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Zusammenfassung

Seit der Erfindung der ersten Leuchtdiode (LED) Ende der 496, [2], schritt die
technologische Entwicklung der Halbleiter-basiertend@fgktronik im Laufe der letz-
ten funfzig Jahre rapide voran. In der heutigen Zeit werdemed fast alle Aspekte der
Lichterzeugung, -Kontrolle und -Detektion durch Halldeiauelemente abgedeckt, da
sie eine einzigartige Kombination aus Flexibilitat, pvesster Herstellung und kompak-
ter Bauweise bieten. Seit Jahren werden halbleiterbadieéquellen und Strahlungs-
detektoren von Seiten der Industrie erfolgreich in der Malieearbeitung und Qualitat-
skontrolle eingesetZt[3]. Zudem profitieren auch wisskaftiche Anwendungen von
der hohen Durchstimmbarkeit und Ausgangsleistung von leligdp-Laserdioden sowie
von der Empfindlichkeit von Detektoren Uber einem breitezkalen Bereich zwischen
dem Ultravioletten (UV) und dem Infraroten (IR) [4].

Auch in unserem Alltag sind wir standig von halbleiterbasieTechnologie umgeben.
Diese ist zwar oft subtil integriert und daher auf den er&8ck kaum bemerkbar, sie
bildet jedoch meistens das Herzstlick der jeweiligen AnwegdProminentestes Beispiel
ist sicherlich der CD-Player, der die Vorgangertontragesjrestlos verdrangt hat. Zusat-
zlich ermoglichen kompakte Halbleiterlaser den Ubertrag informationen innerhalb
weniger Augenblicke Uber den gesamten Globus [5], LED-Bhisne hoher Brillianz
sorgen flr ein intensives und realitdtsnahes Kinoerldbhisnd kaum ein Photograph
verlasst sich nicht auf hoch-empfindliche Silizium-Detekh, die sogenannten charge-
coupled devices (CCDs)l[7], die in fast jeder modernen Kanrgegriert sind. Die En-
twicklung der CCD wurde im Jahre 2009 sogar mit dem Nobelpregigdigt [8].

Allerdings ist die Erfolgsgeschichte der Halbleiterteclmgie damit noch lange nicht
vorbei. Aufgrund des stets wachsenden Bedarfes nach esgagender Beleuchtung,
schneller optischer Telekommunikation oder vielseitiggserquellen flr das wachsende
Feld der Biophotonik sowie fiir die medizinische Anwendungenden weitere technol-
ogische Entwicklungen antizipiert und sogar geforderél&der Forschung sind u.A. die
Entwicklung kompakter, intensiver und verstimmbarer kd&edie NIR und UV Spek-
tralbereiche, effizienter LEDs fur die Abdeckung des gesansichtbaren Spektrums,
transparenter Optoelekronik und Lichtemitter auf der Nmeterskala. Zur Bewaltigung
dieser und vieler weiterer Herausforderungen sind mel8eheitte notwendig. Als er-
stes, bleibt das Verstandnis und die korrekte Beschreibungitegender physikalischer



Phanomene in Halbleitern fiir die Realisierung von optis@eaumelementen unerlasslich.
Weiterhin ist die Synthese und Charakterisierung neuarltgerialsysteme fir die an-
visierten Anwendungen von der zentralen Bedeutung. Sdiuie®erden auf dieser Ba-
sis die eigentlichen Halbleiterbauelemente entwickedt systematisch optimiert, um das
volle Potenzial der Technologie auszuschépfen sowie imddmentalen Grenzen zu er-
schliel3en.

In dieser Arbeit habe ich mich daher mit experimentellerd®&tiu aus drei Ubergeord-
neten Bereiche beschaftigt: (1) Untersuchung grundlegeplagsikalischer Vorgénge,
(2) Charakterisierung neuartiger Materialien und (3) Omtlomg von Halbleiterlasern.
Es versteht sich von selbst, dass nur Teile dieser umfarigreiwissenschaftlichen Gebi-
ete bearbeitet wurden. Fur die Bewaltigung der Fragestgiomurde in allen drei Fallen
die experimentelle Methode der Photolumineszenz (PLk®pskopie gewahl{[9]. Diese
Technik basiert auf der Detektion von Lichtemission ogtiangeregter Halbleiter. Die
angewandte Methode beinhaltet weiterhin spektral-,izkjtund orts-aufgeléste Unter-
suchungen und bietet somit einen flexiblen, vor allem abegrezerstérungsfreien Zu-
gang zu den optischen Eigenschaften verschiedener Mayestiame.

Die einzelnen Abschnitte der Arbeit sind wie folgt gegliegdén dem nachfolgenden
Kapitel2 werden die fiir die spatere Diskussion relevant&ERjenschaften von Halblei-
tern zusammengefasst. Der erste Teil behandelt intrimsiBcozesse in einem idealen di-
rekten Halbleiter inklusive einer kurzen Einfihrung in diggrundeliegende Theorie und
einer Ubersicht der Resultate eines reprasentativen PLrExpetes. In dem zweiten Teil
wird die Rolle von Gitterschwingungen, der Einfluss interelektrischer Felder und der
dielektrischen Umgebung sowie die Lumineszenz indirekalbleiter diskutiert. Das
Kapitel endet mit der Beschreibung extrinsischer PL Eigeafien wie Defekte und Un-
ordnung in realen Materialien.

Die experimentelle Durchfihrung spektroskopischer Untelhungen wird in dem Kapi-
telld dargestellt. Der experimentelle Aufbau fir zeitalfgee PL wird im Detail erk-
lart, wobei auf die Beschreibung des verwendeten Laseragstder Anordnung fur Fre-
guenzmischung und die Funktionsweise einer ultra-scm&chmierbildkamera beson-
deren Wert gelegt wird. AbschlieRend folgt die Darstellungerstiitzender Experimente
wie zeitintegrierte PL und lineare Absorption.

In dem Kapitel 4 wird die Wechselwirkung der Ladungstragaitden Gitterschwingun-
gen (Phononen) in CdS, CdSe, ZnS und ZnO Volumenmaterialauaet; welche fir das
Verstandnis der Ladungstragerdynamik sowie flir den Waansport relevant ist. Die
experimentellen Studien befassen sich mit den Vielterieffekten in phonon-unterstiitz-
ter Emission unter der Anwesenheit der Elektron-Elektronl@mb-Streuund [10]. Der
entsprechende theoretische Hintergrund wird in Detailapike[2 diskutiert. Die Unter-
suchungen widmen sich den Fragestellungen nach dem méglB&itrag von Elektron-



Loch Plasma zu der Licht-Materie Kopplung an den exzitdréscUbergéangen und dem
Einfluss der Coulomb-Korrelationen auf die Ladungstragesd®n Streuung. Der er-
ste Teil dieser Studien liefert einen klaren experimeatelNachweis fur die phonon-
assistierte Lumineszenz von Plasma, womit die theoreatissorhersagen [11] bestatigt
werden. Die exzitonische PL an den entsprechenden Phohergéihgen kann damit
nicht als Zeichen exzitonischer Besetzung verstanden wevetanit die traditionelle In-
terpretation der sogenannten Phonon-Seitenbanden ikotrugd erweitert wird. Ferner
wird es gezeigt, dass die relativen Beitrage der ExzitonehRiasma durch die Wahl
experimenteller Bedingungen deutlich beeinflusst werdedem zweiten Teil des Kapi-
tels wird der Einfluss der Coulomb-Wechselwirkung auf dierl&&der inelastischen
Streuung zwischen den Ladungstragern und Phononen ucitérsnd mit den Ergeb-
nissen der mikroskopischer Theofie[[11] verglichen. Im Rehrdieser Studien wird
gezeigt, dass die Frohlich-Kopplung im Falle von Exzitoneeffektiv wird und die
Deformationspotential-Streuung sogar in stark polareteki#ien wie ZnO dominieren
kann. Interessanterweise ist dies der Fall, obwohl in alletersuchten Systemen die
Wechselwirkung einzelner Ladungstrager mit den Phonooeshdlie Frohlich-Kopplung
bestimmt wird.

In dem Kapite[b werden zeitaufgeléste PL Experimente ararigen Materialsyste-
men, wie ZnO/(ZnMg)O Heterostrukturen, Ga(AsBi) Quanteméilund GaN Quanten-
drahte, diskutiert. Sowohl das ZnO/(ZnMg)O System als alienGaN-Quantendrahte
sind vielversprechende Kandidaten fur mogliche optotebsische Anwendungen im
UV Spektralbereichi[12, 13]. Auf der anderen Seite, werdeBithaltigen Halbleiter auf
der GaAs-Basis fur mogliche Anwendungen bei den sogenaiietekom-Wellenl&ngen
von 1.3um and 1.5%m im nah-IR Bereich vorgeschlagén[14]. Die Besonderheit des
Materialsystems ist die ungewohnlich starke Abhangigéteit Bandliicke von dem Bi-
Gehalt, etwa eine GroRenordnung héher als in den "Ublicteenaten Verbindungen [115].
Das Ziel der durchgefiihrten PL Studien an diesen Systenger der optischen Charak-
terisierung der Materialien und dem besseren Verstanadmisadungstragerdynamik fur
einen optimierten Design von Bauelementen.

Die Experimente zeigen deutlich, dass die Lokalisierung lvadungstragern die op-
tischen Eigenschaften von einzelnen (ZnMg)O Schichtematfr von ZnO Quantenfil-
men stark beeinflusst. Allerdings stellt sich die Relaxation Elektronen und L6ch-
ern aus den (ZnMg)O Barrieren in die ZnO Quantenfilme mit eBtezuzeit kleiner als
3 ps als extrem effizient heraus, trotz der potenziellen lisikkaung der Ladungstrager in
(ZnMQ)O. Dieses Ergebnis wird erzielt, indem flr eine diesReobachtung der Ladungs-
tragerpopulation der Aufbau der Abschirmung interner teiegher Felder in den Quan-
tenfilmen ausgenutzt wird. Zusétzlich geben temperaténadpigen PL Studien einen
starken Hinweis darauf, dass die strahlende Rekombinatiow@est bei den Gittertem-



peraturen kleiner als 150 K den Ladungstragerzerfall dearen kann. Insgesamt sind die
experimentellen Befunde fur eine mogliche Realisierung yairsohen Halbleiterbauele-
menten im UV Spektralbereich auf der ZnO/(ZnMg)O-Basiswaedprechend, obwohl es
sicherlich noch Raum fir die Verbesserung der Materialtitajibt und eine kontrollierte
p-Dotierung von ZnO realisiert werden muss. Einerseitdistschnelle Ladungstrager-
relaxation aus den Barrieren in die Quantenfilme zusammereimér potenziell ho-
hen Quanteneffizienz von einem grol3en Vorteil fir den Latedh, andererseits wr-
den LEDs mit einzelnen aktiven (ZnMg)O-Schichten von desdragstragerlokalisierung
stark profitieren. Fur die Zukunft sind Messungen der nicdfiren Absorption und der
optischer Verstarkung an ZnO/(ZnMg)O Strukturen geplsmiie die Entwicklung eines
optisch-gepumpten Halbleiterlasers auf der Basis von Zné@n@unfilmen.

In den zeitaufgeldsten Studien von Ga(AsBi), dargestetieim zweiten Teil des Kapi-
tels§, wird ein starker Einfluss der Unordnung auf die optscEigenschaften des Hal-
bleiters beobachtet. Sowohl die spektralen Antwort desehtesystems als auch die
Ladungstragerdynamik werden durch das charakteristidasammenspiel von Relaxa-
tions- und Rekombinationsprozessen bestimmt. Kinetischat®Carlo Simulationen
unterstitzen die experimentellen Beobachtungen: Fiur diaetgative Beschreibung der
Unordnung wird ein geeignetes Zwei-Skalen-Modell entwitkwvobei sowohl die ortli-
chen Fluktuationen der chemischen Zusammensetzung inBg(Als auch die Ent-
stehung von Bi-Clustern beachtet werden. Aus dem Vergleigeraxenteller Daten
mit den Ergebnissen der Simulationen lassen sich die Unoghparameter wie En-
ergieskalen und Streuraten bestimmen. Unter anderem wiedsehnelle Migration von
Ladungstragern innerhalb des fluktuierenden PotentialBaedlicke in dem Gegensatz
zu einer wesentlich langsameren Ladungstrager-Diffugigischen den einzelnen Bi-
Clustern identifiziert. Zusatzlich lauft der Einfang der uadstrager in die Bi-Cluster
auf der Zeitskala von 5ps ab. Insgesamt zeigen die ResukatBldUntersuchungen,
dass bei der Interpretation von optischen EigenschaftenGa(AsBi) der Einfluss der
Unordnung stets beachtet werden muss, zumindest bei detigdre&tand der Entwick-
lung dieser Strukturen. In der nahen Zukunft, abhangig verQptimierung der Wachs-
tumsparameter und der erfolgreichen Dotierung von Ga(AsBif das Materialsystem
sein Potential fur optische Anwendungen im nah-IR Spdbéralich unter Beweis stellen
mussen.

In dem dritten Teil des Kapitel$ 5, zeichnen sich in den PLédichungen deut-
liche Signaturen von den GaN Quantendrahten ab, die audgeimes hohen quanten-
mechanischen Einschluss-Effektes eindeutig identifizierden. Aus den Lumineszen-
zdaten wird somit der Durchmesser der Drahte von einigengearNanometern abge-
schatzt, welcher mit den Befunden der Transmissions-Ele&tr-Spektroskopie gut tiber-
einstimmt. AufRerdem wird in der PL der Quantendréhte keire@élir das Auftreten



interner elektrischer Felder entlang der Ausrichtung deihie gefunden, so dass die
Licht-Materie Kopplung von der Ladungstragertrennundihieeinflusst wird. Ein wei-
terer Vorteil des Materialsystems findet sich in der relatwhen Stabilitat der PL Inten-
sitat und der Ladungstragerlebensdauer mit steigendeert@inperatur. Da sich dieses
Material noch in dem Entwicklungsstadium befindet, sollegitére Studien optischer
und struktureller Eigenschaften folgen. Insgesamt bteithe GaN Quantendrahte ein
viel versprechendes System fir die Untersuchung quadirensionaler Strukturen und
bieten mannigfaltige Anwendungsmoglichkeiten vor demtétigrund der gereiften GaN-
Technologie.

In dem Kapitel6 wird ein oberflachen-emittierender Halieldaser (engl. VECSEL)
optimiert und charakterisiert, welcher auf der Basis ddslietden (Galn)As Materialsys-
tems fur die Anwendungen in dem nah-IR Spektralbereich iekeM wurde. Diese Art
von Lasern wird unter Verwendung einer externen Lasertéabietrieberi[16, 17] und
bietet somit eine optimale Kombination aus einer hohen Aoggleistung und einem
beugungs-limitierten Strahlprofil. Generell sind VECSEIluteeverfiigbar in einem brei-
ten Spektralbereich der Emissionswellenlange [18], weedéolgreich fur die Frequenz-
mischung und -stabilisierung eingeseizt[19, 20] und karengch im gepulsten Regime
mit Pulsdauern unter 500 fs betrieben werden [21]. Fur defR@il dieser Anwendungen
ist eine hohe Ausgangsleistung notwendig, welche typrsatise durch das Aufheizen
des Halbleiterchips begrenzt ist. In dem Rahmen dieser Avibmiden daher thermis-
che Eigenschaften eines VECSELs studiert und die Verteikowje die Abfuhr der
Hitze untersucht und optimiert. Durch die entsprechenabaéserung der Kiihlung wird
damit eine maximale Laserleistung von tber 70 W erreicht3&dem wird die laterale
Hitzeverteilung in dem VECSEL-Chip wahrend des Laserbetsemit Hilfe der orts-
aufgelosten PL Spektroskopie studiert. Die Messungereneigutlich, dass die Laser-
leistung durch den dreidimensionalen Warmefluss begreeiitbim Gegensatz zu der
haufigen Annahme eines eindimensionalen Warmetranspawésler Grundlage dieser
Untersuchungen sollen weiterfihrende, komplexere Kaeziép die Kiihlung des Halb-
leitermaterials entwickelt werden. Dennoch stellte sieh\dECSEL in der verwendeten
Konfiguration als auf3erst leistungsfahig und effizient agrdamit ist das Lasersystem
optimal geeignet sowohl fur die Hochleistungsanwenduradeauch fur die intrakavitare
Frequenzmischung.
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1 Introduction

Since the development of the first light-emitting diodes[isiEin the early 1960°s |1,12],
opto-electronic technology based on the semiconductirignmaés evolved rapidly in the
last half of the century. Today, barely all aspects of theegation, control, and detection
of light are potentially covered by the solid-state semégstor devices. The reason is
a uniqgue combination of flexibility, low-cost fabricatioas well as compact packaging
dimensions. In particular, scientific applications profdarh the large tunability of the
semiconductor diodes and lasers as well as from the hightisépsof the detectors in
a broad spectral range from the ultra-violett (UV) to theanfed (IR)[4]. In addition,
numerous industry branches successfully exploit soltesight-sources for material pro-
cessing, characterization, and quality testing [3]. Fyn#he semiconductor-based emit-
ters and detectors have already found their way into theydeagis life. In many cases, the
technology is subtly integrated and barely noticable, tyistaoften the heart of the respec-
tive applications. High-brilliance LEDs provide images fbe television projectors[6],
compact lasers ensure rapid optical communicatibn [5], almebst every photographer
relies on cameras with silicon-based detectors, the $eecaharge-coupled-devices or
CCDs[7], only to name a few. Notably, the invention of the llatt@s honored with the
Nobel Prize in Physics in 2009/[8].

Still, the journey is far from being over. The ever-incregsneed for energy-saving
lighting, faster optical communication, as well as for \atile optical sources in the grow-
ing field of the bio-physics anticipates and almost demauadkér technological advance.
The research is aimed towards compact and low-cost laséishwgh repetition rates in
the near-infra-red (NIR) spectral range, bright, more effitiLEDs over the complete
visible (VIS) spectrum, as well as strong and tunable lasergting in the ultra-violet
(UV) wavelength region. In addition, transparent optcetlenic devices as well as the
light-emitters on a scale as small as several nanometeegisoned.

To address these challenges, several steps are to be talstna Eetailed understand-
ing of the fundamental phenomena in semiconductors is redjdor a proper design of
optical devices. The second, equally important procedutied synthesis and the charac-
terization of novel material systems suited for the desigglications over a broad spec-
tral range. On this basis, semiconductor devices are fia\geloped and optimized to
expoit their respective potential as well as to identify &umydamental restrictions.



1 Introduction

The work discussed in this thesis is focused on the expetahstudies regarding these
three steps: (1) investigation of the fundamental effd@pcharacterization of new ma-
terial systems, and (3) optimization of the semiconducewiaks. It goes without saying
that only parts of the broad scientific fields are addresse@ll three cases, the experi-
mental technique of choice ghotoluminescence (PL) spectroscf@ly This method
is based on the detection of light emitted by the photo-egcihaterials. Considering
the possibility of spectrally-, temporally- and spatialsolved measurements, PL spec-
troscopy remains a flexible and, most-important, a nonrdetste probe for the optical
response of semiconductors.

