half maximum (FWHM) ofali 80 meV. Sharp emission
lines of discrete QD states were observed in spatially veslaneasurements from&to 32 eV
indicating QD origin of the entire emission (red line in Fg2).24252°

Due to their particular growth mode, the shape of theGla 4 N/GaN QDs differs signif-
icantly from the shape of QDs grown in Stranski-Krastanowolmer-Weber growth mode,
e.g., GaN/AIN QDs (cf Chapr). In this work an ellipsoid has been chosen as the shape of the
model InGa.xN/GaN QDs, which agrees with the experimental findings aresamt lower the
confinement symmetry more than justified by the structureggsa The model QDs are shown
schematically in Fig6.3 The ellipsoids have a heightand lateral diametat and are embedded
in a 2nm thick InGa;_xN QW with indium concentratior,,. The indium concentration inside



52 Chap. 6: InGaN/GaN Quantum Dots
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:
Figure 6.3: Schematic drawing of the model

- X InkGa,.xN QDs used for the calculations. El-
lipsoids with a height oh and lateral diameter
of dy = dy. The indium concentration inside the
QDs is modeled with a linear gradient from the
maximum indium fractiorx; at the center of the
QDs toxy at their border. The QDs are embed-
ded in an Ip, Ga_x,N layer with a height of
2 nm. The layer itself is embedded in a matrix
of pure GaN.

x

:
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the QDs increases linearly from the indium fraction of thesunding QW %) to the maximum
indium concentratiom; at the QD center. Starting with a QD with a heightcf 2 nm, a lateral
diameter ofd = 5.2 nm, and indium concentration & = 0.5, the influences of three different
structural parameters have been investigated: The QD thigih h varying between 2 and
2.8nm), the lateral diameter (witth varying between B8 and 76 nm), and the indium concen-
tration inside the QDX between B and 06). All three series have been calculated with the
QDs embedded in angnGaygN QW, in an I osGay 95N QW, and directly in the GaN matrix,
without a QW. In the last case QDs with slightly higher In centration k. = 0.7) or slightly
larger diameterd = 8.8 nm), respectively, have been included in order to coveeitperimen-
tally observed energy range. Note that due to the concenmirgtadient inside the QDs, the
average indium concentration inside the Q&g is much lower than the maximum indium con-
centration ofx. = 0.3-0.6 (0.7) at the QD center. A maximum indium concentratiorxof= 0.3
corresponds to an average concentratiox@f~ 0.08-0.15 depending on the indium concentra-
tion in the QW &, = 0.0-0.1). AnXx; of 0.6 (0.7) corresponds t®ayg~ 0.15-0.23 (0.18-0.25).
The magnitude of the deviatiafix = Xayg— Xw =~ 0.08-015 is in good agreement with typical
values for alloy fluctuations in kGa;xN QWs**
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Figure 6.4: Line-scan of the built-in electric potential along the [@Q@irection through the
center of an IRGa.xN/GaN QD. The black solid line shows the overall potentialheTred
dashed line and the blue dotted line show the contributibtiseopiezoelectric polarization and
the pyroelectric polarization. The dotted ellipse indésathe position of the QD.

6.2 Electronic Structure of InGaN Quantum Dots

In this section the general features of the electronic &iracof I Ga;_xN/GaN QDs will be
discussed. One specific model QD will be used as an examplkisadiscussion. The QD has a
shape as described in Sécl, a height oh =2 nm, a diameter ad, , = 6.4 nm, a center indium
concentration ok. = 50 %, and is embedded in an InGaN QW wxjh= 10%. The chosen
structural properties do not restrain the generality ofrdsailts.

6.2.1 Built-in Electric Fields

Figure6.4 shows a line-scan of the built-in electric potential alohg [0001] direction through
the center of the QD. A large potential dropf650 meV inside the QD is observed along the
[0001]-direction. The potential is attractive for electsmat the upper side of the QD (i.e. positive
zvalues in Fig6.4) and attractive for holes at the lower side (i.e. negativalues in Fig6.4).

The decomposition of the total electrostatic potentiad iatpiezoelectric and a pyroelectric
part (also shown in Figs.4) shows that the large built-in electric potential is maingused by
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\ Figure 6.5: £230 mV isosurfaces of the over-
all built-in electric potential. The surface of the
InyGa_xN/GaN QD is shown in the middle in
light gray. The positive isosurface is located
atop the QD, making this area attractive for elec-
trons. The negative one is found beneath it; this
area is attractive for holes.
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piezoelectric effects; the contribution of the pyroelmity is small for In(Ga,.xN/GaN QDs.
For this specific QD the piezoelectric potential is abouhetgnes larger than the pyroelectric
potential.

Figure 6.5 shows thet230 mV iso-surfaces of the potential, illustrating its saladistribu-
tion in all three dimensions: The symmetry of the built-ieattic potential in the basal plane
reproduces the symmetry of the structure. As a result of lbetremechanical properties of
wurtzite materials, the polarization effects do not leachty additional symmetry lowering
in the basal plane. This is an important difference to QDsinie-blende materials (assuming
growth along [001]), where the piezoelectricity lowers domfinement symmetry in the growth
plane, typically fromCy, (neglecting atomistic interface and strain effects hameposed by a
(truncated-)pyramidal structure, @,.

The modifications to the confinement potential by piezoeleaind pyroelectric effects are
of the same order of magnitude as the band offsets betweetiftéient materials. The built-in
electric potentials in the QDs considered here cannot barded as (small) distortions to the
confinement potential, but have to be seen as a constitusirgpit.

6.2.2 Local Band-edge Profile

Figure 6.6 shows a line-scan of the local band edge profile alongzthris through the QD
center, neglectingd.6(a)] and including §.6(b)] the piezoelectric and pyroelectric potentials.
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Figure 6.6: Line-scan of the local band-edge profile along the [0001¢ation through the
center of the IGa;.xN/GaN QD. (a) without electric potentials. (b) includingetric potentials.
The dashed ellipses indicate the position of the QD.

Neglecting the built-in electric potentials
Due to the symmetry of the model structure the field-freellbead edges are symmetric with
respect to the center of the QD and the resulting confinemaenpal minima are in the QD
center for both charge-carrier types [F&g6(a)].

The VBs show pronounced shifts, caused by the strain in the Q@Dita vicinity. Biax-
ial strain in the basal plane—always present in lattice misimed heterostructures grown on
[0001]—, does not split th¢A) and |B) VBs. Both are energetically shifted in the same way:
upwards by the negative biaxial strain inside the QD and aavds by the positive biaxial strain
in the QD vicinity. For thdC) VB the biaxial strain has the opposite effect: the band gnisrg
reduced by the negative biaxial strain inside the QD, anceased in the area surrounding the
QD. Thus, the hole ground states and the first few excited $tates are expected to be mainly

of |A)- and|B)-character.
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Figure 6.7: Bound single-particle states in ani@a;.xN/GaN QD: electron ground stategf,
hole ground stateh(), and the first two excited electron and hole staggtef andhi/hy). The
picture shows the 65% isosurfaces of the probability derdiitribution |&|? in top and side
view. Each state is twofold spin-degenerate. The enerdidgeasingle-particle states are listed
in Tab.6.1

Including the built-in electric potentials

The built-in electric fields cause dramatic modificationghef local band edges [Fi§.6(b)].
The symmetry along the [0001]-direction is broken, as thedoation band (CB) and the VBs
are lifted up beneath the QD’s center and lowered above i& cimfinement potential is more
attractive for electrons (holes) in the upper (lower) péathe QD. The band-edge profile implies
a spatial separation of electron and hole states togethramedshift of the corresponding
exciton transition energies compared to the field-free Qfids Effect is known as thgquantum
confined Stark effect (QCSE) Sec.2.3).

Additionally, the electric fields change the projectionstloé hole wave functions on the
different VBs. In the area beneath the QD, 1% band is more attractive for the holes than the
|A) and|B) band. The absolute energetic maximum of {8g band (11 nm below the QD’s
center) is as high as the maximum of B¢ band (07 nm below the QD’s center). This suggests
an increase of thi€)-band part of the bound hole states, caused by the electds.fie

6.2.3 Bound Single-particle States

Figure6.7 shows the probability density distributig®(r)|2 of the ground state and the first two
excited states for electrons and holes. The correspondigiesparticle energies are given in
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Table 6.1: Single particle energy levels in any@a;.xN/GaN QD and projections of the corre-
sponding states on bulk bands. The energies are given wgipleceto the VB edge of unstrained
GaN. The corresponding quantities for a calculation ongtthe built-in electric fields are also
listed.

E(meV) [(SW)° [(AW)* [(BW)]* [(CW)
incl. electric fields

e 3208 0.95 0.01 0.01 0.03
er 3379 0.94 0.02 0.02 0.02
e 3379 0.94 0.02 0.02 0.02
hg 292 0.0 0.82 0.13 0.05
h; 286 0.0 0.16 0.79 0.05
h, 254 0.0 0.70 0.23 0.07
without electric fields

e 3261 0.95 0.01 0.01 0.03
e, 3343 0.94 0.02 0.02 0.02
e 3343 0.94 0.02 0.02 0.02
hp 138 0.0 0.84 0.14 0.02
hy 132 0.0 0.18 0.81 0.01
h, 102 0.0 0.72 0.26 0.02

Tab.6.1 The table also lists the projections of the single-pastitiates on the different bulk
bands and the corresponding quantities for a calculatiattiomthe built-in potential.

Impact of the built-in electric fields

The electronic states are governed by the QCSE. First, tiotr@heand hole orbitals are verti-
cally (along[0001)) separated according to the positions of the electroniztmainima resulting
from the built-in electric potentials (Fig.7). For this specific QD, the separation of the cen-
ters of mass of the electron and hole ground-state orbitalBism. Second, compared to the
field-free case, the energies of the electron and hole gretatds are strongly modified in the
field-dependent calculation: the electron ground-stagggnis lowered by about 50 meV and
the hole ground-state energy is increased by about 150 mmitti@g excitonic effects, the re-
sulting ground-state transition energy is red-shifted lbyud 200 meV.

Symmetry properties and band-mixing effects
The projections of the single-particle states on the bulidisgTab.6.1) show that the electron
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states all have a clear (95 %) CFB)() character. The shape of the electron ground-state ererelop
function reproduces the symmetry of the confinement patknte., it is comparable to the
state in an atom. The envelope functions of the excitedreled¢vels have the shape opdike
state. Thus, they preserve orthogonality to the ground.leve

The situation is different for the hole states. The probtilensity distributions of the hole
ground and first excited state are almost identical; boteméde the symmetry of the confine-
ment potential. The orthogonality of the two states is pne=e by the orthogonality of the
different VBs. Accordingly, the projection of the hole graustate on the bulk bands yields
about 80 %4A)-band character, whereas the first excited hole state|B)ef/pe also with about
80%. The energy separation between both states is mairngyndieied by the spin-orbit and
crystal-field splitting. The splitting of the ground and fiexcited state (7 meV) is of the same
order of magnitude as the splitting of th&) and the|B) band in bulk IRGa xN [3.2-5.2 meV
atr 673,

The splitting between the first and second excited stategeig32 meV). The probability
density distribution of the second excited state diffegnsicantly from those of the two lower
states. The orthogonality to the lower states is attaindtidghape of the envelope function, i.e.,
the probability density distribution shows a knot in its ¥nThe state has aA)-band character
(70 %), but less pronounced than the ground state.

Comparison to the field-free QD shows that the built-in fieltgéase the intermixing with
the |C) band as expected from the band-edge profiles (cf&2d. Its contribution to the hole
ground state rises slightly from 2% in the field free case tov8%n the fields are included (see
table6.1).

Despite the large intermixing of all three VBs, a cléay-type hole ground state and clear
|B)-type first excited state was found for all QDs investigatethis work. Higher excited hole
states are formed by different portions of all three VBs.

Number of Bound States

Bound excited electron levels have only been found for pdittssoQDs. Many QDs contain only

one localized electron level. The maximum number of bourdtedn levels for the investigated
QDs is three: thes ground state and two degenerate excipestates. The splitting between
the electron ground level and the two excited levels is l@g®apared to the holes states with
(=~ 100 meV - 250 meV).
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The number of confined hole states, in contrast, is much darger all considered QDs,
several bound hole levels have been found. As discusse athevsplitting between the ground
and first excited state is caused by the spin-orbit and drfistd splitting. Itis always 6- 7 meV
and shows almost no dependence on the QD morphology. Thergphetween the first and
second excited state depends on the QD structargO(meV—-40 meV). The total number of
bound hole levels could not be determined within the presaltulations. The large number
of confined hole-states exceeds the capabilities of the noatenethod. Test calculations for a
number of QDs have revealed that they contain at least tvizeluad hole levels. The local band-
edge profile shown in Fig.6 does not show a stronger confinement for holes than for elestr
The significantly larger number of bound hole states is chbgefirst, the larger effective hole
masses, and second, the presence of badpdand |B)-type (and alsdC-type, in the case of
higher excited states) hole states, which significantlygases the density of the hole spectrum.

6.3 Exciton Transition Energies

When a QD sample is excited either optically (e.g., in PL expents) or electrically (e.g., in
electroluminescence or CL), free charge carriers (elestaml holes) are generated in the sam-
ple. The electrons and holes can be trapped inside the Q2se\liey form confined excitons or
excitonic complexes. When these confined excitons (more negcitonic complexes shall be
neglected throughout this section) recombine, they egfit hvith a specific photon energy (the
exciton transition energy) that depends on the exact shagge@mposition of the QDs. Since
not all QDs within the ensemble are identical, the luminaseespectrum of the entire ensemble
is the superposition of a large number of different singl@-§pectra (inhomogeneous broad-
ening). This ensemble luminescence spectrum is obvioustyod the most important optical
characteristics of the QD sample.

The PL spectrum of the iGa.xN/GaN QD sample is shown in Fi¢.8@). Experimental
details of the PL measurements will be given in S&d. As alluded to in Sed.1, sharp emis-
sion lines from QDs could be observed over the whole specraje of the ensemble-PL peak
from 2.8eV up to 3.2eV. This broad distribution of excitomiansition energies is the result
of structural variations of the QDs. In order to clarify hoertain structural parameters affect
the transition energies, calculations were performed farge number of QDs with varying
structural parameters. These model structures have beerilzb in detail in Se®.1 The ob-
tained excitonic transitions energies are shown in 6i§b-d). The investigated structural QD
properties, height, diameter, and chemical compositiaaelall a drastic effect on the excitonic
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Figure 6.8: (a) PL Spectrum of the kGa . xN/GaN QD ensemble. (b-d) Calculated exciton
transition energies for varying QD structures.
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transition energies.

These calculations show that slight variations of the QDphology have a strong impact
on the transition energy. Therefore, the presumably latgemogeneity of QD ensembles re-
sults in broad ensemble peaks as measured in luminescepegneents426136 The obtained
transition energies agree with the experimentally obskeveergy range. However, to determine
which structural parameter is the reason for the broadiloligion of transition energies, further
experimental input is needed.

6.4 Radiative Lifetimes of Confined Excitons

Time-resolved PL (TRPL) measurements are an excellent toimivestigate the effects of the
built-in piezo- and pyroelectric fields, which strongly exdt the carrier dynamics in the QDs.
Both, the charge carrier separation by the QCSE (and the pomdsg increase of the radiative
lifetimes) and its dynamical screening are visible in TRRLtHis section a detailed analysis of
photon-energy dependent TRPL measurements of the ensemiieescence of §Ga; xN/GaN
QDs will be presented. The decay of the ensemble luminesdsrstrongly multi-exponential
for all detection energies. Excitation-density dependeaasurements yield no indication for
dynamical screening effects (Sét4.1). Using an inverse Laplace transformation of the tran-
sients, a photon-energy-dependent decay-time distoibdtinction is derived that agrees well
with recently published single-QD TRPL measureméh¢Sec.6.4.9.

The dependence of the radiative lifetimes on the structun@berties of the QDs has been
calculated and it will be shown that a broad distribution adiative lifetimes and, in turn, a
multi-exponential decay of the ensemble luminescence e@eberally expected in this material
system (Sed®.4.3: The broad distribution of excitonic lifetimes is causegtihe built-in electric
fields inside the QDs. An ensemble of field-free QDs yieldsrg warrow lifetime distribution;
the individual lifetimes are almost independent from Vawias of the QD size and structure. If
the piezo- and pyroelectric fields are included in the caltoihs, even slight variations of the
QDs’ structure lead to pronounced changes of the radiaxieigamic lifetimes. Variations of the
material composition in the direct vicinity of the QDs alsduce drastic changes of the radiative
lifetimes .

6.4.1 Experimental Results

For the TRPL measurements the QD luminescence was excité8 ah3by the second harmonic
of a mode-locked Ti:sapphire laser. The temporal width el#iser pulses was 2 ps at a repetition
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rate of 80 MHz. The measurements were performed in a heliowAfhicroscope cryostat at
a temperature of 4 K. The luminescence was collected thr@ughcroscope objective. The
detection system consisted of two 0.35m McPherson mono@tas in subtractive mode and
an ultrafast photo detector (micro-channel plate) prangdi spectral resolution of aboutimeV
and a temporal resolution better than 30 ps. Further exgetmhdetails and the results of single
dot TRPL are given elsewhef&.