The thesis is organized as follows. Chapter 2 gives a sumniahed’L properties of
semiconductors relevant for this work. The first sectiongledth the intrinsic processes
in an ideal direct band gap material, starting with a brighswary of the theoretical
background followed by the overview of a typical PL scenarin the second part of
the chapter, the role of the lattice-vibrations, the inéémlectric fields as well as the
influence of the band-structure and the dielectric enviremimare discussed. Finally,
extrinsic PL properties are presented in the third sectaousing on defects and disorder
in real materials.

In chaptel B, the experimental realization of the spectpiscstudies is discussed. The
time-resolved photoluminescence (TRPL) setup is preseftedsing on the applied ex-
citation source, non-linear frequency mixing, and the apen of the streak camera used
for the detection. In addition, linear spectroscopy setsgdntinous-wave (CW) PL and
absorption measurements is illustrated.

Chaptef ¥ aims at the study of the interactions between electind lattice-vibrations
in semiconductor crystals relevant for the proper dedonpdf carrier dynamics as well
as the heat-transfer processes. The presented discussins the experimental studies
of many-body effects in phonon-assisted emission of semdicctors due to the carrier-
carrier Coulomb-interaction[10, 11]. The correspondingottetical background is dis-
cussed in detail in chaptéar2. The investigations are fatosethe two main questions
regarding electron-hole plasma contributions to the phesssisted light-matter interac-
tion as well as the impact of Coulomb-correlations on theieaphonon scattering.

The experiments presented in chapter 5 deal with the cleaization of recently syn-
thesized material systems: ZnO/(ZnMg)O heterostruct@asdl quantum wires (QWires),
as well as (GaAs)Bi guantum wells (QWSs). The former two maledee designed for po-
tential electro-optical applications in the UV spectralga[12] 13]. TRPL spectroscopy
is applied to gain insight as well as a better understanditigeorespective carrier relax-
ation and recombination processes crucial for the deviezatipn. The latter material
system, Ga(AsBi), is a possible candidate for light-engttitevices in the NIR, at the
telecom wavelengths of 118n and 1.5%um [14]. The main hallmark of this semiconduc-



tor is the giant band gap reduction with Bi content[22], uralisdarge for more typical
compound materials[15]. The aim of the studies is the syatiermvestigation of carrier
dynamics influenced by disorder. The measurements are gedpuy kinetic Monte-
Carlo simulationg[23], providing a quantitative analydisarrier localization effects.

In chaptef 6, optimization and characterization studiesesfiiconductor lasers, based
on the well-studied (Galn)As material system designed ftiR Bpplications, are per-
formed. The device under investigation is the so-calledical-external-cavity surface-
emitting laseVECSEL) [16/17]. This laser perfectly combines the excgleeam qual-
ity of surface emitters and the high output power of semicatal edge-emitting diode-
lasers. VECSELSs are available in a broad spectral rangedffé}, efficient intra-cavity
frequency mixing[[19] combined with frequency stabilipatj20], and are able to oper-
ate in a pulsed regime, emitting ultra-short sub-500 fsgai81]. For the majority of the
applications high output power of the device remains ctuclde performance of the
laser, however, is typically limited by the heating of theide during the operation. The
experiments focus on the study of the thermal propertieshoglapower VECSEL. The
distribution and removal of the excess heat as well as then@attion of the laser for in-
creased performance are adressed applying differenspea&ding and heat-transfer ap-
proaches. Based on these investigations, the possibilipoier-scaling is evaluated and
the underlying restrictions are analyzed. The latter itigatons are performed applying
spatially-resolved PL spectroscopy. An experimentalsetalesigned for monitoring the
spatial distribution of heat in the semiconductor strueturing laser operation.

A brief summary of the experimental findings and the resgltonclusions are given
in the chaptdrl7 in the end of the thesis.






2 Photoluminescence spectroscopy

This chapter presents a summary of the PL properties of smicctors, relevant for this
thesis. A simplified picture of the PL process is given in Bid. prior to a more detailed
discussion. A basic description is also found in standaxttieoks on semiconductor
optics, e.g., in Ref(]9]. The band structure of a semicorwtuict the vicinity of the
band gap is represented by two parabolic bands in the reapspace. In a typical PL
experiment, the semiconductor is excited by a light-sotine¢ provides photons with
an energy larger than the energy of the band gap. The incophiotpns are absorbed,
creating electrons and holes with finite momektia the conduction and valence bands,
respectively. The excitation process is then followed bgrgy and momentum relaxation
of the charge-carriers towards the band gap minimum. Kinidlé electrons recombine
with holes under emission of photons. The latter procesalis&luminescence or more
specifically - PL when the carriers are created by photoé&rcia
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Figure 2.1: Schematic illustration of PL in a semiconductor

Despite the fact that PL is easily observed in most semicciodunaterials, a proper
theoretical description is generally a challenging tadke#@dy an ideal, defect-free semi-
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conductor is a complex many-body system of interacting gdraarriers, lattice vibra-
tions, i.e., phonons, as well as photons, when light-mateipling is considered. The
PL properties are also extremely sensitive to the preseiniogeonal electric fields and to
the specifics of the dielectric environment which imposeth&r complexity. In addition,

real material systems incorporate defects in the lattinectre and chemical composi-
tion as well as spatial fluctuations of material parametegs, disorder. The treatment
of both defects and disorder is extremely challenging forie@@scopic theory. In most
cases, the main issue is the lack of detailed knowledgedegathe perturbations of an
ideal crystal structure. Thus, the influence of the extdresfects on the PL is usually
addressed phenomenologically.

For all these reasons, it is useful to start with the dedonpaf the most fundamental
PL properties in an ideal system. The first section thus deigitsthe intrinsic processes
regarding photoexcitation and luminescence in direct lgaplmaterials. It starts with a
brief summary of the theoretical background, focused orirthieence of the Coulomb-
interaction. The latter is inevitable for a proper treattr@frthe many-particle system of
an excited semiconductor. Then, an overview of the completgcenario is given using a
guasi-two-dimensional structure as an exemplary systeennfluence of dimensionality
is covered in the end of the section. Here, the illustratibthe relevant phenomena is
based on the results of the microscopic theory, yet the gsson is kept on a phenomeno-
logical level for a better legibility and brevity. In the sew part of the chapter, the role
of phonons, internal electric fields, as well as the influesicéhe band-structure and di-
electric environment are discussed. Finally, extrinsicgPhperties are presented in the
third section, focusing on defects and disorder in real rmalte

2.1 Intrinsic photoluminescence properties of direct-gap

semiconductors

2.1.1 Microscopic theory of luminescence
System Hamiltonian

This subsection presents a brief introduction to the themeapproach for the micro-
scopic description of the PL in an ideal, direct semiconduch detailed derivation and
a complete explanation of the involved calculations areébim Refs.[[10] 24, 25, 26]. In
the overall discussion, the reader is further referred ¢ostlandard text-books, like[27,
(28], for the general properties of semiconductors as welh@fundamentals of quantum-
mechanics.

The interacting many body-system of a defect-free semigciad crystal coupled to a
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light-field is represented by the following Hamilton-oprmain the second quantization
formalism:

H = Hel+ Hvib + Hem+ Hel—el + Hel—vib + Hel—em (2.1)

The first three terms describe single-particle contrilmgiofree electronsHg)), lattice
vibrations Hyip), and photons, i.e., quantized electro-magnetic fieldf. The last
three terms contain the interactions: electron-electeattsring via Coulomb-interaction
(Hel—e1), coupling between electrons and lattice vibratiohlg (yip), as well as light-
matter interactionHe_em). The HamiltonianHg of the non-interacting part accounts
for the free charge-carriers:

Hel = z aAkaIkaAk. (2.2)
AK

Here,al anda, are the fermionic creation and annihilation operatorspeesvely, for
both electrons and holes. The particle quasi-momeritisrmerged with the spin quan-
tum numbetro to k = {k,o}. The indexA denotes individual band or subband index and
can be further simplified td =c or A =v in a two-band approxiamtion, when conduction
(c) or valence bands (v) are considered. The energy of thieleastate corresponding to
k is given byey. This quantity summarizes the influence of the band-straadbtained
by, e.g. k-p multi-band calculations.

The quantized lattice-vibrations field in harmonic appnoiion is described by the
second Hamiltonian:

1
Huib = 5 7Qp (DgDp + E) : (2.3)
p

with the bosonic phonon-creation and -annihilation opnsaﬂ);r, and Dy, respectively.
Again, the quasi-momenturmp and number of the phonon branahare merged tp =
{p,a}. hQp denotes the phonon energy according to the dispersiotierelaf the corre-
sponding branch.

The electro-magnetic (EM) field is included in the last opa@raf the non-interacting
part, Hem. Here, it is important to stress that only fully quantizediagion field should
be used for the description of the PL. The reason for thatvisrgin the following brief
discussion. It requires, however, some anticipation oftiie®retical results. When co-
herent phenomena like linear reflection or transmissiorcansidered, it is sufficient to
treat light in the classical picture, i.e., as an EM wave. ¢ding to Maxwell’s equa-
tions, the EM field couples to the polarization in the materi@n the other hand, the
coherent polarization is usually zero in a typical PL expemt under pulsed excitation
conditions, and only an incoherent population of electienms holes is present in the sys-
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tem. The latter, however, does not couple directly to ctaddields and thus can not act
as a source of incoherent spontaneous emission, i.e., thEnetefore, the radiation field
has to be treated fully quantum-mechanically with photaguasi-particles. In this case,
the corresponding Hamiltonian obtains the following foanalogous to the description
of phonons:

1
Hem= %hwq (Ban+§>. (2.4)

The bosonic operath.‘?r andBy create and annihilate photons, respectively- {q, 1t}
summarizes the wavenumizeand polarizatiortof a photon. The well-known dispersion
relation determines the photon energy= cq, with ¢ denoting the speed of light.

The first Hamiltonian of the interacting part describes thael@mb-scattering between
the charge-carriers:

t 4T
Hel—el = z Vak a)\ka)\/k/a)\’k’—l—Aka)\k—Ak' (25)
AN Kk’ Ak

Here, the particles in the initial staté¢s, k — Ak} and{\’ k' + Ak} scatter to the final
states{\,k} and{\’,k’} under the transfer of momentufsk. The strength of the inter-
action is given by the Coulomb matrix-elemafg which is proportional taAk —2 and
independent of the band-indicksand\'.

The second operatdfe i, accounts for the electron-phonon coupling:

Helvib = g 1 Gp 2Ly p2i (D,p n DE) . (2.6)
p

An electron or a hole is scattered between the stgtek} and{A,k — p} under the
emission DE) or absorptionD_,) of a phonon. The momentumis transferred from
the electronic system to the phonon bath during this prodeQs is the phonon energy
andg,, denotes the electron-phonon interaction strength. Theeinfle ol andp ong,,
varies strongly for different coupling mechanisms; theelaare discussed in section2]2.1
in more detail.

Finally, the light-matter interaction is described by:
q

An electron and a hole are created or annihilated under emiss absorption of a
photon. The momenturg is transferred between the EM field and the electron-hole
system. In most cases, is extremely small compared to the quasi-imputsef the
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charge-carriers. The strength of the light-matter cogpirdefined byrq which depends
on the dipole-mediated overlap of the electron and hole fuaetions. H.C. denotes the
Hermitian-conjugated part of the operator.

Equations of motion approach

In general, the physically meaningful properties of theteyysare always traced down
to the expectation valug®) of the quantum-mechanical operat@s The latter can be
classified as N-particle operatd®sy;, according to:

on=8B!...Bl,al...al,ay,...a;Bys. . By, (2.8)
with
N = N1+ N2 + N3, (2.9)

as well as the bosonic and the fermionic operaB:}Lranda}r, respectively. Thus, from a
purely formal point of view, a single bosonic operator argbad pair of fermionic oper-
ators are both considered single-particle quantities.eMpectation value of an arbitrary
operatorOy is obtained by calculating the tra¢®y) = Tr[On p], wherep is the statis-
tical operator of the system. The dynamicsQy are derived applying the Heisenberg
equation of motion:

ih%ON = [On, H]. (2.10)
However, since the system Hamiltonian is not only compodesingle-particle but also
of two-partilce operators, the expectation va{@g) couples to the expectation values of
N- and (N+1)-particle operators:

i% (On) = T[(N)] +V[(N+1)]. (2.11)

Here, the functionals T and V mainly result from the non4iatéing and interacting parts
of the HamiltoniarH, respectively. This coupling leads to an infinite hierarofigqua-
tions with all possible combinations and orders of opegtdihus, a consistent approx-
imation must be applied to obtain a closed equations setthf®purpose, a systematic
truncation scheme within the so-called cluster expangppmaach is used[29].
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Cluster expansion

The method of cluster expansion is based on consistentrization of an N-particle
quantity (N) into products of: (i) independent single-particle operator singlets(1),
(i) purely correlated pairs or doublefs(2), as well as (iii) three- (triplets) and up to
N-particle clusterd\ (N):

(N) =(N)g+(N=2)A(2) +(N=3) (1)A(2) +---+A(N). (2.12)

As an example, a three-particle expectation value is deosetp according to this
scheme into:

(3) = (B)st+(B)p+(3)r (2.13)
with the singlet part3) 5 as products of singlets

Bs=> (H(1)(D), (2.14)

the doublet containing pa(R)g as products of singlets and doublets

Bp=3 WA, (2.15)

and the triplet contribution with pure three-particle edations:

(Bp=YA(3). (2.16)

Every part incorporates all possible permutations of therajors up to the corresponding
order as well as sign changes. This factorization schemeatiows a consistent trunca-
tion up to an arbitrary cluster-order N, when the pure catrehsA (N + 1) are neglected.
In the example shown above, a three-particle expectatitueyapproximated up to the
second order, yields:

B~ @B)st+@p= MDD+ (HA(2). (2.17)

The truncation of the factorized operators is applied tdiikearchy of Heisenberg equa-
tions of motion, see eq._(2.110) and (2.11). Again, as an el@mpinglet-doublet approx-
imation leads to the following set of equations for an adbitrsingle-particle expectation
value(O1):

10
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12 (0n) = (1] +Val (205 +Va[A (2) (218)
128 (2) = TiA (2] Vol ~ BB @] Vo[B8, (219)

whereTy » andV; » are known functionals. Together with the Heisenberg equatior the
additional operators included i), (2)s, (3)sand(3)p, truncated in the same manner,
the set of the equations is closed.

Semiconductor luminescence equations

In general, the response of a semiconductor to a radiatithisisubdivided into coher-
ent and incoherent parts. As briefly mentioned in secfionI2.dnly coherent contri-
butions are described by the classical EM fields. In that,cserelevant observables
are the expectation valueéa> and(Bg), related to the amplitudes of the EM waves. In
analogy to Maxwell’'s equations these quantities are caljgehe microscopic electron-
hole polarizationgk = (a;rkavk> in a semiconductor. However, in a typical PL scenario,
the polarizations have already decayed, yieldipg (Ba) =(Bq) =0, see[ 2.1]2. In this
regime, the radiation from the semiconductor, i.e., thei®purely incoherent. It is given
by the expectation value of the photon occupation numbédrinvihe cluster expansion
formalism:

(BIBy) = (B{By)s+A(BIB,) = A(B]B,). (2.20)

The singlet par(Ba Bg)s contains only single-particle expectation values anduis #ero.

In the majority of cases, the relevant observable is thengitg of the PL as function of
the photon energgog. By the definition, this quantity corresponds to the tempohnainge

of the photon population:

() = DA (BLBy). (2.21)

In the following, a planar QW structure is considered to kdepresults consistent with
the later discussion in sectibn 2.1.2. The most importaptigation of a two-dimensional
system is the absence of translation symmetry irzdtiieection, perpendicular to the plane
of the structure. In this case, momentum conservation ddesot apply with regard to
the z-component and it thus proves convenient to separate thempiheomentum in the
perpendicular part; and the in-plane momentumm The absolute momentum value is
denoted byg. The evaluation of the corresponding Heisenberg equatbmsotion in

11
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second-order cluster expansion then leads to the follog@@f equations:

aA(BT By,q) =

T
ot " \PazaPaza — ;) A(Bg, ¢ By )

(0
1
;LZMN G.aBkuk—q) T P DB gy g, (2:22)
0 i

'h§A<BEZ,qa$,quac,k> =[&x(q) — ﬁ(*)q]MBana\t,quac,O

—[1- f|?— fl?,q] Qstim(K, 0z, q)
igg[FERR g + ZA<aI,.+qa$,kqac,kav,l>1

0
+'haA<Baz,qa$,k—qac,k>’scatt, (2.23)
0. 9
E ZRG{% Bl.q2 —k—qBok)] T fk\SBE, (2.24)
QZq
6 J ..
E T Z Re7q(Bd, 08, k8ckiq)+ 5t kIsBE (2.25)
qZ7q

In the first equation the photon populatiAmB$z7qu,z7q> couples to the photon-assisted
poIarizationA(Baz,qa\‘;k_qacvk> via light-matter interaction matrix-elemegng. Hence, the
changes in the photon occupation number originate fromriteg-band transitions of the
charge-carriers. The dynamics of the photo-assistedipataon are determined by the
second equation. Here, the first term includes band-steicamormalization effects due
to the Coulomb-interaction as well as the excitonic coriehst. The renormalized kinetic
energy is given by

&(q) = & +£E7q - ka—l [F5+ 124 (2.26)

The second term resembles the generalized Rabi-frequertbg Bemiconductor Bloch
Equations (SBE). It includes the phase-space filling fadter f, — fli‘_q] and is a source
for the stimulated emission:

QStIm k qZ7 —I zj:q qu q q + ka |A an|aC| q> (227)
Usually, the stimulated contributions are negligible urtgtpical experimental conditions

in the weak coupling regime, i.e., when no cavity is appli@tle sources of the photo-
assisted polarization and thus of the PL are given by thd teim. The singlet contri-

12
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butionsfZf , account for the recombination of uncorrelated electromstantes, i.e. an
electron-hole plasma. The purely correlated gaﬂ&(a;rjwqa&k_qagkam is the excitonic
source for the spontaneous emission. The last term in thE@) includes scattering
effects. These are the Coulomb-scattering which can be siwder as a phenomeno-
logical damping, as well as the coupling to the correlatibesveen the photons and
phonons. The latter give rise to the phonon-assisted amnisdiscussed in section2.P.1
in more detail. The last two Eq§.(2]124) ahd (2.25) desctieedynamics of the electron
and hole populations, respectively. Changes in the ocaupatimber due to the emission
of photons are determined by the first term. The second gpﬁni‘sBE summarizes the dy-
namics given by the SBE. These include Coulomb-renormabzaphase-space filling,
generalized Rabi frequency as well as the Coulomb- and phsoattering. The latter
are responsible for the thermalization of the carrier ttistrons as well as relaxation and
cooling processes. The complete equations[set](2.22H)(&2alledSemiconductor
Luminescence Equations (SLE)

Analytic solution

For a wide array of experimentally relevant situationssisufficient to calculate the
steady-state PL at a constant time interval after the dianitaln this case, the popula-
tions of free carrierg¢ andf), as well as the excitonic correlatioﬁ$al|+qa:2k_qacvkav7,)

are taken as constant. Further approximations are intemtlimcthe regime of low densi-
ties and negligible broadening: (i) the Coulomb-scattetiigets are reduced to a phe-
nomenological dephasing rage(ii) the homogeneous broadening is assumed to be small
in comparison to the exciton binding energy. For these aptans, the SLE are solved
analyticaly and yield a simple expression for the PL intgmnsi

2 ANZY(q) + NE(q)
Ex — hoyg — iy

29
lpu(0g) = —Im |y |R(r =0 (2.28)
A

Here, the PL signal is proportional to the light-matter dtng)fqz. The absolute energy
level of the excitonic statk is given by E; (pf is the corresponding wavefunction in real-
space coordinates, a right-handed eigenfunction of tthaequation.cd; converges
to the initial excitonic eigenfunctiop, in case of the vanishing carrier densities. The
denominator [, — iy — iy] determines the spectral position as well as the shape of the
PL. In general, the emission spectrum is a series of lor@mghaped PL peaks at the
excitonic resonances)Ebroadened according {0 Also, due to a stronger coupling to
the light-field, the PL from the excitonic ground state= 1sis significantly higher than
the signal from the excited states and the continuum ennissio

The sources of the PL are given by the enumer@f*i(q) +Nh(q)]. Here ANSY(q)

13
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Figure 2.2: Calculated PL spectra in the absence of the excifmpulation (a) and for
the case, when 10 % of the electrons and holes form excitpnsi(be PL
results are taken fron [26, B0]. The corresponding lineaogition spectrum
is shown in (c).

denotes the contribution of the excitonic population ingtegeA with the center-of-mass
momentuny. The second contributideh(q) comes from the electron-hole plasma, i.e.,
the unbound charge-carriers:

NER(q) = Z(p';(k)zf&qe AR (2.29)

with getgn=q andq)x as the excitonic left-handed eigenfunction in momentunctspa
Hence, as soon as an electron-hole populatitmﬁefi‘_qh are present in the system,
spontaneous emission at the excitonic resonaBgés observed.