Figure 6.9 shows the temporal evolution of the PL of thgB®a_yN/GaN-QD ensemble at
different detection energies. The PL decay is non-expaaldot all transition energies, which
is typical for such InGaN layer§$3~140 Two different mechanisms, responsible for the non-
exponential decay, have been proposed in the literatujeTef@porally varying lifetimes due
to dynamical screening effedt§-142 and (b) a broad lifetime distribution within the QD en-
semble?® The first mechanism proposes the screening of the QCSE by-glotrated charge
carriers. At low excitation densities electrons and hotesspatially separated by the piezo- and
pyroelectric fields inside the QDs. Their wave-function e is reduced, and thus, the exci-
tonic lifetimes are long. At high excitation densities egbwarriers are generated to significantly
screen the electric fields and, hence, the excitonic lifesimiecrease. Thus, in TRPL measure-
ments the luminescence decays quickly at first and then slows as the excitons recombine.
Consequently, the shape of the transients would have to depethe excitation power. The
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Figure 6.10: Excitation-density de-
pendence of the TRPL signal at fixed
detection energy (82 eV). The de-
cay can be approximated with the
Kohlrausch function (gray lines) for
all excitation densities using the
samef and " (f = 0.84, * =
0.81).
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PL decay of the investigated sample, however, does not shaxatation density dependence
(Fig. 6.10. Also, the mono-exponential decays observed in singleT®PL experiments per-
formed on the same sampfecontradict the screening hypothesis. A similar behavioomsti-
exponential decay of the macro PL and mono-exponentialydecsingle-QD measurements—
has also been reported by Robinsairal 38, Riceet al?’ have even convincingly demonstrated
that they observe the decay of single excitons and biexsitortheir experiments on single
InyGa,.xN QDs. It will be shown in the following sections that the nnélkponential decay of
the ensemble PL can be fully understood in terms of a broatimi& distribution within the QD
ensemble and without any dynamical screening effects.

6.4.2 Distribution of Excitonic Lifetimes

All QDs with the same excitonic transition energycan be considered a subensemble within
the entire QD ensemble. The distribution of decay timesithin each subensemble shall be
described by the distribution functiofg(t). This distribution function can be approximated
from TRPL measurements of the subensembles: To eliminatgike of the experimental data,
the multi-exponential subensemble PL decays are approedhiyy the Kohlrausch (or stretched-
exponential) functiof*3 (solid white lines in Fig6.9):

le(t) = leoexp— (t/T8)Pe] . (6.1)

Here, 7¢ and S are the time and stretching parameters for the given ertergy is identical
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Figure 6.11: (a) Lifetime distribution functiongg(1), obtained by inverse Laplace transforma-
tion of the multi-exponential PL decay of differentBa .xN/GaN-QD subensembles (different
detection energieB). The integral of eachig (1) is normalized to 1. (b¥(E, 1) as gray-scale
plot together with the decay times of singleGe;.xN/GaN QDs reported in ReR5. The single-
dot lifetimes agree well with the obtained distribution ¢tion.

to the decay time of the systera only if Bz = 1. It has no direct physical meaning 8¢ # 1.
The decay of the PL signal at eleven different equidistatéat®n energies betweer82 eV and
3.18 eV has been analyzed. The shapes of the transients depérdetection energy, resulting
in varying fit parameters for different QD subensemble8§®is< ¢ < 0.85ns; 055 < f <
0.84).

The PL decay of each QD subensemble can also be expressethéegaal over the (expo-
nential) single-QD PL decays of all QDs that form the suberige. Thus, using the Kohlrausch
function to describe the decay, E&j1 can be expanded to

le(t) 0 expl—(t/1)5€] D/Om fe(T)exp(—t/T)dT . 6.2)

Mathematically, the subensemble detaft) is, hence, the Laplace transform of the lifetime
distribution functionfg (1) within the subensemble, which can, in turn, be obtained byarse
Laplace transformation dg(t). 144145

The results of the inverse Laplace transformation are shiowig. 6.11 A broad distribution
of lifetimes is found for all transition energies, in goodregment with the single-QD TRPL
results from Ref.25 [black symbols in Fig6.11(b)], which also show an appreciable scatter
for identical transition energies. All single-QD time ctar#ts fall in the range covered by the



6.4 Radiative Lifetimes of Confined Excitons 65

lifetime distribution function.

For GaN/AIN QDs a drastic increase (several orders of madajtof the excitonic lifetimes
for lower transition energies is observed (cf Ch@p.which is caused by the increasing QCSE
for increasing QD height. Such an effect can not be observétkilifetime distribution function
in Fig. 6.1 The maximum of the distribution function is constantafl.2 ns up to transition
energies otz 3.05 eV, for higher transition energies it shifts slightly tooster lifetimes, accom-
panied by a broadening of the distribution. The broadenfrigeodistribution at higher transition
energies can be explained with the delocalization of cheageers that are only weakly bound
to shallower localization centers.

6.4.3 Quantum Dot Structure and Radiative Lifetimes

The broad lifetime distribution of the {&a;.«\N/GaN-QD ensemble can be understood in terms
of varying electron-hole wave-function overlap in diffat€Ds. It will be shown here that the
variation of the overlap is caused by differences in thethnipiezo- and pyroelectric fields
inside each localization center.

The radiative excitonic lifetimes for all i&Ga;.«N/GaN QDs described in Seg.1have been
calculated (Fig6.12. Neglecting the built-in piezo- and pyroelectric fieldgfF6.12a)] all QDs
show similar excitonic lifetimes around®1.0 ns. The radiative lifetimes are insensitive to the
exact QD shape and composition. The slight trend to shafe¢inhes at larger transition energies
is caused by the small energy dependence of the transitadrapility (combining Egs3.25and
3.26vyields 1,5 ~ 1/Eex for a given optical matrix element) and the wavelength depane of
the refractive index. This lifetime distribution would lead to a mono-exponahtiecay of the
ensemble PL for all transition energies. Indeed, such avi@lnahas been observed by Semés
al.Y*6for In,Gay.,N/GaN QDs grown by molecular beam epitaxy, were field effactsreported
to be negligible'4®

For the MOCVD-grown QDs investigated in this work a strongidggn from the mono-
exponential decay has been observed for all transitiorgeserThis deviation can be explained
if the built-in electrostatic fields are included in the edétions [Fig.6.12b-d)]. The radiative
excitonic lifetimes now scatter across a wide range betwlie@rand 55ns. Pronounced de-
pendencies on the different structural parameters hdggetal size, and chemical composition
can be observed. Interestingly, the radiative lifetimgmigicantly decrease, when the indium
concentration of the surrounding QW is decreased from 10 %% or even to 0%. Then,
the matrix exerts an increasing compressive strain alomg-#xis ([0001]-axis) inside the QDs
which reduces the built-in field frone 2.5 — 4.3 MV/cm if embedded in a 10 % QW down to
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Figure 6.12: Radiative excitonic lifetimes as a function of the transitienergy calculated
with eight-bandk - p theory: (a) All model IRGa.xN/GaN QDs considered in this thesis (cf
Sec.6.1), neglecting the built-in piezo- and pyroelectric fieldb-d) As a function of the QD
height, diameter, and composition, including piezo- anaelectric effects.
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Figure 6.13: Calculated radiative decay times of alk®a;.xN/GaN QDs (including built-in
electric fields) as a function of the charge-carrier separanside the QDs.

~ 1.7—3.1MV/cm (= 1.0— 2.6 MV/cm) in a 5% (0%) QW. The separation of the centers of
mass of the electron and hole wave functions decreasess#0i — 1.6 nm to~ 0.7 — 1.2nm

(= 0.4—0.8nm). Thus, not only the exact geometry and chemical cortiposof the QDs
themselves, but also the properties of the direct surragnaliea of the QDs are decisive for the
radiative lifetimes.

The radiative lifetimes are closely related to the electnofe wave-function overlap, i.e.,
the spatial separation of both charge-carrier types ingideQDs. Among all considered QD
structures the separation (along [0001]) of the centersads@s of the electron and hole wave
functions within the exciton complexes varies betweéhdhd 16 nm. (It is zero for all QDs
in the field-free case.) Figu@13reveals a general trend to longer radiative lifetimes fayda
wave-function separations, but also an appreciable sa#tthe radiative lifetimes for identical
wave-function separations is observed. This scatter isezhnot only by theag ~ 1/Eex de-
pendence of the radiative lifetimes on the transition ey)dygt also by the fact that the effect of
the charge carrier separation varies in strength depermfinige exact shapes and extensions of
the electron and hole wave functions.

A large variety of different time constants is found even ifigntical transition energies.
For instance, among all considered model QDs, six diffe@Ds emit at~ 3.1 eV (Fig.6.12).
Although all six QDs have nearly the same transition endtgjr radiative lifetimes scatter ap-
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Figure 6.14: Comparison of the lifetime distribution function deterndrfeom the experimental
PL decays (gray-scale, cf Fi§.11) and calculated excitonic lifetimes: White circles and gray
lines show the theoretical values from F&12d): InyGa.xN/GaN QDs with different indium
concentrations embedded in a 10, 5, or 0% InGaN QW.

preciably between.B ns and £ ns. Therefore, no unambiguous relation between the tramsi
energy and the radiative lifetimes of the QDs exists. Lurstesce at a certain detection en-
ergy originates from a subensemble of QDs, all of which h&eesame transition energy, but
significantly different excitonic lifetimes.

It is clearly not possible to isolate one single structuaigmeter that is responsible for the
broad distribution of transition energies within the QD emble. However, an eligible con-
cept should at least reproduce the key features of thentigetilistribution function shown in
Fig. 6.11 Theoretically, shifts of the transition energy can be eebdl by changing the QD
height [Fig.6.12b)], lateral diameter [Fig5.12c)], indium concentration in the QD [Fi§.12d)],
and, of course, various combinations of these factors. iNgrgither height or diameter of the
QDs yields increasing time constants for lower transitinargies [Fig6.12b,c)], which is not
supported by the experimental findings (cf Fégll). Varying the indium concentration inside
the QDs, in contrast, does not lead to a significant increé$ieectime constants on the low-
energy side of the spectrum [cf Fi§.12d)]. The calculated lifetimes of the QDs with varying
indium concentration are plotted in Fig.14(white circles and solid lines) together with the life-
times distribution function obtained from the experiméstzdbensemble PL decays (gray-scale
plot). The theoretical lifetimes of this ensemble also oeoice the broadening of the lifetime
distribution on the high energy side, which is caused by #ledhlization (leaking of the wave
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function into the matrix and/or into the QW) of the confinedcéden states in QDs with shallow
confinement potential (those embedded in QWs with high indioncentration). The concept
of varying indium concentration in QDs embedded in differamrounding QWSs describes the
experimental results well qualitatively, but quantitativthe calculated lifetimes are generally
larger than the measured ones. On the one hand the undedahthe material parameters of
InyGay«xN provide a reasonable explanation for this systematicatiewi. On the other hand,
Narvaezet all4” have shown for InGaAs/GaAs QDs that the lifetimes of chamgaitons (pos-
itive or negative trion) are shorter than that of the exchgra factor of~ 0.5. Another possible
explanation is, hence, that the PL originates from the detaharged excitons rather than neu-
tral ones. But also a misconception of the QD structure or ansimplification in the calculation
of the radiative lifetimes are possible. Thus, the reasonhie deviation has to remain unclear
for the time being.

Still, it can be concluded from the qualitative agreemeat # broad distribution of exci-
tonic lifetimes and, consequently, a multi-exponentiatajeof the ensemble PL is generally
expected in this material system in the case of unscreendd.fi& mono-exponential decay of
the ensemble luminescence, on the other hand, indicateswamfield effects.

6.5 Polarized Emission Lines:A- and B-type transitions

In the present section another experimental peculiaritphgba; x\N/GaN QDs will be investi-
gated: In single-QD cathodoluminescence up to five spéctnakrow lines from one and the
same QD can be found. The lines show a pronounced linearizatian in orthogonal direc-
tions (Sec6.5.1), which could be exploited for the implementation of quantkey distribution
protocols*8 using QD-based single-photon sources. It will be showntti@polarization of the
lines is owed to the VB structure of wurtzite group-III niteis and the specific strain distribution
in QDs grown on (0001). The calculations reveal that an edadn the ground statesf) has a
substantial probability to recombine with a hole in either ground state, which is formed by the
A VB (hg = ha), or the first excited state, which is formed by B8&B (h; = hg). The different
characters of thé andB VBs lead to orthogonal polarization directions of both traoss if

a slight structural anisotropy of the QD is present (%86.2. The observed polarizations can
thus be explained by recombinations of confined excitoniomexes involving holes in thA

or B hole states. Examples for such complexes areAtb&citon (Xa, with the hole occupying
ha), B excitons Kg, with the hole occupyindpg), or higher excitonic complexes involvirty

or hg. Biexcitons with a mixed configuratiorX(Xag), i.€., with one hole occupyiniga and one
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Figure 6.15: Temporal evolution of a typical
InyGay.xN/GaN QD spectrum. The intensity is
coded in gray scale. The series consists of 160
spectra, each being integrated for 300 ms. Two
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jitter traces.
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occupyinghg, have already been observed in bulk GHR.

6.5.1 Experimental Results

The sample was investigated using a JEOL JSM 840 scannicigaiaenicroscope equipped with
a CL setup!® It was mounted onto a He-flow cryostat providing temperata® low as 6 K.
The luminescence light was dispersed by a 0.3 m monochromdtoa 2400 lines/mm grating
and detected with a liquid-nitrogen cooled Si-charge-tedrolevice camera, giving a spectral
resolution of 31QueV at 3eV. In order to increase the spatial resolution Ptslvadasks have
been applied onto the sample surface with aperture diamet&@00 nm!®! The light emission
perpendicular to the sample surfa&e|(c-axis) is detected. For the determination of each line’s
polarization direction a polarization filter in the detectipath was rotated and the corresponding
spectra were recorded. The angle of maximum light emiss@as determined by fitting a c®s
formula to the intensities of the single lines as a functibtne angle of the polarizer. The angles
were mapped to crystal directions based on the substratetation as given by the supplier of
the silicon substrates.

When measured through one of the apertures the peak from,iGe;lpN layer decomposes
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into sharp lines. The lines show a FWHM of less than 1 meV, tmeoneest of 048 meV. These
lines can be found over a wide energy range fraBt® 32 eV. Since the line density is very
high the high energy side of the ensemble peak has beenigatest where the single lines are
well resolved. The individual lines are not stable, but vawegr a timescale of some 100 ms in
their energetic positions and intensities.

This jitter is caused by variations of the local electricdiat the position of each QD. Hence,
all lines originating from the same QD show the same jittatgua 2431151152 An example is
shown in Fig.6.15 Groups of lines originating from one and the same QD have Isee-
cessfully identified in other material systems (InAs/GaASCdSe/ZnSe2! GaN/AIN3Y) using
these characteristic jitter patterns. Groups of up to fivedidisplaying the same jitter are found,
indicating the existence of a number of different excitaomplexes in the same QD (Fig.16).
The typical energetic spread of the five lines was found te<(#9 meV. All lines show a pro-
nounced linear polarization in orthogonal directions. Ppo&arization directions scatter around
the [1120] and [L100] direction. Both directions were found in each investtig line group.
(Fig. 6.17) Such behavior has not been observed before and deserges tloestigation. In
l1I-V arsenides, phosphides and 1I-VI materials polarizsdission lines from QDs have been
assigned to the fine structure of the exc®tr31%6 or charged biexciton emissioR/1°8 The
source for both effects is the anisotropic exchange interatdetween confined electrons and
holes, which leads to a systematic pattern of the polarimes I(polarized doublets, similar or-
der or similar energetic distance of co-polarized linegliierent QDs). No such scheme can be
deduced from the recorded spectra here (6ifj6). Hence, a different mechanism responsible
for the polarization of the lines is suggested.

6.5.2 A- and B-band Hole States

It has been demonstrated in Sé@thatA- andB-type hole states can be found in@®e;.«N/GaN
QDs. The confined hole ground staktg)is predominantly oA-type, while the first excited hole
state fig) is predominantly oB-type. Both have as-type envelope function and are energet-
ically separated by 7 meV. It will be shown in the following that the transitionsttveen the
electron ground stateef) and both of these hole states have substantial oscillatmgths and
that even a small structural anisotropy of the QDs leads ¢émqunced polarization of these
transitions in orthogonal directions. The structural atiigy leads to an anisotropic strain field
inside the QD. Following the line of Se6.2 this strain anisotropy changes the character of the
uppermost VBs. This effect can be observed in the charactdreofonfined hole states and
shall be calculated here. For the calculations, an ellgz@onodel QD as described in Sécl
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Figure 6.16: Polarized spectra of three different®a;.x\N/GaN QDs. Arrows indicate lines
displaying the same jitter, hence originating from the sk Gray lines originate from other
QDs. The inset shows the evolution of the peak intensitiesfasction of the polarization angle.
Closer analysis yields deviations from the 2D] and [L100] crystal directions of 13+ 16° for
QD (a),—4° +4° for QD (b), and—13° 4+ 2° for QD (c).
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Figure 6.17: Polarization directions of six different line groups. Trsmatter around [120] and
[1100]. Both directions can be found in each line group. Fa §iroup No. 6, the alignment of
the polarization directions to the crystal axes is unkno@roups 1-3 correspond to the spectra
(a)-(c) in Fig.6.16

has been used with the following structural parameters:iitiem concentration ig; = 50 %

at the QD’s center ang: = 5% at its edges. The QD has a heightdgt= 2.0 nm (parallel to
the c-axis), a lateral diameter af, = dy = 5.2 nm (in the basal plane), and is embedded in an
InyGa;xN QW with a height of 20 nm and In concentration af, = xe = 5 %.

The oscillator strengths between the single-particletedacand hole states for QDs with
different degrees of elongation in the basal plane are shoviAlg. 6.18 The in-plane aspect
ratio of the QD dy:dy, has been altered between 1:1 ar2b11, while the total amount of indium
has been kept constant. Three bound electron levels and la lemger number of bound hole
levels (>6) are found. The spectra in Fi§.18include all single-particle (electron-hole-pair)
transitions involving one of the three bound electron Is\aid one of the first six bound hole
levels. Non-vanishing oscillator strengths were foundtfa transition between the electron
ground state and the hole ground staggha), the transition between the electron ground state
and the first excited hole statey(hg), and transitions involving higher excited hole states and
excited electron states. However, the latter have muchehighnsition energies and weaker
oscillator strengths (Figs.18. The p,ha) and €p,hg) transitions are energetically separated
by only 7—10meV. Both transition lines are unpolarized for round QBgd, = 1:1). For
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Figure 6.18: Oscillator strengths between electron and hole statesBain,N/GaN QDs with
different degrees of elongation. The solid (dashed) lifesvsthe oscillator strength parallel
(perpendicular) to the QD elongation. Tkexis shows the energy difference between the in-
volved electron and hole states.
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Figure 6.19: Degree of linear polarization of the-ha (black line and circles) aney-hg (red
line and squares) transitions as a function of the in-pléoegation of IKGa _yN/GaN QDs.

asymmetric QDs thé-band transition is linearly polarized parallel to the QI2sig axis and the
B-band transition perpendicular to it. Even for a very sligegmmetry of 108:1, the degree of
polarization of both lines is already 3:1. An elongation of 25:1 results in an almost complete
linear polarization (Fig6.19.