At the first glance, this result might appear counteringaitiln a simple one-particle
picture one would expect only the emission from the plasmaicoum to determine
the PL spectrum in the absence of excitons. However, we dhadp in mind that the
single-particle states do not represent the real eigesstdtthe interacting many-body
system. When the Coulomb-coupling is present, every wavetimof a single particle
contains contributions from the Coulomb-correlated maastiple states, e.g. excitons.
Moreover, the light-matter interaction strength is ordefrsnagnitude higher for the ex-
citonic transitions compared to the band-to-band recoatlain in the continuum. Thus,
the "excitonic" part of the single-particle wave-functiomegs a major contribution to the
spontaneous emission. An alternative picture would be tlasigjnstantaneous Coulomb-
scattering of electrons and holes to the excitonic staties fur radiative recombination.
The excess energy is then distributed among the remainimgpisa leading to a small
temperature increase of the whole system.

Exemplary PL spectra, calculated using the expressioB)2a2e plotted in Fid. 212 (a)
and (b). A corresponding absorption spectrum in the vigioftthe band gap is shown
schematically in Fid. 2]2 (c). The latter is strongly inflaed by Coulomb-effects. The

14
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dominant signature is the Lorentzian peakEad corresponding to the ground state of
the exciton. It is accompanied by a series of transitionmftogher excitonic states
with A=2s, 3s, ..., which merge into the ionization continuuni@t The absorption
spectrum due to the non-interacting free carriers is shoyvithe dotted line for com-
parison. It is significantly lower than the Coulomb-enhancedtributions. Fid.2]2 (a)
shows the sample emission when only plasma and no excitenzesent in the system,
i.e.,AN9q) =0 for allA andqg. Nevertheless, the PL emerges from the 1s-exciton peak
according to[(2.28). The luminescence from higher excitdrainsitions as well as from
the plasma continuum is much less pronounced. Furthermiamy 10 % of the charge-
carriers are bound to excitons, the 1s-emission increasssichlly in comparison to the
continuum-PL, see Fif. 2.2 (b). Again, the reason is the @alhe strong light-matter
coupling for spatially correlated electrons and holes fagran exciton. Thus, regardless
of the actual population of excitons, the excitonic res@earare always present in the PL
spectra due to the Coulomb-interaction.

2.1.2 Photoluminescence of an ideal quantum-well structur e

In this subsection, an ideal, defect-free semiconductstesy is used for the illustration
of the fundamental processes, involved in a typical PL arpant. Following the brief
introduction in the beginning of the chapiér 2, the processe subdivided into three
regimes, regarding photoexcitation, relaxation, andmégoation of the charge-carriers.
The discussion is based on the results and predictions girthaously outlined micro-
scopic theony(2.111), as well as on the Reéfs.[9, 31].

Photoexcitation

An exemplary QW band structure is shown on the left-hand aidlee Fig[Z2.B Eparr and
Eqw denote the band gaps of the barrier and the QW, respectiVélg. single-particle
levels of the electronse(, &) and holeslf;, hy) confined in the QW are shown with their
corresponding wavefunctions. A schematic linear absompspectrum of the structure
is plotted on the right-hand side of the Hig.l2.3. The spectshows the excitonic reso-
nances of the firstegh;) and the second QW subbandsli), as well as the absorption
from the corresponding continuum states and from the barrie

In a time-resolved PL experiment, the QW structure is egdig a short laser pulse,
with the typical temporal width in the range of 100fs. Conting-wave PL is briefly
discussed in the end of the section. In general, three diftezxcitation conditions are
distinguished: resonant, quasi-resonant, and non-resoi@r the resonant excitation,
the central energy of the laser puBg corresponds to the excitonic ground-state of the
QW, i.e., e hy transition. In this case, only a negligible amount of theesscenergy
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Figure 2.3: A schematic band alignment with the singleipl@renergy levels of an ex-
emplary QW structure are shown on the left-hand side. Theesponding
linear absorption spectrum is illustrated in the right fegurhe three different
excitation regimes are marked by the arrows.

aboveEg p, is transferred to the carrier system. Thus, the kineticgiasof the electrons
and holes are rather small, and the carrier temperaturemmamthe range of the lattice
temperature. Also, during the decay of the laser-inducéalization, coherent processes
contribute to the spontaneous emission of the QW [25]. Inteahg excitons are created
directly after the polarization decay.

Under the quasi-resonant conditions, the energy of the |[agee is higher than the
QW ground state, but still below the barrier absorption edgere, as an example, the
continuum of the first subband is excited. In comparison &rdsonant excitation, the
decay of the polarization is extremely fast, in the rangeevesgal tens of fs. Thus, any
coherent contributions to the QW emission are negligiblésoAdue to a finite excess
energy(Ep — Eq;n, ), the initial temperature of the carrier system is signiftbahigher
than the lattice temperature. Finally, only the electrofetplasma is initially created. It
is then followed by the formation of excitons.

In case of the non-resonant excitation, the structure igegkato the barrier, i.e., the
energy of the laser pulse is higher thag,,. Thus, in contrast to the quasi-resonant con-
ditions, the initial carrier distribution in the QW strogyglepends on the carrier scattering
between the barrier and the QW. On the other hand, a fastipatian decay, as well
as comparably slow exciton formation and high carrier tenapees resemble the quasi-
resonant scenario. For these reasons, the term "non-rdé$@aiften used for both quasi-
and non-resonant excitation. Also, these conditions aenafpplied in the experiments,
rather than the resonant excitation. In the latter cased#tection of the PL is more
challenging due to the contributions from the laser stiglgtland the resonant Rayleigh-
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scattering. Hence, quasi-resonant excitation is assuoneild following discussion in the
rest of this section. Being a typical experimental scenguasi-resonant conditions also
allow for an easier illustration of the fundamental reléxa&and recombination processes.

Relaxation

Figurd2.4 (a) illustrates the temporal evolution of theapiakation and carrier densities
after the excitation of the QW with a short laser pulse in tleeteon-hole continuum.
Initially, the laser light induces coherent polarizationthe sample, i.e., in a simple pic-
ture, transitions between electron and hole states aseglaith the laser frequency and
a fixed phase. Due to the ultra-fast Coulomb- as well as phasoattering the polar-
ization decays fast, typically on a sub-100 fs time-sc¢&?% [3\ccording to the SBE, the
dephasing of the polarization leads to creation of elecrahhole populations in the con-
duction and valence bands, respectively. The lifetime efdhrrier population is rather
long, limited by radiative and non-radiative, i.e., Augecombination. During this life-
time, a fraction of electrons and holes form excitons. Thengtion rate depends on the
experimental conditions such as lattice temperaturetaan density, as well as on the
general material parameters, e.g., the strength of the @duiloteraction. The character-
istic time-scales are in the range of 100°s of ps in GaAs [Bd]appear to be much shorter
in wide-gap semiconductors [34]. However, this topic i stider discussion, mainly due
to the challenges in finding direct experimental evidencelfe exciton formation.

The thermalization of the carrier system is schematicatigws in Fig[2.4 (b)-(f).
Here, the occupation probability of the single-particktas is plotted as function of mo-
mentum. Direct after the excitation and the quasi-instaaas decay of the polarization,
the carrier distribution is mainly determined by the spaatridth of the laser pulse. The
distribution is thus highly non-thermal and resembles & eaction, centered at a finite
momentumko. In the first 100°s of fs, the carriers are scattered by phenas well as
among each other via Coulomb-interaction. The latter besoespecially important at
elevated carrier densities, often encountered in timelved PL experiments due to the
comparably high pulse energies of the excitation sourcé® Chrrier system thus ther-
malizes to the Fermi-Dirac distribution within the first g3nally, the carrier system cools
down under the emission of phonons.

A typical evolution of the carrier temperature is illusadtin Fig[2.4 (g). After the
thermalization the initial temperature of the carrier wlgition Ti,it roughly corresponds
to the excess energy, divided by the Boltzmann condtgntin the first couple of pi-
coseconds the carrier temperature decreases fast viai@me$soptical phonons. The
cooling is especially efficient, since the energy of optigabnons is comparably high,
e.g., 36 meV kg - 420K in GaAs[[36]. In addition, the optical phonon dispenrsis flat
to a large extent, allowing for a wide range of scatteringcpeses under energy and mo-
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Figure 2.4: Schematic illustration of the relaxation pasms after photoexcitation.
(a) Temporal evolution of laser-induced polarization,riesirpopulation, as
well as exciton formation. (b)-(f) Occupation probability the electronic
single-particle states as function of momentum at varione-elays after the
excitation. (g) Temperature of the carrier system as fonctif time for low
and high excitation powd®yc All figures are based on theoretical and exper-
imental findingsl[24] 26, 29, 31, B5]. The quantitative imhation regarding
time after the excitation provides an exemplary illustratof the typical time-
scales.

mentum conservation. However, as soon as the carrier tetperdecreases below the
value corresponding to the optical phonon energy, the egdly the emission of optical
phonons becomes inefficient. In this regime, acoustic phemmminate the relaxation.
Due the small phonon energies, as well as the dispersiorof#c phonons, the energy
loss rate is significantly smaller in comparison to the aaplby optical phonons. Thus,
the temperature decrease is rather slow beyond the first.1 general, several 100°s
of ps and even ns can be necessary to reach the lattice taommedig;, especially when
the latter is low, in the range of several Kelin[85] 37]. Adévated excitation densities,
the carrier cooling is further inhibited by the so-calleot-phonon effed88]. The re-
laxation of a large number of photoexcited hot carriers $e¢ada high generation rate of
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optical phonons, exceeding the anharmonic decay rate aaoséic phonons. This cre-
ates a non-equilibrium "over-population” of optical phosa@md thus causes an increased
reabsorption of the latter by the charge-carriers. As altighe cooling is significantly
suppressed. Therefore, the temperature of the carriegraysibtained at a fixed time-
delay after the excitation, increases with the pump pdRgy

Radiative recombination

(@) 0 ps (b) 0.5 ps (c) >4 ps

=== Full microscopic
calculation
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Figure 2.5: Calculated PL spectra of a QW at Ops (a), 0.5 psafij,> 4 ps (c) after
the pulsed, quasi-resonant excitation [24]. Corresponsiyggtra, calculated
without Coulomb-interaction, are plotted by the dotteddifier comparison.

Calculated PL spectra[24] of an ideal QW structure are showiig.[Z.5. The lattice
temperature is set to 4 K and the final carrier density to 108°cm 2. Directly after the
excitation, the emission is broadened significantly, yiétcgntered in the vicinity of the
excitonic 1s-resonance. As the carrier distribution treizes and cools, the width of the
PL peak decreases and the emission energy shifts to matghotined state of the exciton.
After a couple of ps, the PL spectrum converges to the stetatg-shape, characterized
by the Elliott formuldZ.2B. For comparison, the calculati@sults omitting Coulomb-
interaction are shown by the dotted lines in Eigl 2.5. In taise, the shape as well as the
spectral position of the PL are defined by the distributioreletctrons and holes in the
corresponding bands, as it is expected for the singlegbadpproximation.

To illustrate the influence of the excitation power and ¢&ttiemperature, experimental
PL results from high-quality (Galn)As QWs are shown in Ei§l s already discussed,
the QW emission is dominated by the excitonic ground stagegihbhy, at low excitation
densities. For high excitation densities, additional gdfadim higher subband transitions
e1lh1 andexhhy appear in the spectra due to the state-filling as well as Iplesseating
effects. Also, the width of the main PL peak increases sicgnifily with rising excitation
power, see the inset of F[g. 2.6 (a). The reason is the seetalcitation-induced dephas-
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Figure 2.6: (a) PL spectra of a (Galn)As QW sample at T =10 Kaatous excitation
densities, normalized tog 2- 102 cm~—2 photons per pulse. (b) Temper-
ature dependent (Galn)As QW emission for the excitatiorsitieof about
30y [40]. The excitonic resonances are marked by the dotted.linehe
FWHMSs corresponding to the ground-state transitions arégalan the insets.

ing [39]: at higher carrier densities, the Coulomb-scattghietween the carriers becomes
faster, thus leading to an increase of the homogeneousitittewn addition to broaden-
ing, the maximum of the main PL transition exhibits a smaiftsh energy, as the pump
density increases, due to the Coulomb-renormalization aAadesfilling [10].

Temperature-dependent PL spectra of a (Galn)As QW aresplottFig[2.6 (b). Due to
the lower In content in this sample, the emission maximuntightly higher in compari-
son to the sample from Fig. 2.6 (a). Otherwise, the overallityjuas well as the structural
and optical properties of the samples are nearly identidalow temperatures, the PL
spectra of the QW show the resonances from the firgthg@ and the second subband
(e2hhyp), the latter due to the comparably high excitation densitglmut 30 3. As the
temperature increases, the relative intensity of the sksabhband rises, according to the
change in thermal distribution of carriers between the anbdb. The full-width-at-half-
maximum (FWHM) of the main peak also increases due to theasang phonon popula-
tion and therefore more efficient carrier-phonon scattgaihhigher lattice temperatures.
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2.1 Intrinsic photoluminescence properties of direct-gamiconductors
The corresponding phenomenological expression for the FWH$/41]:

M(T)=To+TacT + _thL;o . (2.30)
efkel —1
Here, o denotes the temperature-independent line-width due t@xb#ation-induced
dephasing, impurity scattering and disorder-relateddeoang.l ac andl" o account for
the coupling strength of carriers to acoustic and LO phon@spectively. T is the lattice
temperatureks - the Boltzmann constant, ado, o - the LO phonon energy. According
to this formula, the FWHM increases linearly with temperatdue to the scattering of
carriers with acoustic phonons. The scattering with oppbanons, on the other hand, is
responsible for the non-linear increase of the FWHM, cowadmng to the Bose-function
in the last term in Eq[{2.30). In addition, an increase of ldtéce temperature also
leads to a shift of the PL maximum to lower energies. The sarephission follows
the temperature-dependent shift of the material band-gaptal the anharmonicity of
the potential between the lattice iohsl[42]. The tempeeatiependence of the band-gap
energy f is often described by the semi-phenomenological Varshmdiba [43]:

aT?
T+B

Eg(T) =Eo— (2.31)
Here, b is the band-gap energy at zero temperatarand3 are material constants. The
latter roughly corresponds to the Debey-tempera@%@.

After discussing the spectral features of the QW PL, the $asuaid on the tempo-
ral dependence of the spontaneous emission. As alreadyomedtn previous sections,
excitons and electron-hole plasma act both as sourcesfunéscence and are nearly
indistinguishable in the spectral lineshape. Howevey tehave differently with respect
to the emission dynamics. Fig. 2.7 shows the charactefdtitransients corresponding
to the radiative recombination of excitons and plasma. Reruncorrelated electrons
and holes, the probability of spontaneous emissigns approximately proportional to
the product of electron and hole populations,p, see Eql(Z.29). This relation holds
up to high excitation densities, near the lasing thresheltere this simple dependence
fails [44]. Furthermore, the photoexcited electron ancehmdpulations are equal in the
ideal case of an undoped semiconductor, or, when the araitdénsity exceeds the dop-
ing concentration. Since the radiative recombination & dhly source for the carrier
decay, the time-dependent electron populati@n obeys the following equation:

At) O n?(t) (2.32)
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Figure 2.7: Characteristic transient PL from pure excitg@pulation and electron-hole
plasma after a pulsed excitation at t=0.

with the solution

1
n(t) = T (2.33)
o
leading to
1 1 ?
len®) 0 — [ ———— ] . 2.34
e (ghz) o

Here,ng denotes the initial electron population angis the average recombination prob-
ability. The latter is approximately defined by the Fermiaddgn rule, i.e., the dipole-
overlap of the electron and hole wavefunctions. Accordmthe expressiofl (2.84), the
PL from the electron-hole plasma exhibits hyperbolic bétragee Fig. 2J7.

In contrast to plasma, the decay of excitonic PL is singlgeeential, since the prob-
ability of the radiative recombination does not depend andarrier density in case of
excitons. The PL intensitlk is thus simply proportional to the exciton populatiNg.
Hence, the dynamics ®x (t) follow

N (t) O Nx (1), (2.35)
solved by

Ny (t) = Noe ™, (2.36)
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2.1 Intrinsic photoluminescence properties of direct-gamiconductors
and yielding

I (t) O Noe*i. (2.37)
No is the initial population andy denotes the effective radiative lifetime of excitons.
In general,1%, depends on the dipole-overlap of the wavefunctions of thet@x con-
stituents([29] as well as on the temperature of the exciter{4.

The excitonic recombination is illustrated in more detaiFig[2.8. Here, the distri-
bution of excitons is plotted as function of the center-afs®t momentum. In contrast to
the electron-hole plasma, where carriers with an arbitrapynentumk can recombine
radiatively, the excitonic recombination is restrictedrbgmentum-conservation. When
an exciton recombines, the in-plane center-of-mass mamef} is transferred to the
emitted photon and defines the angular direction of thé PL [A&us, radiative recombi-
nation is only allowed for excitons with momenta values derdghan the maximal photon
momentung = wyx /c with the photon frequenayy, corresponding to the exciton ground
state energ¥x = hwx. In the literature, the momentum-intervakOQ < wx/c is often
referred to as theadiative cone Hence, only a fractiom of the complete exciton pop-
ulation Ny, the so-calledright excitons, can directly recombine under the emission of
photons. The dynamics of the exciton populatid(t) thus obey:

1

Ny (t) = —aNx(t).