The single-particle electron and hole orbitals are degictd-ig. 6.20for a circular QD (left)
and a slightly elongated QODU{:dy = 1:1.17) (right). The electron ground-statey) envelope
functions haves-like symmetry; the ones of the first two excited electronest#; /,) are p-like.
The first two hole statefia andhg, in contrast, both havelike envelope functions. Both states
have sizable oscillator strengths with the electron graatate, but behave differently if the QD
is elongatedhp aligns parallel to the QD’s long axibg perpendicular to it. An analysis of the
projections of both hole states on tkep basis state® andR, (cf Sec.5.2) yields that theP
(R) projection ofha (hg) increases with increasing QD elongation, while BygR,) projection
decreases (see Tah2). Consequently, the optical transition betwédgan(hg) andey is linearly
polarized parallel (perpendicular) to the QD’s long axieré) thex axis).

6.5.3 A- and B-type Transitions of Excitonic Complexes

The two electron-hole-pair configuratioreg,fia) and €p,hg) are part of many different confined
few-particle complexes, such as excitoXg,(biexcitons KX), or charged excitonic complexes
[e.g., positive XT) and negative ™) trions]. Thus, the emission spectra of these complexes
show the same polarization behavior—linear, in orthogalractions—as found for the single
particle transitions (Figs.21). Considering the irregular shapes of the fluctuation-iedu@Ds,
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Figure 6.20: Single-particle states in a round (left) and an elongatigtityIn,Ga;.xN/GaN QD.
The electron ground state has a finite oscillator strength thie hole ground statend with the
first excited hole state.

an arbitrary elongation in the basal plane is very likely.cdn, therefore be concluded that
A- and B-type transitions of different few-particle states are tbason for the observed linear
polarization of the emission lines. The cause for the reguintation of the QDs along the
[1120] and/or [L100] directions, however, remains unclear.

As an example of a possible few-particle spectrum, ig1shows the calculated oscillator
strengths for the confined, XX, and negative trionX, including both, theA- andB-like states.
All transition lines are linearly polarized. The polarimat direction of each transition depends
on whether am or B hole state is involved in the recombination process. Thatiag spectrum
is qualitatively similar to the measured spectra. Note tthaiexact transition energy of each line
heavily depends on a number of parameters which are yet wrkmoth sufficient precision,
most important the crystal-field and spin-orbit splittinmeegies of IRGa,«N, the strength of the

Table 6.2: Projections of the hole statés andhg on the bulkA andB VBs and on thek-p
basis stateB andR,.

ho = hA h]_ = hB

dg/d&k| A B R R | A B R PR

1 0.81 0.13 0.47 0.470.16 0.78 0.47 0.47
108 |0.76 0.18 0.26 0.680.21 0.73 0.67 0.26
117 | 069 0.25 0.16 0.780.28 0.66 0.77 0.17
125 [0.66 0.29 0.12 0.830.32 0.62 0.81 0.13
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Figure 6.21: Calculated few-particle transitions for any®a;.xN/GaN QD with an in-plane
elongation ofdy:dy = 1.08:1; X (black lines),XX (red lines), andX™ (green lines) lines. The
solid (dashed) lines show the oscillator strength pargtletpendicular) to the QD elongation.

built-in electric fields, and the exact shape and size of the.Qlso, the occupation probabilities
of the different states are unknown. Therefore, the emmdsies in Fig.6.16can not be assigned
to specific excitonic complexes yet.

6.6 Summary

In this chapter the electronic and optical properties @&a.xN/GaN QDs have been investi-
gated within the framework of eight-bakep theory. A large impact of the built-in piezoelectric
and pyroelectric fields on the electronic states has beamadd. The fields cause a spatial sepa-
ration of electron and hole wave functions and a redshifhefttansition energies of hundreds of
meV. The QDs show a rich-featured spectrum of hole states|tieg from the VB structure of
wurtzite group-Ill nitrides and the specific strain sitoatin QDs. The confined hole states are
formed predominantly by the two highest VBs. The hole grouatess formed by thé band,
and the first excited hole state by tBdand.

Experimental observations ony@a;.xN/GaN QDs has been investigated and explained the-
oretically. The modelling results revealed a pronouncqekddence of the excitonic transition
energies and radiative lifetimes on the structural pregedf the IRGa;.xN/GaN QDs, i.e., their
chemical composition, height, and lateral extension, Wihias been used to explains the exper-
imentally observed broad ensemble PL peak of the QD ensemb&multi-exponential decay
of the ensemble PL could be consistently explained with witiarge scatter of the radiative ex-
citonic lifetimes even for identical transition energidéshas been shown that the scatter of the
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radiative lifetimes is induced by variations of the buiitelectrostatic fields. Single-QD emis-
sion spectra from kGay.xN/GaN QDs with up to five lines per QD have been discussed. The
emission lines are linearly polarized in orthogonal diets. The large number of emission lines
has been explained with the existence of higher excitonmsptexes; their polarization with a
slight anisotropy of the QDs in the basal plane and recontioing involving hole states which
are either formed by tha or B VB.

It will be shown in the following chapter7] that a number of insights gain in the present
chapter are not restricted tocBa;_xN/GaN QDs, but apply also to GaN/AIN QDs, because they
are general features ofplane group-Ill nitride QDs. These are, in particular, thedification
of the electronic structure by the built-in electrostatstds, the occurrence @ andB-type hole
states, and the polarization effect resulting from straisatropy in the basal plane.



7 GaN/AIN Quantum Dots

Despite tremendous advances in single quantum-dot (QBRjreseopy on GaN/AIN QD$L313234153160
many of their basic properties are still not or only poorlydarstood. In this chapter the spec-
troscopic properties of-plane GaN/AIN QDs are studied theoretically within thenfi@work

of eight-bandk-p theory. Structural properties of the QDs (S&cl) are quantitatively cor-
related to spectroscopic properties, such as excitonigngkstate transition energies, radiative
excitonic lifetimes (Sec?.2), and few-particle (biexciton and charged excitons) bigdinergies
(Sec.7.3). The allowed recombination channels between the confitemdren and hole states
are analyzed. It is shown that an anisotropy of the QD confamrpotential in the basal plane
(e.g. elongation of the QDs or strain anisotropy) leads tmagunced linear polarization of the
interband transitions (Set.4). It will be shown that an asymmetric strain field in the badahe
inside the QDs leads to a linear polarization of the confikedndB-type excitonic states in or-
thogonal directions. The in-plane strain anisotropy cagimate from different sources, such
as QD elongation, inhomogeneous composition profiles, Atcexamples a slight elongation
of the QDs (Sec7.4.]) and, as an ex-situ approach, the application of externakial stress
(Sec.7.4.2 are considered in detalil.

7.1 Model Structure

Experimental reports on the structural properties-pfane GaN QD&%30:3335161-170 agree on
the shape of the QDs, which is a truncated hexagonal pyramiek reported heightsh) of
the QDs scatter between3lnm and 5nm. The aspect ratiod, whered denotes the lateral
diameter) in most reports is in the range of 1:5 to 1:10. Thdehstructure derived from these
reports is depicted in Figi.2 The model QDs have an aspect ratio of eithet= 1:10 or
1:5 (Fig.7.1). The height of the QDs has been varied betwe&mfn and 3 nm in steps of
0.5nm. The thickness of the wetting layer is assumed tavbe 0.25nm. This set of model

79
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Figure 7.1: Experimentally observed heights and diameters ogblane GaN/AIN
QDs21:303335161-169 Ra( |ines and circleand blue lines and squaremdicate the structural
parameters of the model QDs used in this work.

QDs covers the major part of reported QD structures. It valsbhown in the following section
that the chosen model structures yield excitonic emissi@nges and radiative lifetimes in good
agreement with experimentally observed values.

7.2 Exciton Transition Energies and Radiative Lifetimes

The huge built-in piezo- and pyroelectric fields inside G&IN/QDs strongly affect the emission
energies and radiative lifetimes of localized excitonsdiem ®Ds via the quantum-confined Stark
effect 4748163171 | the center of the QD these fields are as large. ad///cm for QDs with an
aspect ratio of 1:10 and@MV/cm for QDs with an aspect ratio of 1:5. Depending on tlze Si
of the QDs the radiative lifetimes range from a few nanosdsdor small QDs up to as long
as 10Qus for large QDs (Fig7.3). Only for small QDs the emission energy is larger than the
fundamental band gap of GaN, larger QDs emit at energiesbetllv the band gap of GaN.

The calculated radiative excitonic lifetimes for the mo@#&bs with aspect ratio 1:10 (red
lines and squares) and 1:5 (blue lines and circles) areeplatt Fig.7.3 as a function of the
transition energy. The experimental values by Bretagebal*® (black crosses) and Kaket
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Figure 7.2: Model structure ofc-plane GaN/AIN QDs: Truncated hexagonal pyramid with
heighth between 15nm and 3 nm. The lateral diametet is determined by the dot’s aspect
ratioh:d = 1:10 (1:5). The wetting layer & = 0.25 nm thick.

al.?l (black plus) are also shown in the same figure. The excitamsitian energy depends
crucially on the QD height. An increase of the QD height byim leads to a red shift of the
transition energy by 400-500 meV. Increasing the aspemd fedm 1:5 to 1:10 decreases the
transition energy by 200-400 meV depending on the QD heigbéping in mind that the base
area increases by a factor of four upon this change of thecaggi#o, it can be concluded that
the transition energy is predominantly determined by thetl@ight and the lateral extensions
can be regarded as a secondary factor.

Both series yield comparable relations between excitoaitsition energy and radiative life-
time with lifetimes of 86 ns (49 ns) for high transition energies ef 3.63 eV (= 3.84eV) and
values as high as 216s (55us) for the lowest transition energy ef 1.77 eV (= 2.18eV). The
calculated lifetimes agree very well with the experimdgtabserved decay times for both se-
ries. The QDs withh:d = 1:5 show slightly longer radiative lifetimes at comparatsinsition
energies, but the general relation between excitonic ttansnergy and radiative lifetime is
similar for both aspect ratios.

Radiative lifetimes in the range of 1Q& would limit cut-off frequencies of devices to a
maximum of a few kHz. Thus, with the fields present, only srogllane QDs, i.e. those with
high transition energies, are good candidates for fastesipigoton emitters.

7.3 Binding Energies of Few-particle Complexes

As a result of the strong built-in electric fields inside thBLthe biexcitonX X) is anti-binding
in mostc-plane GaN/AIN QDs2:3033 Only for QDs with very high transition energies é eV)
binding biexcitons have been observed by Simeoabal33 Due to the spatial separation of



82 Chap. 7: GaN/AIN Quantum Dots

1ms
h=3.5 nm
210 s oo PN —— A
E H H H H
: H
o ; 3
-E F h=2.5 nm E
8 C 7
g 100 ns ................................. ................................. ....................................
OO Theo. (aspect ratio 1:10) : :
| O-O Theo. (aspect ratio 1:5) : h=1.5 nm|
E x Exp. (Bretagnon et al., 2006) | : : 3
c + Exp. (Kako et al., 2006) : h=15nm X ;
1ns é é ; é
15 2 25 3 35 4

Exciton Transition Energy (eV)

Figure 7.3: Radiative lifetimes of confined excitons @plane GaN/AIN QDs:Red lines and
squares:Calculated, QDs with an aspect ratiolofl = 1:10. Blue lines and circlesCalculated,
QDs with an aspect ratio d¢f.d = 1:5. Black crossesExperimental values from Bretagne
al.*8, Black plus:Experimental value from Kaket al?L,

electrons and holes, the repulsive Coulomb terms betweerrlatrons or between two holes
always outweigh attractive terms between electrons aneshdlhis is also true for positive and
negative trionsX™ and X ™), which are also anti-binding. The calculated binding giesr of
X*, X~, andX X for all considered model QDs are shown in FHgd. Positive values correspond
to anti-binding complexes, i.e. to a spectroscopic blué stith respect to the exciton. The
spectroscopic blue-shift of thé" is always larger than that of thé~, because the hole orbitals
are smaller in extent (due to their larger effective masttes) the electron orbitals. Therefore,
the repulsive Coulomb terms between two holes are largerttizae between two electrons. In
QDs with small aspect ratio and high transition energy tmelinig energy of the<™ is only a
few meV. Keeping in mind that the theory used here negleathamge and correlation effects,
which are both expected to lead to more binding biexcitons, thus possible that th&~ is

in fact binding (red-shifted with respect to tl@ in these QDs. Th&X is always the most
anti-binding complex. Its binding energy, however, is net@ssarily identical to the sum of
the binding energies of™ and X, due to the different wave-function renormalizations ia th
different complexes.
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Figure 7.4: Calculated binding energies of the few-particle complexesditon (X X), positive

trion (X™), and negative trionX ) with respect to the excitorX() in GaN/AIN QDs. Positive
values correspond to anti-binding complexiedt: QDs with an aspect ratio &fd = 1:10. right:

QDs with an aspect ratio df:d = 1:5. The black crosses (pluses) denote to the experimental
value of the biexciton binding energies determined by Kekal2%3° (Simeonovet al33).

The binding energies of the few-particle complexes are genmysitive to the aspect ratio
of the QDs. All binding energies are significantly larger iDQwith an aspect ratio of 1:5
[Fig. 7.4(a)] than in QDs with an aspect ratio of 1:10 [Fig4(b)]. The XX binding energy
in QDs with h:d=1:5, for instance, is more than twice as large than in QD& tii=1:10 for
all transition energies. This makes tK& binding energy, or equivalently thé¢*/X~ binding
energy, an excellent fingerprint for the QDs aspect ratioe QbDs investigated by Kaket
al.2130 [black crosses in Fig7.4(b)], for instance, seem to have an aspect ratio around 1:10
rather than 1.5, although the average height and diameteed®D ensemble is 4 nm and 20
25 nm, respectively3° The values determined by Simeonetal32 [black pluses in Fig7.4(b)]
are much smaller than theX binding energies calculated here, which is consistent thigr
assumption of weaker built-in electrostatic fields%.5 MV/cm).
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Figure 7.5: Energies of the single-particle electron and hole statesplane GaN/AIN QDs.
The electron states are labeled according to the symmethewfenvelope functions. Hole-state
labels are given according to the valence band that thessia¢éepredominantly formed of.

7.4 Single-particle Energy Levels

The bound hole states in GaN/AIN QDs are—as in the casg &fdn,N/GaN QDs (cf Chaps)—
formed predominantly by th& andB band.C-band contributions are small because the biaxial
strain in the QDs shifts this band to much lower energfé®. As a first-order approximation,
for each band a ground state with &#shaped envelope function, which is only spin degenerate,
can be expected. Theshell consists of two states and tthahell of three. Due to the different
parities of the bulk conduction and valence bands, therele@nd hole states have a finite op-
tical matrix element if their envelope functions hate sameparity, i.e. the allowed transition
channels are-s, p-p, s-d, etc. Each transition channel exists twice, once forAktgpe holes
and once for th@-type holes. Figur&.5shows the calculated single-particle electron and hole
energy levels of all QDs considered in this chapter inclgdire six energetically lowest (high-
est) electron (hole) states. The electron states are afledpredominantly by the conduction
band & 95 %). Therefore, ths, p, andd shells can be clearly distinguished. The hole spectra,
however, are more complex, because holes states are nasieety formed by either thé or
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B band, but by a mixture of both bands and even a s@didand contribution. Still, each hole
state can be characterized by the band that contributes disé tm it (see labels in Figi.5).
For QDs with an aspect ratio of 1.5 [Fig.5a)] the A-bands-state fip = ha; ~ 95 % A-band
projection) and thé-bands-state b1 = hg; ~ 90 % B-band projection) are energetically well
separated from the excited hole states. Both have an unaocusiys-shaped envelope function
(not shown here). The splitting between both state8 { 10 meV) does not increase for smaller
QDs, but is constant. It corresponds to the energy separaéitweerA andB band in strained
GaN. The higher excited hole states can not be unambiguassigned tq- or d-like orbitals.
Please note, that although they have been labeled accaalitng major band contributions,
this contribution sometimes does not exceed 50 %. The QDsasipect ratio 1:10 [Figi.5b)]
exhibit a significantly smaller excited-states splittimy €lectrons and holes due to the weaker
lateral confinement. An exception is the splitting betwbgrandhg, which is largely indepen-
dent from the QD dimensions as discussed before. For bot#thasgtios the hole spectrum is
much denser than the electron spectrum (mind the diffecaiés used in Figl.5).