= (2.38)

Exciton distribution
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Figure 2.8: Exciton distribution as function of the centémmass momentum in case of
instantaneous (a) and finite (b) thermalization rate. Tley grea defines
the range, where the radiative recombination of excitorall@ved by the
momentum-conservation rules.
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Corresponding to Ed.(2.B6), the solution is a single-exptiakfunction

t

N (t) = Noe (2.39)
with
Tx
Ty = o (2.40)
leading to
1 _ta
Ix(t) 0 —Noe ™. (2.412)
Tx

Again, Ny defines the initial population after the excitation and extiformation.tx is
the radiative recombination time of excitons within theiatile cone. This recombina-
tion time is determined only by the dipole-overlap of theresponding exciton wave-
functions[29] and is usually in the range of 10[ps [46], dejdeg on the material system.
According to Eq.[(2.40), the effective lifetimg, is significantly longer thartx, even
when the thermalization of excitons, i.e., relaxation @rédiative cone, is assumed to be
instantaneous. Typicallyy is in the range of 100°s of ps to several[fis[9,[46, 47] due to
the small bright exciton fractioa, in the order of 0.01 - 0.1[45]. In addition,decreases
even more, when the carrier temperature increases andcheredistribution changes in
favor of higher center-of-mass momenta. In QWSs, this leadditeear dependence of the
effective radiative recombination tinw on the lattice temperature [9,145]. Also, the ra-
diative recombination gets slower, when the excitatiorsigris increased [48], resulting
in an increase of the carrier temperature via hot-phonateffnterestingly, the PL itself
leads to some heating of the carrier system, since only tbiéoss with small momenta
are "removed" from the distribution by the emission of light.

In addition, the relaxation of excitons towards the ragi@atone is not instantaneous
in real material systems. The corresponding time constagy is typically determined
by exciton-phonon and exciton-exciton scattering [9].sHmite relaxation time leads to
a non-thermal distribution of excitons - the so-callédetic-hole i.e., under-population
of states within the radiative cone, see FEigl 2.8 (b). In thise, the fraction decreases,
leading to an increase of the effective recombination tisneHence, exciton recombina-
tion rate becomes dependent on the thermalization prozesse

Finally, in analogy to the hydrogen atoms, excitons are doas triplets and singlets
with parallel and anti-parallel spins of the constituengspectively. Due to the spin con-
servation, only recombination of exciton singlets withrsguantum number 1 is dipole-
allowed. Exciton triplets recombine either under the emars®f two photons or after a
spin-flip process, both leading to an extremely long lifetimin the majority of cases,
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the triplet fraction contributes in form of a weak long-ivg background signal or even
decays non-radiatively and is thus completely neglected.

Auger-recombination

(a) Intra-band (b) Inter-band
Auger Auger

e
T_{@\/m\

Figure 2.9: Schematic illustration of inter-(a) and inbhi@ad (b) Auger-recombination in
semiconductors.

The sole intrinsic non-radiative recombination in an ideddfect-free semiconduc-
tor is the Auger-effeci[49]. The mechanism is shown schaalfy in Fig.[2Z.9. An
electron-hole pair recombines under energy and momentamsfer to another carrier via
Coulomb-interaction. In case of the intra-band processadluitional carriers are excited
within one band. For the inter-band Auger-recombinati@mntier scattering between dif-
ferent bands or subbands is possible. These carriersedxdaé Auger-interaction, subse-
guently relax to the corresponding band minima by phonorsgiam thus causing heating
of the crystal lattice. Since three particles are involvedhie Auger-recombination, the
recombination probability is approximately proportiot@khe third power of the carrier
density. In the analogy to the spontaneous emission frosmaa this simple relation
is valid only for low and intermediate carrier densitiesloaethe lasing threshold[44].
Also, the interaction matrix-elements for different Augeocesses depend strongly on
material parameters, e.g. band alignment, effective nisassain, etc. In a typical PL
experiment, Auger recombination becomes relevant in tgke-pbwer excitation regime
and, in the most cases, can be neglected at low excitaticsitibsn
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Continuous-wave PL

The previous discussion of the PL properties is based orct#easio, when an ultra-short
laser pulse is used for excitation. However, CW PL spectmgc®often applied in ex-
periments, mainly due to a broader availability of CW souaned detectors. Also, since
the Heisenberg uncertainty relation does not restrictpleetsal resolution in case of CW
excitation and detection, it thus allows for high-preasimeasurements of the emission
energies. In addition, the carrier density is usually mushkelr for CW in comparison
to pulsed excitation. This becomes important when the n@atities in the optical re-
sponse should be avoided and the properties of an "undistuslgstem are of interest.

Finally, in case of CW excitation, all processes related ® dkcitation, relaxation,
and recombination of carriers occur simultaneously. In aeRperiment, this leads to
stable steady-state conditions, determined by the tinmstaats of the above-mentioned
dynamics. Such a steady-state may include significant ibotittns from the coherent
polarization, non-thermal carrier populations, as welfram hot carriers with high ex-
cess energies. Therefore, it becomes more challengindhtevacwell-defined conditions
in a CW PL experiment. Only if the characteristic time-contddor dephasing, thermal-
ization and cooling are much shorter than for the recomlmnabne can approximately
assume thermal distribution of relaxed carriers. Thedaiise then allows for an easier
interpretation of the experimental results.

2.1.3 Influence of dimensionality

This subsection deals with the influence of the dimensignal the PL properties. In
principle, the majority of the processes, previously disad in the subsectibn2.11.2 for
an exemplary two-dimensional structure, apply to the thyeae- and zero-dimensional
cases as well. However, there are also characteristictgffdependent on the specific
dimensionality of the system. The discussion, based onetktebboks([9] and [[10], is
focused on the most prominent phenomena, relevant forlitass.

3D: Bulk

Figurd2.1D shows a schematic absorption spectrum of a-thneensional semiconduc-
tor structure, orbulk. The main difference to the QW absorption is the square-root
shaped contribution from the single-particle absorptiothe plasma continuum. Also,
the Coulomb-interaction is less effective in a three-dinmmd system compared to the
low-dimensional structures. As a direct result, a bulk talyisas the lowest exciton bind-
ing energy. However, the most important impact of the thdieeensional translation
symmetry on the PL properties is the self-absorpfion [9]. Whe light-matter coupling

is strong enough, spontaneously emitted photons are guiekbsorbed in the material,
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Figure 2.10: Schematic linear absorption of a three-dimoaas bulk crystal. Single-
particle contribution is shown by the dotted line.

leading to the formation of electron-hole pairs. The lattecay radiatively under the
emission of photons which are again absorbed, and the soegrpeats. This effect is
usually discussed along the concept of light-matter gpasticles, the so-called polari-
tons [9/10], illustrated in Fig. 2.11 in more detail. On teé+hand side, particle energies
are plotted as function of their respective momenta. Theddihes show the well-known
linear dispersion of photons and the quadratic dispersi@xatons. A strong exciton-
phonon coupling leads to the typical anti-crossing belravidhe corresponding energy
bands. The photonic and excitonic properties are then mixednew quasi-particle,
the polariton. The dispersion relation of the latter is tbomposed of two bands, the
so-called upper (UPB) and lower (LPB) polariton branches.

In a typical PL scenario, polaritons with high excess em=sgire created by the ex-
citation pulse. They relax towards the saddle point of th®& Iy emission of optical
phonons. Then, a comparably slow acoustic phonon scajteaoomes the dominant
relaxation process, thus leading to the so-cafiadnon bottle-ned@] in the polariton
distribution. From this point on, the majority of polart®(il) simply propagate through
the crystal. Only a few (I) are scattered to the photoni¢-pathe LPB and can be "emit-
ted" as photons when they reach the surface. The polaritgragation is schematically
shown in FiglZ.I1 (b). The bottle-neck polaritons as welpakritons with high mo-
menta are scattered inside the crystal and are usually texfledt the surface since the
momentum conservation inhibits the emission of photonswéver, when the polari-
ton momentum is small enough and the particle approachesutifiece under an angle,
smaller than the angle of total reflection, then it can besmatied through the surface
and thus be emitted as a photon, giving rise to the PL signal.

Under these restrictions and also by considering a finitargoh lifetime due to non-
radiative recombination in real materials, the spontase@wnission of excitons is usually
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Figure 2.11: (a) Schematic dispersion relations of palast(solid lines), as well as pho-
tons and excitons (dotted lines). UPB and LPB mark the uppérl@aver
polariton branches, respectively. Typical polariton xaléon processes are
represented by arrows. (b) Exemplary propagation and sirecombina-
tion of polaritons in a bulk crystal.

strongly suppressed in bulk crystals. Thus, the polaritap@gation effects make the
interpretation of the luminescence intensities and, iti@aarly, of the carrier lifetimes

especially challenging in case of a three-dimensionaksystn addition, the influence of
surface-related properties should be considered, whénRiuls discussed. Fortunately,
phonon-assisted (2.2) as well as defect-reldted (2.3)wbowmtion are barely influenced
by the self-absorption. Hence, these mechanisms can betaggdbe bulk emission

properties without significant contributions from the salisorption.

2D: Quantum well

Since QW properties are discussed in-depth in section 2Hipart is restricted to the
direct comparison of two-dimensional to three- , one- and-ziémensional systems. In
contrast to bulk, the Coulomb-interaction is more efficierd two-dimensional structure,
leading to an increase of the exciton binding energy. Alse, light-matter coupling is
stronger due to a higher dipole-overlap of the electron and tvavefunctions, as a re-
sult of the carrier confinement. The linear absorption, shawFig[2.12, exhibits the
previously mentioned excitonic features as well as a sakctilat plasma continuum.
Furthermore, characteristic for all low-dimensional sys$, subbands with discrete en-
ergy levels appear due to the carrier confinement (not shase)h The number of the
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Figure 2.12: Schematic linear absorption of a two-dimemsiQW. Single-particle con-
tribution is shown by the dotted line. The direction of ligission is
marked by the arrow in the sketch of the struct@gpenotes the excitonic
Bohr-radius.

subbands, as well as their specific spectral positions deerdmed by the depth and the
shape of the confinement potential.

In a QW, the PL emission is generally not restricted by ptarpropagation effects,
since the translation symmetry and also momentum consemvate lifted in the z-
direction, perpendicular to the QW plane. Photons are thess to leave the material
without reabsorption, as long as their z-momentum is naon-zelowever, the in-plane
light-matter coupling leads to the polariton formation gmdpagation parallel to the QW
plane. Hence, the previously discussed bulk scenarioegpphihen the edge-PL from a
QW is considered.

1D: Quantum wire

Quantum wires are one-dimensional systems with carrienfireed in two dimensions.
An illustration of the linear absorption is shown in Hig.2.IThe Coulomb-correlations
are especially strong in quantum wires and result in a furtherease of the exciton
binding energy in comparison to a QW. Interestingly, the Gomil-enhancement of the
continuum states is negative in one-dimension [10], legtlina decrease of the plasma
absorption in comparison to the single-particle picturée Bverall shape of the linear
absorption thus becomes similar to that of a QW. In gendralPL properties of quantum
wires also mimic the QW behavior. The PL emerges from thessadehe wire and the
polariton propagation affects only the light emission gldime respective length.
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Figure 2.13: Schematic linear absorption of a one-dimewgiquantum wire. Single-
particle contribution is shown by the dotted line. The dii@t of light emis-
sion is marked by the arrows in the sketch of the structagejenotes the
excitonic Bohr-radius.

0D: Quantum dot

In quantum dots, carrier propagation is strongly limitedalhthree dimensions. This
results in a discrete density of states (DOS), similar tanétcand molecular systems.
Quantum dots are therefore often referred to as artifictahatin the literature. A typical
absorption spectrum in the vicinity of the excitonic growtate is shown in Fig. 2.14. In
stark contrast to higher-dimensional systems, the spads@a series of Lorentzian peaks
without continuum absorption. The absolute emission gnesywell as the strength
of the light-matter interaction, i.e., dipole-overlap betelectron-hole wavefunctions,
are strongly dependent on the shape and the size of the qualttu In addition, the
Coulomb-interaction is particularly strong for quantumsdand leads to a significant
shift of the discrete transitions towards lower enerdié$.[Furthermore, contributions
from higher correlation effects, such as bi-excitons omnavens, significantly influence
the emission spectra as well as the decay of the luminescélttese effects are most
prominent for intermediate and high carrier densities.cAldue to the discrete energy
levels and Pauli-blocking, the ground state of a quantumsisaturated already at low
excitation densities. Thus, the emission is often domahatethe PL from excited states
and/or above-mentioned correlations. In addition, theih@scence properties are not in-
fluenced by polariton propagation, which is self-eviderd thuthe structure’s dimensions.
Finally, in an ideal quantum dot, the PL is isotropic, i.e emitted in all spatial directions.
However, real materials often show PL properties, devigfiom the ideal behavior, due
to the major challenges in growth and processing of zeradsional systems.
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Figure 2.14: Schematic linear absorption of a zero-dinmradiquantum dot. The single-
particle contributions are shown by the dotted lines. Thiedtiion of light
emission is marked by the arrows in the sketch of the stractg denotes
the excitonic Bohr-radius.

2.2 Role of phonons, internal fields, and the dielectric

environment

Following the general discussion of the intrinsic PL prdigsrof semiconductors, this
section focuses on more specific phenomena: the first pde wéh the phonon-assisted
emission and, especially, with the influence of Coulomb-m@iedi many-body effects.
Then, the impact of the internal electric fields on carrienatyics and recombination
processes in polar heterostructures is discussed. liasvied by the illustration of the PL
from materials, embedded in a specific dielectric enviramme&inally, the influence of
the band-structure is briefly treated, focusing on the @igelection rules and the radiative
recombination in indirect semiconductors. The overalesgbn of topics reflects the
background, essential for the interpretation of the expenital results, discussed in this
thesis.

2.2.1 Phonon-assisted emission

In general, the interaction between electrons and lattibeations strongly influences
the dynamics of charge-carriers in a semiconductor, anefive the PL properties. The
most prominent phenomena associated with the electrongrhecoupling are already dis-
cussed in sectiohs 2.1.1 dnd 2]1.2. These include polanzdéphasing, thermalization,
as well as cooling of the carrier system via inelastic andtelgphonon scattering. The
influence of the phonon-assisted dephasing, for examplégistly observable in the tem-
perature dependence of the homogeneous PL linewidth, s€@.B@). In addition, for
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Figure 2.15: An illustration of the phonon-assisted lursgence process. The scattering
of carriers on the LPB of the exciton-polarition dispersiorer LO-phonon
emission is shown on the right-hand side. The corresporfélingpectrum is
plotted schematically on the left-hand side.

material systems with particularly strong carrier-phomonpling, the carrier scattering
with LO-phonons leads to the appearance of distinct sgesigaatures in the emission
spectra. These features, the so-capjadnon-sideband@SBs)[[9], emerge on the low-
energy side of the main PL peak, and are roughly separateduliijpta integers of the
LO-phonon energy. An illustration of the PSB emission in Kklauystal is schematically
shown in Fig[Z.1b in polariton picture. Here, exciton-piséms are thermally distributed
on the LPB, resembling the typical scenario following therthaization after pulsed,
non-resonant excitation. As already discussed in the pusvsection2.113, only the po-
laritons with sufficiently small momenta are emitted as phetat the crystal surface.
These bright polaritons lead to the appearance of the majmelgk at the excitonic reso-
nanceky, the so-called zero-phonon-line (ZPL). Again, this tréinsiis usually strongly
supressed in bulk crystals due to the polariton propagaffects, see discussionfin 2.11.3.
The rest of the polaritons with higher momenta values carleave the crystal directly
as photons and thus remain "dark". However, they can scattke tphotonic part of the
LPB under the emission of LO-phonons. Then, they propagaggdyfthrough the crystal
and are emitted as photons at the sample surface. This e#dusemergence of multiple
PL peaks, i.e., PSBs, aroultk — n- hwy o, depending on the numberof the emitted
LO-phonons with the respective frequerwyo. The spectral shape of the PSBs reflects
the distribution of polaritons in momentum space and is #aysnmetric with a flat high-
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2.2 Role of phonons, internal fields, and the dielectric @mrirent

energy side, compared to the ZPL. The carrier-phonon cogplarameter is usually ex-
tracted from the PSB spectra by evaluating the so-c#lleahg-RhydactorS [50]. This
guantity corresponds to the average probability of the lb@f@n-emission during the
radiative recombination of an electron-hole pair. The Hys&Mys factor is obtained from
the spectrally integrated photoluminescence intensitidise PSBs as follows [50, 51]:

o _ lpsen, (2.42)
lzpL
lzpL and bsppare the respective luminescence intensities of the ZPL laamahith PSB
with n as the number of LO-phonons participating in the secatg process.

Typically, PSBs are used to probe carrier-phonon intera¢fi2, 53] as well as various
properties of the carrier system, e.g., a non-thermaliligton [34] or the temperature
of thermalized carrier§[54]. The traditional theoretidascription of the phonon-assisted
emission is based on the perturbative, quasi-singlegbarsipproach[55]. Within this
approach, the only source of the PSBs is the excitonic pdpulawith excitons treated
as purely bosonic quantities. However, the luminescenaegpties of the semiconductor
are strongly influenced by the many-body interactions dukddoulomb-scattering, see
section2.I1. This is also predicted to be the case, whengrhassisted emission is
concerned. Here, the Coulomb-effects lead to a significaari@in the interpretation of
the PSB emission. Hence, the following discussion is baseth® microscopic many-
body theory, extended for the description of the PSB lundaesel[11, 56, 57]. It starts
with a brief illustration of the theoretical background;linding phonon-assisted SLE and
possible approximative approaches. The theoretical gieds are then subdivided into
the discussion of the luminescence sources and the intaranechanisms.

Microscopic approach

The carrier-phonon coupling enters the SLE in the scatidegmm of the Eq[(2.23):

N t t
IhaA<qu7qav,k—qac,k>’Sca“:thOE[QC»PMBQ(D + DRA k) (0o ) (@Dl

ot
—gv,pA<B (D—p +Dp)ay, 1 py)—(q+p)n . (k—pe) +(a+p)e)

0
‘HhaA< qavk qac k>|Coqumb (2-43)

Here,gc p andgy,p are the matrix elements for the LO-phonon interaction wiglctons
and holes, respectively. The coupling to the TO-phonon®gigible, since the lattice
perturbation by charged carriers is mainly composed ofitad@al vibrations, see the
discussion of polarons in Ref/[9] and the references witlgain, ficy o denotes the
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LO-phonon energy. The renormalization of momenta is defasadrding to

Me/h 5
Me + My

Pe/h = (2.44)

for an arbitrary momenturp and the effective masses. and my, of the electrons and
holes, respectively. The first term on the right-hand sidthefEq. [[2.4B) accounts for the
radiative recombination of carriers under the emission amsbrption of phonons. The
corresponding expectation values are the so-called phphoton-assisted polarizations
A(B'DTa’a ) andA(B"Da'a ). Since the typical LO-phonon energies are on the order
of 30 meV to 100 me\/[36], the phonon occupation number isigdaé under the typical
experimental conditions, especially at low lattice tenapares. Therefore, it is sufficient
to consider only the processes involving phonon emissidre dorresponding equation
of motion for the polarizatiod(B'D'a'a) then reads:

ind A A(B{D}a!

ot P (q+p)nBek(a+ple) =

= [sk(q) o h(‘)q - h(*)l_ ] <BTDTa\/k (g+p)n ck+(q+p) >

. h T T
+ 'T[fk—(q+p)hA<Dp ¢,(k+0e)—Pn Cv(k+Q)e+pe>

e
~ £ 9o PR (k) Bk i)
T4t t
" gA<Dpacvk’+qeav,k—(q+p)hac,k+(q+p)eav,k’fqh>]

+ Ostim+ Ocoul + [@num~+ Oo] + Oph—corr- (2.45)

In analogy to the E{.2.23 in the SLE, the first term on the rlgdmd side accounts
for Coulomb-renormalization effects as well as for the exit correlations. The second
term includes spontaneous emission terms due to the utatedeas well as the correlated
electrons and holes. The stimulated emiss®g;n, enters the first of the five scattering
terms® and is usually neglected under typical experimental caovtit when no cavity is
applied. The next tern®cqu, describes Coulomb-scattering effects and is approximated
by phenomenological damping for the analysis of the PSB soms Higher-order corre-
lations,®,ymand®g, depend on phonon occupation numbers and carrier densities
third or even higher power, and are thus neglected for loiicéatemperatures and excita-
tion densities. Finally, the last contributi@pn_corr accounts for the coupling of thane-
phononphoton-assisted polarizatidqB'D' a'a) to thetwo-phonorphoton-assisted po-
larizations, i.e.A(BTD'D"a'a). The Eqs.[([Z.43) and{Z.45) extend the EGS_(2.22).12.23),
(2.22), and[(2.25) from the sectibn 2J]1.1 to the so-cghleohon-assisted SLE

In principle, the illustrated microscopic approach in &lee-hole picture allows calcu-
lation of PSBs of arbitrary order. Due to the coupling of thiairSB to the (n+1)-th PSB,
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2.2 Role of phonons, internal fields, and the dielectric @mrirent

the necessary order of cluster expansion is (m+2) for the RSB order. However, with
all terms consistently included, the solution of the phoassisted SLE would exceed
the resources of current supercomputers already for th@etation of the second side-
band[11]. Therefore, the theory has to be further simplifigddditional approximations.
One possibility is the calculation of the PSBs within the atled] polaronpicture [56].
Polaron is a quasi-particle composed of a charge carrieadptonon-cloud"”, surround-
ing it[9]. The polaron-picture is introduced via the unjtéransformation of the Hamilton
operatoH = THTT with

T= exp; O3y 3 (Df—D_p). (2.46)
P

All details concerning the transformation and derivatidrih@ equations of motion are
given in Ref.[56]. The polaron approach simplifies the higmgirof multi-phonon contri-
butions and allows for the calculation of the PSBs with aabjtrorder with a manageable
numerical effort. The only disadvantage of this approxiorats the underestimation of
the polar carrier-phonon interaction. However, when tiietaloes not play a significant
role, the predictions in the polaron-basis converge tow/éing exact results of the SLE
solved in the initial electron-hole picture.

An alternative way to reduce the complexity is to apply theragimations, already
introduced for the analytical solution of the SLE, i.e., fEléott formula2.28. The ap-
proximations assume a quasi-steady-state regime withtamunihermal carrier distribu-
tions. Also, in analogy to the discussion in seclion 2.1hé,regime of low densities and
small broadening is considered. In addition, it is suffickenconsider only the excitonic
1sground state for the proper description of the PSBs. The pirassisted SLE are then
solved in the exciton-basis [10]:

%) = Z‘W(k)al,k+Qeav,th|G>- (2.47)

Here,|G) denotes the ground state of the semicondugigik) the excitonic wavefunc-
tions for the excited states i.e, the solutions of the so-called Wannier equation[9, 10
andQ - the center-of-mass momentum. When plasma contributionseglected, the
results of the phonon-assisted SLE in the exciton-basisespond to the perturbative
treatment, illustrated in Ref.[55].
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Luminescence sources

For the discussion of the luminescence sources, we use Higtiaal solution of the
phonon-assisted SLE in the exciton-basis [11]. The ov@talhtensity is then given by:

IpL(0g) = 15 (00g) + 157 (6, (2.48)

with the ZPL contribution

/O

2 2
D) = Z L g =0)Pim (2.49)

ANEX(q) + NSf(q) — Np>™
Eis— hwyg — iy ’

and the intensity of the first PSB, under additional approsimmeof small exciton center-
of-mass moment®, i.e., low temperatures:

(2.50)

2 exc eh

1 e = 22 fgus(r = 0)2im [g golP L 2 ,éff:ﬂ,;szf iy] -

Again, 74 denotes the light-matter coupling constapg the excitonic wavefunction,
Eis the absolute energy of the exciton ground state, yaadphenomenological damp-
ing. The photon and LO-phonon energies ko andhw o, respectivelyAgg accounts
for the carrier-phonon coupling strength and is discusedZ2.1 in more detail. Equa-
tion (2.49) for the ZPL intensity basically resembles thigilformula from [2.28) for the
1sluminescence. Excitond{$*%q), within the radiative cone as well as plasmhg/(q),
both contribute to the spontaneous emission under the o@tga of the momenturg.
The emission is centered at the excitonic transitlanand is homogeneously broadened
with y. A small deviation from the Eq._(2.28) is the renormalizataf the overall ZPL
intensity byN;>* due to the phonon-assisted recombination of electron4paits. The
spectrally integrated PL intensity is thus "distributed"cang the ZPL and the PSBs.

The structure of the PSB contributidn (2.50) is also simiitathe original Elliott for-
mula [2.28). However, in contrast to the ZPL luminesceniegteon-hole pairs with arbi-
trary momenta) contribute to the PSB emission. Combined with the momentyperte
dence of the interaction matrix-elemeéyg this determines the asymmetric line-shape of
the PBSs, i.e., pronounced high-energy flanks due to théuistm of carriers in momen-
tum space. It also leads to the temperature dependence gy spacing between the
PL maxima of the ZPL and PSBeaks. According to the denominator in the Eqg. (2.50),
the PSB maximum is shifted by the LO-phonon enerlg o from the main excitonic
transitionEss at zero temperature. As the temperature increases, themaaxshifts lin-
early towards higher energies, following the broadeninthefcarrier distribution. Here,
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Figure 2.16: Calculated spectra of the ZPL and the first two F@Bslocalized and free
carriers, plotted in (a) and (b) for the lattice temperagwel0 K and 300K,
respectively. The data is taken from the [11]. (c) Schienildustration
of the temperature dependence of the energy spacing bethveétPL and
the first PSB.

the microscopic calculations qualitatively agree with pleeturbative result[55]:
EPSBl =EzpL.— Aty o+ A-kgT. (2.51)

The factorA=3/2 is given for the first PSB in the R€f.[55]. This temperatdepen-
dence of the ZPL-PSBspacing can be used to characterize the PL sources in terms of
spatial localization. Equation(251) holds for free, dalized carriers and is based on
the momentum conservation rule, applied for the ZPL lundease. As it is already dis-
cussed if2.1]2, the corresponding PL maximum is then debigebe radiative cone in

the carrier distribution, i.e., exciton center-of-massmeatumQ =q~ 0. In contrast to

that, since the propagation of localized carriers is retgtdi to a lengti\x in real-space,

it leads to the relaxation of the momentum conservationaat®rding to the Heisenberg
uncertainty relation

AXDAQ > (2.52)

N -
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Figure 2.17: Direct comparison between the calculated Rictsp from Refl[[1l] of
phonon-assisted emission from excitons and plasma.

The excitonic ZPL luminescence for higher center-of-massentaQ > 0 thus becomes
an equally possible process, compared to the;F3B In this case, the spacing between
the ZPL and the first PSEEzp. — Epsg , is determined only by the LO-phonon energy and
not by the carrier distribution. Therefore, it does not éxtrany pronounced temperature
dependence.

Calculated PSB spectra from Réf.[11] for localized and fregi@a are plotted in
Fig.[216 (a) and (b) for the lattice temperatures of 10 K aD@iI, respectively, for direct
comparison. The energy spacing between the ZPL and the &Bti® schematically
shown in Figl2.16 (c) as function of temperature. In an erpent, this temperature
dependence thus can be used as a characteristic signatthre &mission from localized
or free carriers. Furthermore, the maximum temperatigg for the relaxed momentum
conservation defines the uncertait®®, when the band structure of the semiconductor is
known. Hence, it allows for the estimation of the upper liofithe average localization
lengthAx, by simply using Eq[{2.52).

Aside from the effect of carrier localization, the intriasiources of the PSB lumines-
cence appear in the numerator of the Eq.(2.50). These dyectutelated electron-hole
pairs, i.e., excitondl$XS, as well as electron-hole plasm&!. Since both sources share
the same denominator, i.e., basically the same energy depee of the PL intensity, they
cannot be distinguished directly in the emission spectaljustrated by the calculation
results from[[11], shown in Fig.2.17. Hence, according ® mhicroscopic theory, the
appearance of the PSBs cannot be considered as an unambsygioaitsire for the ex-
citonic population. The PSBPL from plasma at the excitonic resonanégs- n- i o
thus strongly contradicts the assumptions of the widelyl ysturbative treatment. The
corresponding experimental proof is part of this thesiskveard is given in chaptér4.1.
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Figure 2.18: Schematic illustration of electron-phonomuging mechanisms: polar
Frohlich interaction (a) and deformation potential saattg(b).

The inelastic scattering of charge carriers with opticabrpdns is commonly treated
in terms of two different interactions. The first and, preabiy, the most prominent
mechanism is the so-calldetdhlich-coupling58, (59,[60]. A schematic illustration is
given in Fig[2.18 (a). Here, an LO-phonon, i.e., the retatlisplacement of oppositely
charged ions within the unit cells of a polar lattice, progsienacroscopic polarization
AP. Then, a single electron or hole couples directhA®via Coulomb-interaction. The
corresponding band-independent matrix elements for Ftdlsicattering aré [58]

2

Froehlich

Froehlich
9vp

gc7p

e 1[1 1}. (2.53)

 e0L32hwo|pl? [g(x)  €(0)
Again, p is the transferred momentum between a charge carrier andreoplandiw o

- the LO-phonon energy. The expression further includesetgary charge, vacuum
dielectric constanto, as well as the three-dimensional normalization volunie g()
ande(0) denote the dielectric constants for high- and low-freqiescespectively. Since
Frohlich-interaction is mediated by the Coulomb-potenttas long-ranged in real space
and thus according to Fourier-transformation, short-eanig momentum space. This ist
manifested in the reciprocal momentum dependence of teeaiction strength, schema-
tically plotted in Fig[Z.IB. The interaction is thus mosfiaént at transferring small
momenta between charge carriers and phonons.

The second carrier-phonon scattering mechanism is baséoeaeformation of the
atomic lattice by a phonon, see Hig.2.18 (b) for illustmatid@he variations of the bond
lengths and angles locally change the electronic band mrserbhis leads to to the indirect
interaction of the phonon with a charge carrier via modafeiof the periodic lattice
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Figure 2.19: Carrier-phonon interaction strength, showmestatically as function of
transferred momentum for Frohlich interaction and defdiomapotential
coupling.

potentialAV. The process is known akeformation potential scattering9, (61, 62]. The
interaction is strongly band-dependent, i.e., the comedmg matrix elements vanish in
direct semiconductors for the scattering of conductionebalectrons with LO-phonons
due to symmetry arguments [63,/ 64]. The coupling strenggfiviesn by

21 (Mi+Mp)*|dy?
2pL3hw, 2MiMz @2’

Def. pot.
C,p

Def. pot.
V,p

2
—0, (2.54)

wherep is the density of the materidl); andM> - the masses of the two base atofms, o

- the LO-phonon energy, andf - the three-dimensional normalization volunpedenotes
the optical deformation potential constant, aid the lattice parameter. In contrast to the
Frohlich-coupling, the deformation potential scatteris@ local interaction in real space
and therefore does not depend on the transferred momemtarh Fig[2.19.

When the absolute interaction strengths of the two mecharasencompared, Fréhlich-
coupling is known to dominate carrier-phonon scatteringdmpound materials such as
GaAs and GaP with polar contributions to atomic bohds[9, @4$0, it is particularly
strong in wide-gap materials, like CdS, ZnO, and GaN. In aldifréhlich-interaction is
commonly applied to describe surface-related phononesoadt[65], vibrational proper-
ties of low-dimensional systenis[66], and coupling to pofer{67]. Deformation poten-
tial mechanism determines the carrier scattering with ll@fmNs in non-polar materials
like Si or Ge[64] 68]. It is usually neglected in polar senmidactors due to the rather
weak interaction strength in comparison to the Frohlichpdimg.

However, the many-body effects due to the carrier-carrienl@uob-scattering intro-
duce significant modifications to the relative contribusiasf the carrier-phonon inter-
action mechanisms. Fig.2]20 illustrates the influence ofl@oh-effects on Frohlich-
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Figure 2.20: lllustration of Frohlich-scattering meclsamniin the presence of carrier-
carrier Coulomb-interaction. Uncorrelated charge casi(@y as well as ex-
citons (b) couple to the electric field of a LO-phonon.

interaction. Even when the coupling to the electric field df@phonon is strong for
the uncorrelated carriers (Fig. 2120 (a)), it becomes @ugiife when electrons and holes
are bound to excitons (Fig. 2120 (b)). In the latter case(velomb-forces, acting on the
exciton constituents, should compensate each other dine topposite charges of elec-
trons and holes. Thus, polar interaction with LO-phonormutthbe strongly suppressed,
when excitons are considered. Within the framework of therasicopic approach, this
behavior is reflected in the structure of the carrier-phanteraction matrix elementsy,
written in the exciton-basis:

Gp =o'y ®Q +Pe) [9ep XQ+P) — Gup ®Q)]" (2.55)
Q

According to the previously used notatiapjs the exciton wavefunction in momentum
spacep the transferred momentumg o the LO-phonon energy, ang the center-of-
mass momentum. The expression (2.55) easily shows thatoseewes only a weak Froh-
lich contribution of the phonon interaction in case of bamdependent single-particle
matrix elementgjcp =0yvp. In particular, the interaction strength is strongly s@ssed
for small phonon momenta, i.e., whenp(Q +p) ~ @(Q). Notably, the absolute strength
of Fréhlich interactionge,, can be still rather high for the same specific conditions,
p ~ 0. This fact renders the polar scattering mechanism beimggtbut ineffective in
case of excitons. In contrary, since the deformation p@kstattering is a non-polar
coupling, it is only marginally changed for excitons or atherrelated many-body states
compared with the individual carrier interaction. Hent¢eshiould be possible to observe
deformation potential-dominated PSB emission even inrs@miconductors with strong
Frohlich-coupling. The corresponding experimental enaieis part of this thesis work
and is given in chaptér4.2.

The contributions of the two interaction mechanisms argndjaished by the specific
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Figure 2.21: Exemplary, calculated P8BSB; ratios as function of temperature for the
two different carrier-phonon interaction mechanisms. dae is taken from

Ref. [11].

temperature dependence of the PSB intensity ratios, éxmgaihe characteristic mo-
mentum dependencies of the respective interaction maeixents. According to the
phonon-assisted SLE, the intensities of the first two replRSB and PSB, depend on
the phonon-matrix elemen@ in the second and fourth power, respectively [11]. Thus,
the ratio between the PSBind PSB is roughly proportional t@3?. In general, it is de-
termined by the distribution of carriers in momentum spaee, the carrier temperature,
and by the dependence Gfon the transferred momentum. As the temperature increases,
excitonic states with higher momenta are populated. Fomthientum-dependent Froh-
lich interaction, the corresponding phonon-matrix elete@decrease for increasing mo-
menta, c.f. Fid. 2.19. Thus, one expects the $#BBB; ratio to decrease with increasing
temperature when polar exciton-phonon coupling dominiduescattering processes. In
case of the momentum-free deformation-potential, howekerphonon-matrix elements
become constant factors in the PSB intensities. HenceatleeRSB/PSB; does not de-
pend on the transferred momenta and therefore on the cemigerature. As a result, the
carrier temperature dependence of the PSB-emission ratbsmatically illustrated in
Fig.[2.21, offers an experimentally accessible methodeatifly the nature of the exciton-
phonon interaction. Also, as an additional advantage, ®leiAtensity can be neglected
in this analysis thus allowing for accurate PL studies okls@miconductor crystals.

2.2.2 Internal electric fields

Possible influence of static electric fields should alwaysdresidered when optical prop-
erties of semiconductor heterostructures are studiedelguwtric fields are either applied
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(a) Zero internal field (b) QCSE (c) Screened QCSE

E
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Figure 2.22: Influence of the QCSE on the energy levels andfwaggons of carriers,

confined in a QW. Zero field scenario, the effect of QCSE, as a®lbf
partially screened QCSE are shown in (a), (b), and (c), re¢ispéc

externally or they are intrinsically present due to the #peproperties of the respective
material. Here, the discussion is focused on the internlasfieelevant for the analysis
of the experimental studies within the framework of thissike These fields result from
spontaneous polarizations or from the piezoelectric €fé&3. The former occurs in po-

lar semiconductors with a characteristic asymmetry inrttygistal structure, resulting in
a finite dipole moment for every unit cell. Most prominent exade of such materials are
wurtzites like ZnO or GaN[70]. In case of the bulk crystals microscopic polariza-

tion contributions compensate each other. However, thegrbe important in structures
of reduced dimensionality. Then, the effective interfabarges lead to a finite macro-
scopic polarization and thus to an effective electric fi@lde piezoelectric effect, on the
other hand, describes the appearance of electric fieldsh@ukattice distortion. In het-

erostructures, the latter is typically caused by strairenvimaterials with different lattice

constants are grown on top of each other.

Figurd2.2? illustrates the influence of the electric fieldtencarrier energies and wave-
functions in an exemplary QW structure. The initial QW stawe without an internal field
is shown in (a). Confined electron and hole states are labgleg &dhy, respectively.
The energy of the ground state transition is denote&fyWhen a static electric field is
introduced, see Fig. 2.22 (b), the carrier energy levefs stmd the wavefunctions become
asymmetric due to the altered potential profile. In analagthe well-known Stark ef-
fect in atomic systems, this phenomenon is commonly labetgdantum-confined Stark
effect(QCSE)[71] 9]. The shift of the energy levels leads direatlyhie decrease of the
band-gapEqcse and thus of the PL energy. Since the strength of the interelalsfican
reach considerable magnitudes up to several MV [cin [72Pthmaximum of a QW can
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Figure 2.23: PL transients of a QW emission after pulsedtaixon in case of the zero-
field scenario, QCSE, as well as of screened QCSE.

easily shift below the bulk value due to the QCSE. In additiba,decrease of the dipole-
overlap of the electron and hole wavefunctions leads to @i@aupling strength of the
QW to the light-field, i.e., to slower radiative recombimeti Also, the exciton binding

energy decreases due to the spatial separation of cailnegsneral, the overall strength
of the QCSE-related effects increases with the magnitudeeointernal field as well as
with the width of the QW.