7.4.1 Optical Transitions

In bulk GaN an anisotropy of the strain field in the basal pletmenges the character of the band-
edge states from (B) type toP (R), if the stress is larger along(cf Sec.5.2). The optical
matrix elements involving the confined or B-band hole states in the QDs respond differently
to an asymmetry of the confinement potential in the basalepldimey become linearly polar-
ized in orthogonal directions. Figue6(a) shows the oscillator strengths between the six lowest
electron levelss and the twelve highest hole levets (up to an energy difference — h; of
3.75eV) for the QD withh:d = 1:5 andh = 2.0 nm. Figure7.6(b) shows the respective spectrum
for a similar QD with an in-plane elongation of 10 % along20D]. Almost all transitions of the
elongated dot show a pronounced linear polarization efiheallel to the elongation or perpen-
dicular to it. The transition between the electron groumtiesy andha (hg) is linearly polarized
along (perpendicular to) the long axis of the QD. Both traosg together can be regardedsas
channel. The wave functions of the higher excited hole state build of sizeable contributions
from more than one valence band. Therefore, these statestche unambiguously assigned
to p- or d-like symmetry. Thep- andd-shell labels in Fig7.6 are given according to the main
contribution. Figure’.7 shows the corresponding spectrum for a 10 %-elongated Qbasject
ratioh:d = 1:10. The QDs with aspect ratiod = 1:10 show the same polarization as those with
1:5 albeit less pronounced. The strain anisotropy thatdsded by the elongation affects the
confined states less in QDs with larger diameter, becausmde parts of the wave functions
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Figure 7.6: Oscillator strength between the single-particle elecaahhole state for a GaN/AIN
QD with an aspect ratio di:d = 1 : 5 and a height oh = 2.0nm. Shown are all transitions
involving one of the first six electron levels ] and one of the first twelve hole levels;j, but
only up to an energy differenag— h; of 3.75eV. (a) For a symmetric QD. (b) For a QD with a
10 % in-plane elongation along [24].

are located in the center of the dot.

The spectral density increases significantly due to wealiantigation effects in dots with
aspect ratio 110. The smaller level spacing of the singtégba electron and hole spectrum
translates into a very dense optical excitation spectruimre dnergetic separation between the
orthogonally polarizedgy,ha) and €g,hg) transitions in the-channel, however, is independent of
the size of the QDs or their vertical aspect ratio. For (iang]) symmetric QDs it is about 10 meV
and increases for anisotropic QDs. This large separativvees the orthogonally polarized lines
should enable a spectral separation of both lines even\atetbtemperatures. Thus, the well-
defined polarization of the ground-state transition canxmoéed for polarization control in
future single-photon sources.
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Figure 7.7: Oscillator strength between the single-particle elecaahhole state for a GaN/AIN
QD with an aspect ratio df:d = 1:10, a height oh = 2.0 nm, and a 10 % in-plane elongation of
the QD. Shown are all transitions involving one of the firgtediectron levelsd) and one of the
first twelve hole levelsty;).

7.4.2 Control of the Polarization by Uniaxial Stress

The linear polarization of the transitions is a result of #tein anisotropy. Therefore, it can
be induced directly by uniaxial stress, without any streaitanisotropy of the dot. The effect
of uniaxial stress on the polarization of the ground-stedadition of the QD with aspect ratio
1:10 and height 2 nm is shown in Fig.8 (black line and circles). A pronounced polarization
is found at stress levels that can easily be induced by aofotstrain relaxation in epitaxial
heterostructures (due to the formation of cracks or deféttsr by externally applied stress.
The study of samples with cracks or or defects has, of coordg,academic value, because no
opto-electronic devices could be based on such structiites application of external uniaxial
stress, on the other hand, could be exploited to study theipation mechanism presented here
in detail experimentally, because the strain anisotropiylanthe QDs could be varied in-situ. For
future device application the effect could also be exptbite control or, at least, fine-tune the
polarization of the emitted photons. Figutd8also shows calculations where uniaxial stress has
been applied to elongated QDs (blue lines and diamondsinesland squares). The polarization
induced by the structure can be easily enhanced or everteaMey the external stress. Thus, to
achieve polarized emission, the structural elongatiomef@Ds within the sample may varied
as long as the strain field is controlled. On the other hanglalso possible to compensate the
anisotropy in elongated QDs, if unpolarized emission isrdds
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Figure 7.8: Polarization degree of the excitonic ground-state trarsas a function of uniaxial
stress along ([1120]), relaxation of the sample yandz direction according to the laws of con-
tinuum mechanics has been included. The calculations hese performed for three different
QDs with an aspect ratio ¢fd = 1:10 and a height di = 2.0 nm. Black lines and circlesSym-
metrical GaN/AIN QD Blue lines and diamonds5aN/AIN QDs with 10 % elongation along
Red line and squaressaN/AIN QDs with 10 % elongation along

7.5 Summary

In this chapter the spectroscopic properties-pfane GaN/AIN QDs have been investigated. The
excitonic transition energies and radiative lifetimes largely determined by the height of the
QDs. The calculated relation between transition energyraddtive lifetime agrees well with
recent experimental observations. BiexcitdX] and both trionsX* andX ™) are anti-binding
(blue-shifted with respect to the exciton) for all model Qéasmsidered here. In contrast to the
absolute transition energies, the few-particle bindirgrgies depend heavily on the QDs’ aspect
ratio.

Similar to IniGa;xN/GaN QDs, a linear polarization of the interband transgian c-plane
GaN/AIN QDs can be induced by an asymmetric strain field withithe basal plane. Transitions
involving eitherA- or B-type hole states are polarized in orthogonal directiom& Jeparation of
the A-type ground state and the orthogonally polariBetype first excited state i 10 meV and
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largely independent from the QD size and shape. A sufficieainsanisotropy can be induced
by, e.g., structural elongation of the QDs or by externafipleed uniaxial stress. Moreover, a
polarization resulting from structural elongation can benpensated by external stress.
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8 Conclusion

In this work the electronic and optical properties of wudzin,Ga;.x\N/GaN and GaN/AIN
guantum dots (QDs) have been investigated theoreticalljnbgins of eight-banid-p theory.
Experimental observations obtained in (time-resolvedjtpluminescence (PL) and cathodolu-
minescence spectroscopy orGa_xN/GaN QDs could be understood based on the theoretical
results. For the optical properties of GaN/AIN QDs preaict were made that can, in the future,
be exploited for the fabrication of QD-based sources ofleipglarized photons. In detail:

(i) A consistent set ok-p parameters for the wurtzite and zinc-blende phases of G\,akd
INN has been derived from accurate first-principle bandestire calculations within th&y\Wo
approximation. It has been demonstrated that the obtaiaed parameters are in very good
agreement with available experimental data, proving thahbiity of the method. Moreover,
reliable values have been provided for parameters that havget been determined experi-
mentally, such as, e.g., the band parameters of the zimeiblphases of GaN, AIN, and InN
or the Ep, and valence-band parameters of wurtzite phases. These@ara are essential for
understanding the physics of these materials.

(i) The general features of the electronic structure oftaiter group-Ill-nitride based QDs have
been discussed using a typical@s;.xN/GaN QD as an example. A large impact of the built-in
piezoelectric and pyroelectric fields on the electronigerties of the QDs has been observed:
The electrostatic fields cause a spatial separation ofretee@nd hole wave functions and a
redshift of the transition energies of hundreds of meV bydhantum-confined Stark effect.
Due to the valence-band structure of wurtzite group-lifidés and the specific strain situation
in QDs, the confined hole states are formed predominantiéyto highest valence bands-(
andB band),in contrast to typical INnAs/GaAs QDs, where the hoteigd state and the first few
excited hole states are formed predominantly by the healgtrand alone. Particularly, the hole
ground state is formed by theband, and the first excited state by eand.

(i) A pronounced dependence of the excitonic transitinergies and radiative lifetimes on the
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structural properties of the @& _yN/GaN QDs, i.e., their chemical composition, height, and
lateral extension has been observed. The experimentadigrebd broad ensemble photolumi-
nescence peak could be explained by variations of the siages and indium concentration of
the QDs in the ensemble. The photon-energy-dependent di@caydistribution function has
been extracted from the experimentally observed multbaeptial decay of the ensemble PL.
The distribution function agrees well with recently publsingle-QD decay times. The radia-
tive lifetimes of localized excitons in i&a_xN/GaN QDs have been calculated and it has been
shown that the built-in piezo- and pyroelectric fields witltihhe QDs are the origin of the broad
lifetime distribution: They cause a sensitive dependericie radiative lifetimes on the QD
geometry and composition. The lifetimes are also very sgasb the chemical composition of
the material in the surrounding of the QDs. Therefore, adbbstribution of excitonic lifetimes
and, consequently, a multi-exponential decay of the enkeRIbb is generally expected in this
material system in the case of unscreened fields. The devaydistribution extracted from the
experimental PL decay is reproduced qualitatively by tHeutated radiative lifetimes.

(iv) Emission spectra from single JGa_xN/GaN QDs with up to five lines per QD have been
observed in CL spectroscopy. The lines are linearly poldrineorthogonal directions. These
observations have been investigated theoretically. Tige laumber of emission lines has been
explained with emission from different excitonic complexsuch as, e.g., excitons, biexcitons,
and charged excitonic complexes; their polarization cteldraced back to an anisotropy of the
confinement potential, e.g., a slight elongation of the QDibé basal plane. Th& andB- type
hole states change their character under asymmetric gtréie basal plane.The optical transi-
tions involving these hole states become linearly polaraéher parallel (foA-type hole states)
or perpendicular (foB-type hole states) to the axis of weakest compression. Sowraanism
can potentially be exploited for the generation of polar@abased photonic qubits, because the
orthogonally polarized lines are spectrally well sepat@&een at elevated temperatures.