In a PL experiment, the influence of QCSE on the emission ptigises most promi-
nent at low carrier densities. However, as the density ofpthetoexcited carriers in-
creases, the static electric field is successively scramneldarged electrons and holes|[10,
[73]. The characteristic time scalg for the build-up of screening roughly corresponds to
the inverse plasma frequenay [9, [74]:

_1/2
Tszw‘lz( en ) (2.56)

pl M €oE

Here, e is the elementary charge,- the carrier densityn® - carrier effective massg

- vacuum dielectricity, and - the dielectric constant of the semiconductor. As a result
of the screening, the effective electric field is reduced #red QCSE-phenomena are
weakened, see Fig.Z]22 (c). The carrier ground statestshifigher energies and the
spatial separation of the electrons and holes decreaseseHthe light-matter coupling
becomes stronger and the radiative recombination rateases.

The impact of QCSE on carrier dynamics is illustrated in [Eig32 Characteristic PL
transients after a pulsed excitation are shown for the tteises of the zero-field scenario,
the QCSE, as well as of the screened QCSE. A single-expondatial of excitons is as-
sumed for the unperturbed QW. In case of the QCSE, the decegificantly longer due
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to the weaker dipole-coupling, yet the dynamics still remsingle-exponential. However,

when the QCSE is screened, the carrier recombination becagaés fast, but only short

after the excitaiton. At the later times, the carrier dgnaitd thus the amount of screen-
ing decrease. Then, the decay rate approaches low-depsitijtions of an unscreened
QCSE, leading to a non-exponential PL transient.

2.2.3 Influence of the dielectric environment

In most PL experiments, the dielectric environment is ki¢he interface between the
material under study with the refraction index higher than 1, and the air or vacuum
with n~ 1. Aside from reflection (see Fig.2]11) , the influence of thterface on the
PL properties is rather weak, especially for low-dimenalastructures. However, there
are specific cases when the dielectric surroundings of thgplgacan not be neglected.
In particular, active materials, processed for the intégman an optical device, e.g., in a
laser, are often embedded in a complex dielectric struciitre latter strongly affects the
emission properties[75, I76] and should always be congideravoid possible misinter-
pretations of the experimental data.

In this subsection, the influence of the dielectric envireninis discussed for an ex-
emplary case of a QW inside a Fabry-Perot resonator [77].PLh&om a free-standing
QW is schematically plotted in Fig. 224 (a). The asymmédirizadening of the sample
emission represents the case of high carrier densitie8234corresponding to the typical
excitation conditions of a laser device. The dielectriaature of the Fabry-Perot cavity
is represented by the reflection spectrum, shown in_Figl(®)R4n contrast to vacuum,
there are allowed and forbidden modes of the electric-fiedd, photon states, inside the
resonator. Here, the mode structure is determined by theyfRdrot conditions [77].
The photon states within the cavity are quantized; the @s@eenergies correspond to
the minima in the reflection spectrum. Hence, only these@iware allowed to enter
the resonator, the rest is simply reflected. In additionpetiog to the Heisenberg un-
certainty principle, the transmission peaks are homoggstgtroadened due to the finite
lifetime of the photons, determined by losses inside théygaln analogy to the reflec-
tion, the emission of photons within the resonator is onlgveéd when their energies
match the cavity-modes. Thus, the initial PL spectrum is ifiextl according to the di-
electric structure. As shown in F[g. 2124 (c), the QW emissiow exhibits a series of
peaks, centered at the reflection minima of the resonatae.rdlative amplitudes of the
peaks are determined by the original spectral shape of the.PIFig[2.24 (a).

Within the framework of the microscopic many-body theohg dielectric surround-
ings of a semiconductor determine the photon disperaiognfrom Eq.[2.4) in section
2.1.1. The resulting higher-order effects, such as thelomypetween the cavity-modes
and the active material are beyond the scope of the phenostediad in this thesis and
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Figure 2.24: Schematic illustration of the influence of tidettric environment on the
PL emission for the exemplary case of a QW inside a FabrytPesonator:
(a) PL spectrum of the free-standing QW, (b) reflection gpectof the di-
electric structure, (c) emission of the QW, modified by theitga Allowed
resonator modes are shown by the dashed arrows.

are thus omitted. The reader is referred[tol [25] for furthetads. Approximatively, the
impact of the specific mode-structure on the PL emissiorestéd by multiplying the PL
intensitylp, by the so-called filter functiofy, see Ref[[78]:

- 0
191 () = Fy [EA<Ban>} : (2.57)
As in the Eq.IIZZIl)Ba andBq are creation and annihilation operators of photons with
momentay, respectivelyl, is computed by evaluating the reflection and transmission of

light in the dielectric environment.
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2.2.4 Impact of the band structure

The subsection briefly summarizes the influence of the spdsafd structures on the PL
properties. Since the corresponding scientific field iseatiroad[[9], the discussion is
focused on the topics, relevant for this thesis: dipolectiele rules and the luminescence
in indirect-gap semiconductors.

Selection rules

In general, the dipole selection rules define the conditioten the radiative dipole ma-
trix element#q, see EqL(2]7) is non-zero. They are mainly based on symraeguy-
ments but also incorporate momentum conservation, egw@ét-known relation for the
change of the magnetic quantum-number [4®h = +1. The selection rules determine
the transitions, directly accesible in absorption and siisof single photons. In QWSs,
for example, the conservation of the quantization numdewalonly the excitation and
recombination of electrons and holes within the subbagdmndh, with equal indices
n, c.f. Figl2.3. In addition, dipole rules may also imply a cifie polarization of the
incident and emitted electric field. This last point is masportant for the experiments
discussed in chaptdrs 4 ahH 5.

A schematic illustration of the dipole-allowed transitois shown in Fid.2.25 for
the two, presumably most-prominent, direct-gap semicotwiicrystal structureszinc-
blende(e.g. GaAs, AlAs, InAs) andavurtzite (e.g. GaN, CdS, ZnO) [27]. In case of
the zinc-blende crystalls (a), the interband transitiangxe to the circulary polarized}
photon eigenstates, according to the conservationAmie- +1. The exact rotating di-
rection of the electric field only defines the electron ancehmbpulation with specific
spin quantum-numbers[79]. However, aside from the spinufaions, transitions from
all valence bands, i.e., the heavy-hole (hh), the lighel(idl), and the split-off (so) to the
conduction band can be excited with arbitrary polarizeftlgue to the cubic symmetry
of the crystal structurée [36].

The hexagonal wurtzite lattice exhibits an intrinsic asyetmyin one spatial direction,
the so-callect-axis[27]. This leads to the splitting of the two top-most valemands,
degenerated in case of a symmetric zinc-blende structime valence bands are usually
labeled from top to bottom by A, B, and C]36]. The asymmetrypaiaplies specific
selection rules for the polarization of the absorbed andtedlight with respect to the c-
axis. For all valence bands, the optical transitions regjirearly polarizedr) light. The
A-band couples only to the electric-field perpendicular to the c-axis. In contrast to that,
the excitation of the C-band holes requires light, which igpped co-linearly with the c-
axis. The B-band is accessed with both polarizations witlaEgansition probabilities. A
small deviation from these selection rules, typical to ta@dard wurtzite semiconductors
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(a) Zinc-blende (b) Wurtzite
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Figure 2.25: Simplified illustration of zinc-blende (a) andrtzite (b) band structures in
momentum space. The arrows show the dipole-allowed transitith the
corresponding selection rules for the polarization of tgktifield E. Circu-
lar polarization is represented loyand linear polarization by "hh", "Ih"
and "so" denote the heavy-hole, light hole, and split-offdsamespectively.
The valence bands in the wurtzite strucutre are typicalbeled "A", "B"
and "C".

like GaN or CdS[[80], occurs in case of the ZnO. Here, the B-bangles only to the
perpendicularly polarized light with respect to the c-d&% [82], in analogy to the A-
band. This issue was partly responsible for the controzkedsscussions of the valence
band symmetries in ZnQ[81, 83,184].

Indirect-gap semiconductors

The discussion in the previous sections is based on the piegpef direct-gap semicon-
ductors. Here, the influence of an indirect band-gap on tji® kmission and carrier
dynamics is briefly discussed. A generic band structureriandirect material is shown
in Fig.[2.26 in momentum space. Naturally, as the main feaituthe band alignment,
the absolute minimum of the conduction band is not at theecasftthe Brillouin zone,
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i.e., thel' point[27]. However, a local conduction band minimum is detately placed
atl, typical for the band structure of Ge-based materials [B&Estigated in this work.
In an experiment, when electrons are excited within thissgdaect valley, they either
recombine radiatively or scatter and relax towards ther@udigap; the corresponding
characteristic times amjrect aNdTrelax, respectively. Since typical inter-valley scattering
processes are extremely fast, i.e., on a sub-ps times&jlef@ relationT ejax « Tdirect
holds true in the most cases. In addition to the radiativemdxnation af”, indirect lu-
minescence is also possible. In the latter case, howevstaik contrast of the emission
from electrons in holes at the quasi-direct gap with neaglyaé momentum values, i.e.,
Ak =~ 0, the conservation rules require a transfer of considerat@mentum difference
Ak » 0. Hence, the radiative indirect-gap recombination isallglassisted by phonons
and is thus much slower, than tiieemission, i.e. Tindirect » Tdirect [86]. Only in sys-
tems of reduced dimensionality, momentum transfer by egatf at the interfaces[87]
and/or localization of carriers due to the interface flutiures [88], i.e., delocalization in
momentum-space, provide a finite probability for the zenoson transitions.

Tindirect
Ak ~0
Ak >> 0
e phonon-assisted
|— r
k

Figure 2.26: Schematic band structure of an indirect melterimomentum space, with
an illustration of the main carrier relaxation and recomalion processes.
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2.3 Extrinsic photoluminescence properties: defects and

disorder

This section illustrates the influence of defects and desoooh the emission properties
of a semiconductor. In the previous two section$ 2.1[afddi@ed|, defect-free crystals
were assumed. However, the lattice of real materials deviaiore or less from the ideal,
strictly mathematical ordering of atoms. To some extenpisenductors always incor-
porate defects, impurities, as well as spatial fluctuatadriee band structure parameters,
i.e., disorder. Since all materials are grown at finite terapees significantly higher than
absolute zero, imperfections are inevitably introduceth®crystal lattices simply due
to the elementary thermodynamics, i.e., the interplay betwenergy and entropy in the
system. In addition, the quality of real semiconductorsirthier degraded by growth im-
perfections. Naturally, in well-established materialteyss like Si or GaAs, the defect
concentrations are extremely low due to the optimized dgnawinditions, systematicaly
developed over decades. However, in less established| sewveconductor structures,
defects and disorder can still play a significant role witbpext to the energy structure
as well as carrier dynamics. Also, a controlled introduttd impurities to the semicon-
ductor crystals, i.e., doping![9], is often used for selextltering of the specific electro-
optical properties. Thus, understanding the role of maltémperfections is crucial for
the proper analysis of the experimental findings.

The first part of this section starts with a brief descriptairdefects and their influ-
ence on PL spectra and carrier dynamics. The discussionsrstibsection is mainly
based on the textbooks on semiconductor physics [4, 9].disé¢icond part, the disorder-
related properties of semiconductors are discussed andrditive analysis scheme is
presented.

2.3.1 Defects

Types of defects

The defects in semiconductors are typically classifiedtmctural defectsand chemi-
cal impurities They are further subdivided according to their respediveensionality.
Here, we focus on the zero-dimensional defects, the seecpbint-defectssince this
type is the most abundant in real materials. In additionjifleence of point-defects on
the PL properties is very similar to the impact of defectdwhiigher dimensionality. For
more detailed discussion of the latter, the reader is rediew the standard textbooks, e.qg.,
Ref. [4].

An overview of typical point-defects is given in FIg. 2127 fan exemplary case of a
polar cubic lattice. The typical structural defects areo@s misplacements of the two
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Structural point-defects
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Figure 2.27: A schematic overview of the different poinfed types in a polar lattice.

original atoms in contrast to the ideal crystal structurenede are thanti-sites, self-
interstitials as well asvacancies In general, the structural defects may also involve
changes of the bond lengths and angles. The chemical ingsuate various extrinsic
atoms incorporated in the original crystal during growtly.eas sub-products of gas-
epitaxy or desorbed from the chamber walls in molecularbeaitaxy like hydrogen
and carbon. Depending on their respective chemical grdwgset atoms are typically
anion- or cation-substitutionalsHowever, the chemical impurities can also be found as
interstitials, combining their specific chemical naturehathe properties of a structural
defect. An additional special case are the so-callegtalent impurities These are the
atoms within the same chemical groups as the intrinsic argstnstituents. When the
isovalent impurities significantly differ in size and elextegativity from the latter, they
strongly perturb the lattice thus acting almost like stuuak defects.

In general, the electronic structure of the defects is amdike sequence of quantized
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Figure 2.28: Representative scheme of energy levels of jef&cts in a semiconductor
band structure.

states. The important states determining the optical ptiegeare those with energies in-
side the band gap of the host material. Typical energy |lefalse point-defects are shown
in Fig.[2.28 in the real-space semiconductor band strucfline defects, both structural
as well as chemical, are subdividedshallow and deep according to the position of
the corresponding energies relative to the band edgeslofhaéfects are categorized
in donors D) and acceptorsy), lying close to the conduction and valence bands, respec-
tively. These defects are responsible for the doping of émiconductor and are thus in
neutral or ionized states, depending on the lattice tentyera.e.,D° andD* in case of
donors, andA’ andA~ for acceptors. Isovalent impurities (1) can be found eitivéthin
the band gap or above (below) the conduction (valence) I&hH®P]. Finally, the defect
states close to the middle of the band gap are conveniehidydd as theleep traps

Influence of defects on the photoluminescence

The influence of defects and impurities on the emission ptigsds illustrated in Fid. 2.29:
a typical PL spectrum of a semiconductor with comparably ligfect density is shown.
The inset of Fig.Z2.29 gives a brief illustration of the cepending carrier dynamics.
Here, we assume that the charge carriers are already bo@xditons which is a highly
probable scenario for the wide-gap materials studied mttiesis. According to the pre-
vious discussion, the radiative recombination of the dtedéreeexcitons (FX), provides
dominant contribution to the luminescence at the excitoesonance. Apart from the di-
rect emission, the excitons can be trapped, i.e., locaglizgdhallow and deep defects. In
case of the shallow dono®) and acceptors), this leads to pronounced luminescence
peaks just below the FX-transition; the emission of thezedidefects is slightly shifted
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PL intensity
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Acceptor tr.
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Energy E.

Figure 2.29: A typical spectrum of a semiconductor matenidh significant contribu-
tions from defects and impurities. Possible emission péalesto the scat-
tering with LO-phonons are omitted for clarity. The insebsis a schematic
illustration of the corresponding carrier dynamics in tkei®n picture. The
ground state of the free excitons and the vacuum level aedddlbyErx
andEyac, respectively.

to higher energies in comparison to the neutral ones. Aacgrd the so-calledtHaynes-
rule[@1], the binding energy of excitons to the neutral impestie.g., to donorngo,
is proportional to the ionization enerdspo of the respective defect state. The emission

energyEpyo thus obeys:
Epxo = Erx — Epyo = Erx — M- Epp, (2.58)

with the material parameten between 0 and 1. The corresponding recombination dy-
namics generally depend on the dipole-overlap of the bouwedosn wavefunctions as
well as on the local environment of the defect state, e.g.ptiesence of additional traps.
Hence, the PL decay is typically single-exponential fotdated impurities, but can exhibit
arbitrary behavior, when an ensemble of defects with dfiesurroundings is considered.
Also, the luminescence peaks from bound excitons are yspi@kent in the PL spectra
only at low temperatures. As the temperature increasesjdoexcitons are eventually
ionized and the FX luminescence with the corresponding P®Bsrthte the PL, e.g., see

Ref. [92/93].

At sufficiently high concentrations of shallow impuritiegjditional PL signatures, the
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Figure 2.30: lllustration of the DAP recombination procggswith the corresponding
density dependencies of the PL spectra (b) and emissiomudgac).

so-calleddonor-acceptor-transition§DAPS) [9], appear in the emission spectra. They
result from the radiative recombination of single electr@md holes, bound to donors
and acceptors, respectively. The recombination processhematically illustrated in
Figl2.30 (a). The emission energy of the DAP transition dedpeon the carrier binding
energie€no andEye as well as on the Coulomb-interaction between the two carweh
the opposite chargds [94]:

&

Epap = Epx — Epo — Epo+ECOU(r);  EC°U(r) = pTe— (2.59)
0

Here,e denotes the elementary charge apdthe vacuum dielectric constant. The signa-
ture of the DAP recombination is the reciprocal quadric delemce of the Coulomb-term
on the distance between the corresponding donor and acceptor. This maatérichines
the characteristic signatures of the DAPs in the emissientsp and transients, shown in
Fig.[2.30 (b) and (c), respectively. In a PL experiment,ieesrare randomly distributed
among donors and acceptors after the excitation, resutiiag ensemble of DAPs with
different spacings and therefore different emission energies, according taZE59).
Hence, the DAP luminescence peak is rather broad in congpattsthe bound exciton
PL from the isolated impurities, c.f. Fig.2]29. Also, theliative recombination time
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Trec(r) Of @ pair-transition increases with the decreasing digtamite to a higher dipole-
overlap of the corresponding electron and hole wavefunstiteading to a characteristic
non-exponential decay of the DAP luminescence, seé¢ Fif(2)3Naturally, as the exci-
tation power is increased a higher number of impurity stet@®pulated. This results in
an increased probability of finding an electron on a donerditse to an acceptor-bound
hole and vice versa. Thus, the mean distance of the popul#fg decreases and the PL
energy as well as the decay rate both increase. This chastictdependence of the PL
properties on the excitation density is a strong indicatosrihe DAP-related emission.

In addition to the localization at shallow impurities, ¢ars can be efficiently captured
by the deep traps. The relaxation is followed by the recoation of electrons and holes
via interaction with phonons and/or photon emission. Tisallteng PL is often strongly
broadened due to the fluctuations of the local environmernh®fdefect states as well
as being a result of the carrier-phonon scattering. Thesomgeak is also shifted to
lower energies with respect to the band gap, usually by m&dyslof meV, see, e.g.,
Refs.[95)96]. Thus, the PL from the deep traps is typicallyaotzserved in a standard
PL experiment which often focuses on the study of the nead-lgap luminescence. On
the contrary, the carrier-capture processes by varioug thegurities are considered as
extrinsic non-radiative recombination channels for thedsadge PL. Depending on the
defect concentration, these processes can strongly affesten limit carrier lifetimes,
leading to a fast PL decay as well as to low quantum efficien[3¢ The latter is defined
as the ratio between the radiative and the full recombinates.

In an experiment, only a simultaneous measurement of th@wtbsPL intensity and
the decay time allows to separate the non-radiative frommatimtive recombination and
thus to determine the corresponding time-constants. tinfately, in the most cases, the
absolute PL data is not available. However, strong cortioha from the non-radiative
recombination channels are often identified by the chanattefeatures in the power and
temperature dependencies of the PL intensity and decaysmed-ig. 2.31. Typically, the
lifetime of carriers trapped in the deep states is much lotigen both relaxation and
radiative recombination times of the free carriers [97,. 98knce, when the excitation
density is high enough, i.e., it approaches or even excdwddensity of the traps, the
latter become more and more saturated. As a result, due ®@athieblocking, the non-
radiative recombination time and thus the PL decay time batifease, c.f. Fig. 2.31 (a).
The resulting rise of the quantum efficiency leads to a supesat dependence of the
relative PL intensityp, on the excitation densitigye, shown in Figl 2.3 (b), c.f. Ref.[99].

Aside from the excitation density, the rate of the non-riadgarecombination is strongly
influenced by the lattice temperature. Since the thermalcityl of the photo-excited
carriers increases with temperature, both electrons alesd lyget a higher probability to
reach randomly distributed traps and thus recombine ndiatireely. According to the
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Figure 2.31: Influence of the excitation power (a,b) anddattemperature (c,d) on the
decay time and relative intensity of the PL emission is thated for the
case of major contributions from non-radiative recomborathannels to
the carrier dynamics. The grey and black arrows in the irediusthematics
denote relaxation processes with low and high probalslitiespectively.

Shockley-Read-HalBERH) model([4/ 100], the capture rate is proportional to tipgase
root of the lattice temperature. Also, additional non-atigsle channels, e.g., surface
states, are activated as the temperature increases [1P]1, EOr the quantitative anal-
ysis, a phenomenological thermal activation model is usédl][ Within the framework
of this model, the basic expression for the PL intenkityreads:

-1
Ea
lp O (1—|—AeleT) . (2.60)

Here, A denotes the relative increase of the non-radiative cagpoleability for a state
with an activation energ¥,, compared with the recombination rate at T=0K. Hence,
both SRH and thermal activation effects lead to a decreaseed?tt decay time, and also
to a strong quenching of the PL intensity for increasing terafures, see Fig. 2131 (c)
and (d), respectively. On the other hand, an increase ofatreec lifetime with temper-
ature under constant PL intensity is usually consideredhasdication for suppressed
non-radiative capture processes and thus dominatingtrai@combination [9], see the
discussion in sectidn2.1.2.

In general, one should always keep in mind that non-radigiiocesses are often the
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most effective recombination channels, especially, atdg@itation densities and elevated
lattice temperatures. However, it depends on the aim ofxperenental study, whether
the influence of the non-radiative recombination affecésitherpretation of the findings
or not.

2.3.2 Disorder

Disorder in semiconductor structures is commonly understood asalaictuations of
material parameters, leading to the fluctuations of caem@rgy levels, see Ref][9] and
the references therein. The reasons for the fluctuationmangfold: (i) inhomogeneities
in chemical composition, (ii) spatial variations of theesif low-dimensional structures,
e.g., widths of QWs, (iii) fluctuations of strain and/or imtaf fields. The influence of
disorder on the carrier DOS and thus on the optical responge semiconductor is il-
lustrated in Fig.2.32. On the left-hand side, the lineaoghtson and PL spectra of an
ideal semiconductor with perfectly aligned conduction galénce bands are shown. The
absorption spectrum exhibits pronounced excitonic resoesmand the luminescence peak
is centered at the ground state transition, see the discusssectiof 2]1. The right-hand
side of the Fid. 2.32 illustrates the optical response ofardiered system. Here, the band
structure exhibits spatial variations of the conductiod @alence band edges, resulting in
the fluctuations of the gap energy, with a characteristicggngcalecg. In an experiment,
the investigated area of the sample is typically much lattygm the characteristic scale of
the fluctuations. The latter thus leadibtiomogeneouBroadening of the absorption and
emission spectra. In addition, when the charge carrieralaeeto move within the disor-
dered band potential, the PL peak is shifted to lower engytpevards the so-calldzhnd-
tail, the low-energy flank of the DOSI[9]. A finite energy spacingnmen the absorption
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Figure 2.32: Schematic linear absorption of an ideal sengiaotor (a) and disordered
system (b) with the corresponding emission spectra as weli@arespective
band structures in real space coordinates.
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2 Photoluminescence spectroscopy

and emission maxima is commonly labeled as $ttekes-shifi23, [C]. Also, the DOS
within the band-tail often corresponds to Gaussian or egptial distributions[23]. For
simplicity and consistency reasons, the latter is assumethé rest of the discussion in
this section. In contrast to that, there are specific mat&riactures with pronounced dis-
order, yet extremely high potential barriers and/or laggesations between the potential
minima compared to carrier diffusion lengths, as illugtdain Fig[2.3B (a). Typical ex-
ample for such a system is a quantum dot ensemble with vadgingjzes[[9, 103]. In this
case, the disorder-induced Stokes-shift is again zerd;igdg2.33 (b), and the PL proper-
ties are not affected by carrier relaxation among spatgslyarated, localized states, c.f.
following discussion if_2.3]2. However, for the majority difordered semiconductors,
the emission dynamics are indeed strongly influenced bydkengial fluctuations.
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Figure 2.33: Schematic illustration of a material systernhwpatialy fluctuating energy
levels (a), yet without carrier relaxation processes betwhe potential min-
ima. Despite the pronounced inhomogeneous broadeningnherg)e shift
between the absorption and the PL is observed (b). Corresgpadenario
including the relaxation is shown in (c) and (d) for companis

Characteristic signatures of disorder in the photoluminescen ce

For the discussion of the disorder-related PL phenomermagxhiton picture is chosen
for clarity reasons, though the introduced fundamentatepts also apply to the lumi-
nescence of uncorrelated electrons and holes. A typicapettsum of a semiconductor
with pronounced disorder is shown in Hig. 2.34, in the regohéow excitation densi-
ties and low temperatures. For these experimental conditian asymmetric spectral
shape of the PL is a clear hallmark of a disordered system [104]. Here, the low-
energy slope basically represents the distribution of #ralktail states, whereas the much
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Figure 2.34: Influence of disorder on the PL spectrum andydcees of a semiconduc-
tor at low temperatures and excitation densities.

steeper high-energy side of the spectrum is related toecdaimperature and the homo-
geneous broadening of the optical transitions. The entighfoamics are subdivided into
two different regimes. Carriers, typically excited in theatouum, relax towards locally
available potential minima, resulting in fast luminesecedecay on the high-energy flank
of the spectrum. On the other hand, localized states on #ire@rgy flank exhibit much
longer carrier lifetimes, since no further relaxation amels are available. Thus, the de-
cay time strongly depends on the spectral position, inargasrders of magnitude for
decreasing emission ener@y[106, 107]. This charactesstectral dependence of car-
rier lifetime can be already used for the estimation of thergy scalegg of potential
fluctuations[[106, 108].

The influence of the excitation power on the PL propertiesaisardered semiconduc-
tor is illustrated in Fig. 2.35. In (a), the band-tail DOS épresented by a distribution of
the localized states below the "band-edge". In case of thed#ised system, the latter is
typically defined as the onset of the DOS region with highieamobility [9], roughly
corresponding to the maximum of the broadened excitoniagrgiestate in the absorption
spectrum, c.f. Fig2.32 (b). Also, defects states, i.e.pdeps, are introduced to the real-
space band-structure, mimicking realistic scenario. Mt éxcitation densities, carriers
relax to the local potential minima, leading to the previgudiscussed shift of the PL
maximum to lower energies with respect to the band-edgeo, Awst of these carriers
do not reach any of the deep traps due to the spatial localizaks the excitation density
increases, the energy minima of the disordered potengainare and more filled by car-
riers. The average energy of the carrier distribution iases thus leading to an increase
of the PL maximum as function of the excitation density, aswshin Fig[2.35 (b). In
addition, carriers become more delocalized due to the @atoupof higher-lying states or
even the band-edge, both leading to an increase of carrieititpoHence, the probability
of carrier capture by the deep traps, i.e., non-radiatigemination rate, increases. As a
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Figure 2.35: (a) Carrier relaxation dynamics in the excitgoicture for low and high
excitation power at low lattice temperatures. Correspan@in energy max-
imum, emission intensity, as well as the decay time of therestence are
exemplary plotted in figures (b), (c) and (d), respectivas/function of the
excitation density. The respective dependencies in caae mleal semicon-
ductor are shown by the dotted lines for comparison.

result, the emission intensity exhibits a sublinear bedreas function of the exciton den-
sity, and the decay time decreases, sed Figl 2.35 (c) ama@gggctively. In an experiment,
all these dependencies of the PL properties on the excitptaver are characteristic for
a disordered system, in stark contrast to the optical respohan ideal semiconductor,
shown by the dotted lines in Flg. 2135 (b), (c), and (d), faedi comparison.

Aside from the power dependence, the most prominent imgaetraer localization is
observed in temperature-dependent PL spectra and trémsieiguré 2.35 (a) illustrates
the carrier relaxation dynamics as well as their influencéhenenergy of the PL max-
imum (a), the FWHM (b), the intensity of the sample emissign#éod the evolution of
the decay times (d) as function of the lattice temperatome gxcitation density assumed.
As the temperature is low, carrier scatter to the lowestllp@vailable potential min-
ima. Again, the emitted PL is shifted to lower energies wéhpect to the band-edge and
the non-radiative recombination is partially suppresagelitd the strong carrier localiza-
tion. At elevated lattice temperatures, carriers are aagd local potential minima by
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Figure 2.36: (a) Carrier relaxation dynamics in the excitgncture for low, intermediate
and high lattice temperatures for low excitation densit@srresponding PL
energy maximum, FWHM, emission intensity, as well as the yl¢icae of
the luminescence are exemplary plotted in (b), (c), (d),@hdrespectively,
as function of the lattice temperature. For comparison,ctireesponding
dependencies in case of an ideal semiconductor are showhebgatted
lines.

phonon-assisted hopping into even more favorable statesvat energies. This causes
the frequently observed shift of the PL peak position to loemergies, which is a part
of the so-calleds-shapéehavior[238][ 109, 110]. Also, the FWHM of the emission peak
increases since carriers occupy a higher number of lochsites, then recombine radia-
tively thus leading to a broader distribution of possibl@fam energies. However, the
decay time and the PL intensity remain virtually unchanged t the still low carrier
mobility and therefore suppressed non-radiative recoatlmn. As the temperature is
increased further, the carriers are thermally activatddgber-lying states. The PL max-
imum is blue shifted, completing the above-mentioned $shand the FWHM reaches
a local maximum, at least for the exponential band-tail DOI& emission intensity as
well as the decay time both decrease due to the higher mpodild therefore an increased
capture probability by the deep impurities. At even higleenperatures, the carriers are
completely delocalized and the PL energy corresponds tertbagy of the band-gap, i.e.,
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2 Photoluminescence spectroscopy

zero Stokes-shift is observed. The FWHM is reduced to theevgiven by the phonon-
induced broadening, see Hqg.(2.30) in sedfion?.1.2. Afsonon-radiative recombination
probability corresponds to the rate, determined by the nitypdensity and thermal veloc-
ity of carriers, c.f. Eq[{2.80) and Ref.[100]. In generak thisorder-related parameters,
such as characteristic energy scale, relative densityeolioital potential minima as well
as the concentration of the deep traps can be extracted fretemperature dependence
of the PL spectra by using the results of kinetic Monte-Caitoulations[[23] 111]. An
example for the most direct estimation of the energy sgafeom the experimental spec-
tra is the multiplication of the Boltzmann factor with the teenature value corresponding
to the FWHM maximum or to the final "turn" of PL maximum within ti&eshape, see
Fig.[2.35 (b) and (c).

Theoretical treatment: Monte-Carlo-simulations

In this last section, a phenomenological approach to theiatran of the PL data from
disordered semiconductors is briefly discussed. This agbrés based on the Monte-
Carlo simulations of carrier relaxation and recombinatiatiin spatially fluctuating po-
tentials[23] 1111]. The starting point is the assumptionradrgy distribution for the lo-
calized band-tail states with the average spatial dei&itin the most cases, this choice
is based on the experimental findings, e.g., the shape of@hsoor emission spectra.
Carriers, either excitons or uncorrelated electrons andshare randomly distributed
among the available states, mimicking the ultra-fast eathermalization after a pulsed
excitation at low pump densities. Now, these carriers ctreeperform phonon-assisted
hopping transitions between different localized statesecombine either radiatively or
non-radiatively. The two latter processes are summarizedd effective recombination
ratetrec. The corresponding ratg; for a transition between the stateith energyg; and
the statg with energyE; is given by the so-callelliller-Abrahams expressidi12,[113]

—2rjj B Ej —Ei+|Ej—Ei]>

T (2.61)

Vij = voexp(—
Here,vo is the attempt-to-escape frequenay; the localization radiug;j - the distance
between the two statekz - the Boltzmann-factor, andl - the lattice temperature. Hop-
ping processes are thus most probable between close-lgitantml minima and also
strongly dependent on the mean kinetic energy of the changers. The total decay rate
v of the state is computed by the sum of all possible hopping rates, cooredipg to the
effective relaxation time&,qjax and the inverse recombination time:

(2.62)

B —2rii E-—E~+|E~—E-|)

1 i j i j i

Vi =Tect+ Y Vo exp(— — )
; a 2kgT
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2.3 Extrinsic photoluminescence properties: defects aswtder

The simulation is iterated for several 10s of thousandseargrairs to ensure statistically
significant results. Further details concerning the atgoriand the numerical realiza-
tion are given in Refs_[40, 114]. Since both the emission gnand the time delay
after the excitation are recorded for every recombinati@ng PL spectra as well as the
energy-dependent transients are obtained from theseationd. Then, a comparison of
the theoretical results to the spectrally and temporakipikeed PL data at various tem-
peratures, allows for the extraction of the complete sehefsimulation parameters thus
characterizing the disorder in the studied structures.

63






3 Experimentals

This chapter illustrates the experimental realizationhef $pectroscopic studies carried
out within the framework of my thesis. In the first part the ¢imesolved photolumines-
cence setup is presented. Here, the excitation sourcelimear-frequency mixing, as
well as the operation of the streak camera are discussedail. dEhe second part deals
with the linear spectroscopy setup used for CW PL and absorpteasurements.

3.1 Time-resolved photoluminescence

D Ss

cCD-camera[ ] i UV-VIS setup
R T camera
Camera streak- |! Ti:sapphire Camera
camera |t laser i Sample in
I : i cryostate
Spectro- L2 Spectro-
meter | meter
i Sample in W |
i cryostate UV-VIS
i Streak-
Attenuator camera
e et ” |Frequency- Attenuator
NIR setup tripler El ;
CCD- camera ;

Figure 3.1: TRPL setup for the NIR and UV-VIS spectral range

The setup for the TRPL measurements is schematically showigiB.1. A pulsed
titanium-sapphire (Ti:Sa) |aS|inS used as an excitation source. The Ti:Sa is pumped by
an intra-cavity frequency-doubled neodymium doped yttraluminum-garnet (Nd: YAG)
IaseE with the central emission wavelength of 532 nm and a maximutpu power
of 11 W. A slightly lower pump power of 9.5W is typically used the experiments to
provide higher long-term stability of the setup. In the pdgsegime the Ti:Sa is pas-
sively mode-locked by the self-focusing effect due the Kem-linearity inside the sap-
phire crystal. The dispersion of the spectrally broad milsecompensated by a series

I"Tsunami", Spectra-Physics
2"Millenia", Spectra-Physics
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3 Experimentals

of prisms inside the cavity. This leads to a typical pulsetiwiof approximately 100 fs

at a repetition rate of (8® 0.5) MHz, corresponding to a separation of 12.5 ns between
the pulses. This sets the upper limit for the directly adbéssime range in the TRPL
experiments. Also, when desired, the operating mode carhéeged to the CW by a
minor detuning of the laser cavity. The Ti:Sa operates inTte®po mode with lin-
early polarized emission. A broad-band mirror set is usedHte laser cavity, taking
advantage of the spectrally broad gain of the Ti:Sa crysthlus, emission wavelengths
betweemen=690 nm and\e;=1010 nm are achieved, corresponding to photon energies
Eem=1.80eV andEen=1.23 eV. For\em>930 nm, the laser is purged with nitrogen gas
to minimize intra-cavity water absorption. The averageatipower ranges from 0.6 W
for Aem>950 nm and up to 2.3 W around =800 nm.

The initially accessible wavelengths are further extenidéal the visible and the UV
spectral range by taking advantage of the non-linear freqysenixing. It is especially
efficient for the high electric field strengths associatethwhe ultra-short Ti:Sa pulses.
For this purpose the so-called frequency-trBierintegrated into the experimental setup.
The basic layout of the tripler is shown in Hig.13.2 Pulsesrfrthe fundamental laser
mode centered at the frequeryenter the tripler and are focused on a lithium triborate
crystal (LBO). LBO exhibits a particularly strong second-@rdon-linearity in the optical

Q]

Figure 3.2: Schematic layout of the frequency tripler

3"SuperTripler 8315", CSK Optronics
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3.1 Time-resolved photoluminescence

response to the incident EM-wave, i.e., polarization with frequency ® is induced
inside the crystal. According to the Maxwell’s equations #u-polarization wave is
naturally associated with an EM-wave, the so-called sed¢@rthonic (SH). When the
phase velocities of th@ and 2o0-waves are matched by adjusting the relative angle of the
LBO, both waves interfere constructively. Thus, the amgktoef the SH pulse increases
while thew-pulse propagates through the crystal. Under such phasghethconditions
about 25 % of the incident power are converted to the SH eamssThe later emerges
from the LBO crystal collinearly to the fundamental mode, yetpendicularly polarized.

The fundamental and the SH beams are spatially separatediiojra@ic mirror plate
and then focused on a bismuth triborate crystal (BBO). Indecrystal the second-
order non-linearity leads to a partial conversionuefand 2o-radiation to an EM-wave
with the tripled initial frequency and about 1 % of the Ti:Sawmer, the so-called third-
harmonic (TH). Again, the phase-match is adjusted by fimtuthe angle of the BBO
as well as the 90rotation of the linear polarization of the fundamental mdaeaddition,
both incident beams overlap spatially and temporally. Emegoral overlap is achieved
by altering the length of the fundamental beam path usingayddage. After passing
the BBO crystal the three beams are spatially separated bylematb-selective mirrors
and the fundamental mode is guided to a beam dump. In the TRRsurEments both
SH and TH pulses are used for excitation, depending on theriemental requirements.
The initial wavelength range of the Ti:Sa is thus expandeg4tonm - 505 nm (SH) and
230nm - 337 nm (TH), corresponding to the photon energies58 &V - 2.46eV and
5.3%V - 3.68 eV, respectively.