(v) The spectroscopic propertiesmplane GaN/AIN QDs have been investigated theoretically as
a function of their structural properties. The excitonarsition energies and radiative lifetimes
are largely determined by the height of the QDs. The caledlaélation between transition
energies and radiative lifetimes agrees well with recepearental observations. Biexciton
(XX) and both trionsX™ andX ™) are anti-binding (blue-shifted with respect to the exc)tfor

all model QDs considered here. Their binding energies ditpeavily on the QDs’ aspect ratio.
For all transition energies, the binding energy of the bitexg for instance, is more than twice
as large for QDs with an aspect ratio of 1.5 than in QDs withspeat ratio of 1:10. This makes
the few-particle binding energies an excellent fingerprirthe QDs’ aspect ratio.
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(vi) The polarization properties of interband transitiansc-plane GaN/AIN QDs have been
studied. Similar to IRGa;.xN/GaN QDs, a linear polarization of the transitions can lokhiged
by an asymmetric strain field within the QDs. Transitionsoiming eitherA- or B-type hole
states are polarized in orthogonal directions. The separaff the A-type ground state and
the orthogonally polarizeB-type first excited state iss 10 meV and largely independent from
the QD size and shape. The strain anisotropy can be induttest &y a structural elongation
of the QDs or by an externally applied uniaxial stress. Amleme elongation of the QDs of
only 10% leads to a polarization degree of the excitonic gdsstate transition of up to 6:1
depending on the other structural parameters of the QDs.xfarrelly applied uniaxial stress
of about 300 MPa leads to a polarization degree of more thafobnon-elongated QDs; larger
stress results in a complete polarization of the emissiaorelver, a polarization resulting from
structural elongation of the QDs can be compensated byrettstress. This effect could be
exploited for future devices, in particular to achieve alwdelfined polarization in QD-based
single-photon emitters.

8.1 Outlook

The experimental research in the field of group-Ill nitridB<Js developing rapidly and poses
numerous open questions that require complementary tieadravestigations. At the same
time, the employed theoretical models have to be constanflyoved in order to describe new
experimental developments accurately. Possible imprewesrof the model used in this thesis
include, for instance, the inclusion of nonlinear elasffees,!’2 nonlinear piezoelectric ef-
fects173174 and the back-coupling of the built-in electric fields to maical distortionst’® In
the author’s view a particularly important point is the impement of the description of few-
particle effects, i.e. the inclusion of the quantum-meate&rexchange and correlation effects.
These effects are expected to be important for a correctigésa of the few-particle binding
energies and the fine-structure splitting in spectra oflsil@Ps. In particular for GaN/AIN
QDs, both topics are the matter of active experimental iiyason presently$#3339 due to their
relevance for device applications.
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Appendix A:
Material Parameters for the K-p
Calculations

All material parameters used in this work are listed in Tald.. Most of them are based on the
recommendations of Vurgaftman and Me;‘?émé, A, and Eip are derived fronlGo\Wy calcula-
tions (Sec4.1). For InN the fundamental band gap from Gg\W\y calculations has been used
and for GaN and AIN the experimental band gaps recommend®digaftman and Meyer. The
crystal-field splittings are known to be sensitive to lataeformations, such as changes in the
colag ratio or the internal lattice parametert8®-182 These parameters are, however, uncertain
input parameters for th&yWy calculations. Therefore, the crystal-field splitting ejes from
Vurgaftman and Meyer are used rather than@éf values. For the VB offsets between InN,
GaN, and AIN the values calculated by Wei and Zud§2are used. The anisotropy of the static
dielectric constants; is neglected and the mean value is used instead for all @insctFor the
refractive indices of GaN and AIN the Sellmeier-formulaided by Antoine-Vincenet al183is

applied:
bA 2
n=y/atm—2 -

with a=5.15,b = 0.35, andc = 3398 nm for GaN andh = 1.00,b = 3.12, andc = 1380 nm
for AIN. A is the wavelength of the emitted light, which is determingdhe transition energy
of the respective QD and transition.

For alloys linearly interpolated parameters have been,esaxpt for the parameters listed
in Tab.A.2 where the given bowing parameters have been used for parafierpolation. The
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Table A.1: Material parameters for InN, GaN, and AIN. If not indicatatfetently parameters
are taken from Ref61.

Parameter GaN InN AIN

ac (nm) 0.3189 0.3545 0.3112
cc (Nm) 0.5185 0.5703 0.4982
Ci11 (GPa) 390 223 396
C12 (GPa) 145 115 137
Ci13 (GPa) 106 92 108
Cz3 (GPa) 398 224 373
Cus (GPa) 105 48 116

eis (C/m?) 0.326 0.264 0.418
€31 (C/m?) -0.527 -0.484 -0.536
33 (C/m?) 0.895 1.06 1.56
Psp (C/m?) -0.034 -0.042 -0.090
& 9.8176 13.877 9.1178
Eg (eV) 3.510 0.697° 6.25
Acr (eV) 0.010 0.040 -0.169
Aso (eV) 0.017 0.005 0.019
mb/mg17° 0.065 0.186 0.322
mg /mpt’® 0.068 0.209 0.329
El (ev)17 17.292 8.742 16.972
Es (eV)17® 16.265 8.809 18.165
A7 -5.947 -15.803 -3.991
A, 179 -0.528 -0.497 -0.311
Azl7e 5.414 15.251 3.671
A4179 -2.512 -7.151 -1.147
As17? -2.510 7.060 -1.329
Agl7® -3.202 -10.078 -1.952
Ev (eV)180 0.8 1.3 0.0

ai (eV) -4.9 -3.5 -3.4

as (eV) -11.3 -3.5 -11.8
D1 (eV) -3.7 -3.7 -17.1
D, (eV) 4.5 4.5 7.9

D3 (eV) 8.2 8.2 8.8

D4 (eV) -4.1 -4.1 -3.9

Ds (eV) -4.0 -4.0 -3.4

Dg (eV) 5.5 5.5 -3.4
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Table A.2: Non-zero bowing parameters for the group-Ill nitride aloyarameters are taken
from Ref. 61

Parameter GalnN AlGaN AllnN
Ec (eV) 1.4 0.7 2.5
Psp (%) -0.037 -0.021 -0.070

bowing parameteb for a parameteE and alloy AB;.«xN is defined by the equation

Ea,B.,.c =XEac+ (1—X)Egc —Xx(1—x)b
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Appendix B:
K-p Method for Zinc-blende Crystals

In the following only the parts of the Hamiltonian that areeded for determining the zinc-
blende parameters in Sektl, i.e., the purd-p Hamiltonian without its strain-dependence or the
calculation of piezoelectric potentials in zinc-blendgstals will be described. The respective
equations can be found elsewhéfés*

Thek-p-Hamiltonian for zinc-blende crystals can be derived frbve dne for wurtzite crys-
tals using the following modifications:

e the matrixG; simplifies throughP, = P, (Ep1 = Ep») andAcr = 0.

e The parameters, L, M/, andN/ in G, are given by

2 2
A= AL \A = E i_i _P_ ’
1 2

2 \me Mo Ey
(Li=k=)l = —%(Y1+4V2)+Pé :
Mi=Mz=Mz=)M = _%(Vl—ZVZ) ,
M=M= - eprp
Ny = 0, (B.1)

whereme denotes the electron effective mass gnithe Luttinger parameters.
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Appendix C:
Effective Masses and Luttinger(-like)
Parameters

The equations connecting the effective hole masses to thiagjer(-like) parameters are in detail
—for wurtzite crystals—*3

mp/my = —(Ar+Ag)
my/my = —(Ax+As)
’ : )
mo/mg = — A1+(EB_BEC)A3
- E -
mo/mg = — A2+(EB_BEC)A4
m/me = — A1+(EC_CEB)A3
mo/mg = — A2+(EC_CEB)A4
with
Acr —Aspo/3
B, — OcR 2so/
2 2
+\/(ACR_ASO/3) +2(Aso/3) ’
2 2
Acr—Aso/3
E. — Acr 2so/
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() ()

For AIN the indices A, B, and C have to be interchanged-A, B — C, C— A.
—for zinc blende crystals—2/

mo/mPY = -2y
mo/mi® = %(2V1—V2—3)é) ,
mo/mi = -2y
mo/mp’t = y+2p |
mo/mp0 = %(2V1+V2+3)é) ,

mo/miit =y 42,
EpAso

Mo/Mso = Vl_—sEg(Eg Beo)



Abbreviations

CB ... conduction band

Cl oo configuration interaction

CL o cathodoluminescence

DALl ... .. digital analysis of lattice image
DFT ... . density-functional theory

FWHM ................ full width at half maximum

LD .. laser diode

LDA ... local-density approximation

LED ................... light-emitting diode

MOCVD ............... metal-organic chemical vapor deposi
OEPX ..., optimized effective potential

PL ... photoluminescence

QCSE ................ .. guantum-confined Stark effect
QD ... quantum dot

QW .. guantum well

TRPL ... time-resolved photoluminescence
VB .. valence band

X-TEM ................ cross-sectional transmissiorceten microscopy
X exciton

XX biexciton

Xt = . positive/negative trion
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