In the experiment the Ti:Sa emission is separated by a poigrbeam-splitter cube
before entering the tripler (Fig_3.1). N2 wavelength-plate is applied to adjust the dis-
tribution of the laser power between two different TRPL sefuptimized for NIR and
UV-VIS detection, respectively. Aside from the differesde excitation wavelengths,
both setups share the same design. First, the power of tlieiidaser beam is attenu-
ated by using reflective neutral-density filters to avoiditied lensing. Then, the laser is
focused on a sample with the pump spot FWHM of80- 40um in the NIR and 2@um
- 25um in the UV-VIS setup, respectively. The FWHM are measured BC®-based
beam-profileﬂ. The laser profile as well as the position of the excitatiost gm the sam-
ple are monitored during the measurement by a digital cﬁ‘n@ﬂa\e camera allows for
spatial resolution down to [fm at a working distance of about 10 cm. For the measure-
ments at the temperatures down to 5K the sample is held in ﬁoWeeryostﬂ. The
PL from the sample is imaged to the entrance slit of a spe under numerical-

4Standard web-camera with removed imaging optics
S"FINEPIX S100FS", Fuijifilm, upgraded with additional ofstic
6Micro-cryostat, CryoVac

25015", Bruker
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Figure 3.3: Sensitivity of the streak camera cathodes adiimof detection wavelength

aperture (NA)-matching conditions. Polarization and/@velength-selective filters are
placed in front of the spectrometer according to experialengiquirements In addition,
the magnification of the image and the spectrometer slittwade chosen such that only
the emission within the FWHM of the pump spot enters the detedthus, the photon
flux at the sample surface in the area of interest is detedrmmdy by the pump power
and the FWHM of the laser spot. A script for "Mathematica" gireappendix[(lL) is used
to calculate the The maximal spectral resolution of the mmeasPL signal in both NIR
and UV-VIS setups is about 0.1 nm; it depends on the chose¢mgrand the slit widths
of the spectrometer.

After passing the spectrometer, the PL signal is temporakplved in a streak cam-
er@. The streak-camera as well as the spectrometers are apasatg the "HPDTA 8.1"
software from Hamamatsu. The spectral response of the gegblcameras is shown in
the Fig[3.8. Effective detection windows are 200 nm - 800 meh 300 nm - 1300 nm for
the NIR and UV-VIS setups, respectively. Also, the UV-entethstreak camera provides
over an order of magnitude higher sensitivity in comparisaiie NIR device and a lower
noise level.

Figurd3.4 illustrates the operation principle of a streakera in detail. In the realized
TRPL setup the PL signal that enters the streak camera idglsgatially dispersed by
the spectrometer. Thus, in a simplified picture, severatgisdistributed in horizontal
direction according to their respective energies reacli#tector. Also, some time-delay
between the photons is introduced. These photons passableaviertical slit and hit the
photosensitive screen of the streak camera tube. With sonte firobability, each im-
pinging photon leads to an emission of an electron due to tie¢oglectric effect. The

8NIR setup:"M5675(S-1)", Hamamatsu; UV-VIS setup:"M688&0)", Hamamatsu
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3.1 Time-resolved photoluminescence

Trigger
sirg;?wgl: Deflection
80 MHz voltage
Multi-
PL signal after “ ” nO— AVAY) Channel- _
the spectrometer Plate CCD-image
Time
Ener 1
S it
<—Time
Photosensitive Acceleration Phosphor Enara
=L ner
cathode voltage = screen 9y

Figure 3.4: Operation principle of a streak camera

guasi-instantaneous nature of the photo-effect conseneespatial and temporal order
of the emitted electrons with respect to the initial phot@stribution. The electrons are
accelerated along the evacuated tube and pass a pair obitatly aligned capacitor
plates. In the so-called "synchro-scan” mode used in all TR@®Eem@mMents for this work
the streak camera is a sinusoidal deflection voltage isegpdi those plates. The oscilla-
tion frequency is locked to the repetition rate of the pungefaAlso, the streak camera
is triggered such that the voltage increases linearly azlbetrons pass the capacitor
plates. Thus, the electrons are deflected in the verticattian according to their arrival
time. Subsequently, the vertically and horizontally sdrekectron beam is amplified in
a multi-channel plate and hits the fluorescent phosphorcrees at the end of the streak
camera tube. Then, the image of the screen is acquired with ac@@i@ra. In this way,
the initial temporal distribution of PL photons is convelte a spatially resolved signal.

The temporal resolution of a streak camera mainly dependseowidth of the vertical
entrance slit and the deflection voltage amplitude. Howetver resolution is limited
due to the electron beam broadening as well as the thermahantanical jitter of the
detection system and the excitation source. The ultimati i given by the Heisenberg
uncertainty principle due to the initial spectral dispensof the measured PL signal. The
maximal temporal resolutions of the employed streak-camare 1.5 ps and 0.5 ps for
the NIR and UV-VIS setup, respectively. The acquisitiondaw ranges from 50 ps to
2ns.

An exemplary PL image taken by the NIR streak camera is showFig[3.5. The
signal is plotted as function of photon energy and time onlsefaolor intensity scale.
The PL spectra are extracted from the 3D-image by the infiegraver a time interval.
In the same way the time-dependent PL traces, or transemet®btained by spectral in-
tegration. The upper boundary of the measured PL signal proftdhe image defines
the time-zero, i.e., the arrival of the excitation pulse. #ak signal at negatives times is
a common artifact in the applied detection mode, the sedalhck-sweep The origin
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Figure 3.5: Exemplary PL image taken by a streak camera iassefith a spectrometer.
The sample is a (Galn)As multi-quantum well stack at thecatiemperature
of 10 K. The PL spectra and transients are extracted fromBherage by the
integration of temporal and spectral intervals, respebtiv

of the back-sweep is illustrated in Fig.B.6. The top parthaf graph shows a typical
PL signal from a sample excited by a train of short laser puisih a repetition rate
of B0 MHz. The PL rises with the excitation pulse and then geadowly with time.
When the average decay time is in the same order of magnitueleearlonger than the
time-interval of 12.5 ns between two excitation pulses,Rheexhibits a finite offset due
to the pile-up effect. The deflection voltage of the streakea, synchronized with the
repetition rate of the laser, is shown in the bottom graphe 3lmaded area corresponds
to the detection window of the CCD-camera. Thus, the measugedlss an overlap of
two contributions: pile-up background from the precedingtiace followed by the rise
and the initial decay of the sample emission (red line) as agthe PL delayed by 6.3 ns
(blue line). The later is deflected in the opposite spati@aion with respect to the initial
signal due to the sinusoidal voltage profile. The contrioufrom the "delayed" PL and
the pile-up background give rise to the back-sweep artifdten the back-sweep frac-
tion of the total measured signal is significant, i.e., mbant20 %, the PL transients can
not be analyzed directly, e.g., by fitting with exponentiatdy functions. In this case,
the average decay time is extracted from the back-sweepatomum ratio applying a
numerical algorithm to deconvolute different contribuso This routine deduces decay
times up to 100 ns with reasonable accuracy. The correspgsdript for "Mathematica”
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Figure 3.6: Formation of a PL time-trace in a streak camergwwg in a synchro-scan
mode. The graph on top shows the periodic PL emission fronséneple.
The voltage between the deflection plates of the streak @amgglotted in
the bottom graph. On the right-hand side the evolution ofttleasured signal
is illustrated.

is given in appendix{2). For the majority of the studied sksphowever, the PL decay
is significantly shorter than 12.5ns. Therefore, the cbatrons from the pile-up and
the emission at 6.3 ns are negligible in most cases. Theyeatet as a constant offset
and thus subtracted from the measured signal. In additi@nso-calledblanking unit
can be used to apply an additional horizontal voltage ingideamera-tube thus separat-
ing the back-sweep from the initial signal. The drawbackhig technique is the rather
challenging extraction of the spectral information, esgég for large temporal detection
windows. All images obtained in the streak camera setupraaepsed using a "LabView
8.0" code. The contributions from the background radiaimnsubtracted and the data is
corrected for the spectral response of the detector systdragatially varying sensitivity
of the phosphorous screen as well as the CCD-camera. Finaligit®.0" software is
used for the quantitative analysis of the PL data.

3.2 Linear absorption and continuous-wave

photoluminescence
The experimental setup for absorption and CW-PL measuremerghown in Fig3l7.
The Ti:Sa laser used in the TRPL setup and a helium-neon (Hidaser operating at

632.8 nm are employed as excitation sources for the CW-PLriempets. The incident
laser beam is focused on the sample, held in a He-flow crydBtaemission is imaged
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Figure 3.7: Experimental setup for measurements of linbao@tion and continuous-
wave photoluminescence.

on the entrance slit of the optical spectrum analyzer (@Aﬂwe OSA is a spectrometer
with integrated detector and data processing unit. Thatsatysof the OSA ranges from
330 nm to 1700 nm with a maximal spectral resolution of 0.05 nm

A tungsten lamp is used as a white-light source for lineapgii®on measurements

The lamp provides a broad thermal spectrum with the cemisaelength of about
1000 nm. This yields an effective spectral range from 400etiZ00 nm, limited by the
light-source and the sensitivity of the detector. The gghpdiverging light from the lamp
is first focused on a pinhole with the diameter of(sd. The pinhole is then imaged on
the sample. The light, transmitted through the sample,aaded on the OSA entrance
slit applying the same optics as for the CW-PL measurementdigi#al-camera is used
to monitor the overlap of the PL excitation spot with the feai the white-light. Linear
absorption spectra are obtained from the initial and tratsdlight intensitiesd and k,
respectively, after the subtraction of the background mting to the Beer’s law:

T _ gat, (3.1)
lo

Here, a is the absorption coefficient and L is the thickness of thepdamFor the
absorption of quasi-two-dimensional structures only tteelpctal is evaluated.

10"AQ-6315A", Ando
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4 Role of the Coulomb-interaction in
phonon-assisted emission

This chapter covers the experimental studies of many-bdiggte in phonon-assisted
emission of semiconductors due to the carrier-carrier Goblmteraction. The corre-
sponding theoretical background is discussed in selctibfi.2 The following investiga-

tions are focused on the two main questions: (i) does Coulcontelated electron-hole
plasma contributes to the PSB emission, and (ii) how strerige impact of exciton for-
mation on the carrier-phonon interaction. These topicdraaged in the following two

sections. All calculations involved are performed by Cloggit N. Bottge and Dr. Thomas
Feldtmann in the group of Profs. Stephan W. Koch and MacKiita at the Philipps Uni-

versitat Marburg.

4.1 Luminescence sources: plasma contributions

The section deals with the experimental evidence for thedifferent sources of PSB
emission, excitons and electron-hole plasma. Since thitoeic PSBs are considered
common knowledgé[55, 115, 116, 117] 51], the evidence shpéacontributions remains
the main goal of the conducted studies. The discussiorsstéttt the presentation of the
material systems used for the experiments as well as thefrdiraracterization. The next
two subsections are dedicated to PL investigations ataérehosen, specific excitation
conditions, known to favor or to inhibit exciton or plasmarfation.

4.1.1 Material systems

The proposed investigations of plasma-related radiagigembination via phonon-assisted
transitions impose rather demanding requirements on tlestigated materials. The ex-
citon binding energyeg of the semiconductor under study should be not too highgsinc
phase-transition from the exciton- to the plasma-domahedgime should be reached with
reasonable carrier densities, i.e., pump power, avoidadgative damage of the sample.
On the other handsg should be not too low to facilitate efficient exciton fornuati
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Figure 4.1: PL spectra of CdS(a) and CdSe (b) for low excitatiensity and non-
resonant excitation conditions at the lattice temperatdiré0 K. Signatures
of bound and free excitons as well as the corresponding PSBwarked by
BX, FX, and PSR, respectively.

In addition, strong carrier-phonon coupling is requiredtfi@ observation and quantitative
analysis of the PSB emission. Finally, the studied mateshbuld be high-quality in
terms of defect- and impurity-concentrations as well asb®hg subject to disorder.
Otherwise, the emission spectra as well as the carrier digsaane influenced by the
extrinsic phenomena, see secfiod 2.3, and any study of thasic properties is thus
inhibited.

Based on these requirements, chemically synthesized CdS &l litdk crystal flakes
with severalum thickness are chosen for the experiments. Both materaiselt-studied,
direct semiconductors exhibiting pronounced PSB lumierse[[118, 119, 120] 9]. The
exciton binding energies of CdS and CdSe are 27 meV and 15méVrgpectively.
These energies are in the intermediate range between essdgd excitons in GaA§[33,
[30] with ES3AS=4 meV and rather stable excitons in ZnO [9] WEE"°=60 meV.

As an overview, Fid.4]1 shows the PL spectra of the CdS (a) aedCdSe (b) sam-
ples, time-integrated over a 2 ns-range after the excitdto a lattice temperature of
T=10K. The data is taken for the non-resonant excitation&i 8V and low pump den-
sity of about 181 cm~2 photons per pulse. Spectral and temporal resolutions dnen®.

and 20 ps, respectively. The dominant emission signatur2d$47 eV and 2.553 eV for
CdS, as well as 1.821 eV and 1.825eV for CdSe are attributecetovéiti-known ZPLs

of the bound (BX) and free A-excitons (FX), respectively [14P2,36]. Despite the
suppression of the FX emission due to the polariton propagaffects in bulk crystals,
c.f. sectiom2.1]3, the rather strong FX PL compared to the Bi¥&sion is already an
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Wavelength (nm)
490 485 480 475

—Eplc
= Ep Il ¢

FX,'s

PL intensity (arb. u.)

254 256 258 2.60
Energy (eV)

Figure 4.2: PL spectra over first 10 ps after the excitatiothef CdS sample for two
different linear polarization of the detected emission atID K and for low
excitation density of about #cm~2 photons per pulse. The polarization of
the incident laser beam is tilted by 4%ith respect to the c-axis.

indication for a high material quality of the two samples.abidition to the BX and FX
transitions, several pronounced luminescence peaks seevad at the low-energy side of
the spectrum. The respective intensities decrease witleagiag peak energy. The peaks
are nearly equidistantly spaced with a separation of ab®ute&v for CdS and 27 meV
for CdSe, as are the separations between the first peak anctleeE These energies
correspond to the energies of the LO-phonons in these rakéti22, 36]. Therefore,
the peaks are unambiguously identified as the PSBs of the F¥s@mi As already dis-
cussed in sectidn2.2.1 the PSB luminescence is only weéfkigted by polariton effects
and thus originates from the entire excited bulk volume antrast to the surface-related
FXPL.

Also, both CdS and CdSe samples adopt wurtzite crystal steuetod are grown with
the c-axis parallel to the sample surface. Therefore, tleeten rules become important
for the excitation as well as for the PL detection, c.f. s#€#.Z.4. Since the emission
from the ground state, i.e., A-exciton, is of interest foistbtudy, the proper experi-
mental conditions are first identified by polarization-tged measurements. Exemplary
low-temperature spectra of the CdS sample are shown i Bigo#two different linear
polarizations of the detected PL, perpendicular and pertlthe c-axis. The polariza-
tion of the incident laser beam with the average photon ¢n&ir§.85 eV is tilted by 45
with respect to the latter, leading to the photoexcitatibnades in both A- and B-valence
bands. Altogether, the PL spectra show the typical res@safitom the ground and the
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Figure 4.3: Temperature-dependent PL spectra (a) and B&msients (b) at low excita-
tion density of about 18 cm~2 photons per pulse. The data is normalized
and shifted for clarity. As-measured emission spectra dnahfensities are
plotted in the respective insets .

first-excited excitonic states in CdS[80] as well as the wégkagures of the correspond-
ing BX transitions. As expected for a wurtzite semiconduataty the B-excitons appear
in the luminescence when the detected electric figidis linearly polarized parallel to
the symmetry axis. In contrast to that, both A- and B-excitaresobserved in case of
the perpendicular polarization, according to the seladtides. The latter configuration
is thus chosen for the following experiments.

Finally, temperature-dependent PL studies are performetsure that non-radiative re-
combination plays only a minor role for the recombinatiomalyics in both samples.
Again, representative results from the CdS sample are dlatté&ig[4.3. As the tem-
perature increases, the spectra show a typical shift of them&imum towards lower
energies as well as a quenching of the BX transition due todhieation, see sections
2.1.2 and213; no disorder-related S-shape is observed, Aig to increasing phonon
population and thus more efficient scattering processespbctra broaden and the PSBs
become more pronounced. To analyze the dynamics of the FXsemnij the PSBtran-
sients are evaluated, as they are less distorted by possipleity contributions at the
PL energy of the latter and suppressed polariton propagaffects. The PL decay, see
Fig.[4.3 (b), is nearly unchanged as the temperature isasekfrom 10K to 90K. In
addition, the spectrally integrated luminescence intgm@creases only slightly, and the
intensity of the PSBs even increases, both consistent wéhothization of the BX. All
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4.1 Luminescence sources: plasma contributions

these findings are clear hallmarks of the sample emissiarglminated by radiative
recombination and intrinsic effects like scattering wifttioal and acoustic phonons, c.f.
2.1.2 and Z.3]1. Non-radiative capture processes are sidimanegligible, resulting in
only a slight decrease of the absolute decay rate of the Plakigogether with the weak
BX luminescence (Fig.4.1) and the observation of higherter@ transitions (Fid. 412),
the temperature-dependent results confirm high materaitgurequired for the follow-
ing studies.

4.1.2 Resonant vs. non-resonant excitation

(a) Spectra (b) PSB, Transients

PL intensity (abr. u.)

== NoOn-resonant

== Resonant
[} P [ 9 [} 9 [

2.45 2.50 255 0 750 1500
Energy (eV) Time (ps)

Figure 4.4: (a) PL spectra of CdS at high excitation density tfee resonant and
non-resonant excitation energies of 2.54eV, and 2.85e¥%pedively.
(b) Normalized transients of the second PSB. The lattice ézatpre is set
to 10K.

The first and the most direct way to create excitonic poputeith a PL experiment is the
resonant excitation at the ground state transition, i.esxtg#on-resonance. In contrary,
when continuum states are excited, electron-hole plasralvesys created directly after
the absorption of the incident pulse, see the discussioedtis{2.1.2. In the latter case,
however, the excitation density should also be high enooagibserve plasma-dominated
luminescence due to the density-dependent radiative figioation rate of the uncorre-
lated electrons and holes. The pump density is thus setlttci®? photons per pulse.
Low excitation results are always recovered after the apptin of high pump densities
to ensure that the material is not damaged during the expatinfor this study, the CdS
sample is chosen, since the exciton ground state of the CdE8a¢V is beyond the
spectral range accessible with a Ti:Sa laser. Hence, thioplemergy is set to 2.85eV
and 2.54 eV for the non-resonant and resonant excitation 8f dpectively. In the latter
case, the pump energy is slightly detuned towards lowegeswith respect to the exci-
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4 Role of the Coulomb-interaction in phonon-assisted enmissio

ton transition to ensure that no continuum states are ekbitehe spectrally broad 100 fs
pulses. Also, the pump power is increased to balance th&ingsdecrease in absorption.
PL spectra of CdS are plotted in Hig. 4.4 (a) for the two diffitrexcitation conditions
and the lattice temperature of 10 K with pronounced PSBs fauibdth cases. Remark-
ably, the shape and the relative intensities of the sidebarelnearly independent of the
excitation energy. Only a slight broadening due to the higlaerier temperature is ob-
served for the non-resonant scenario. However, in starkasinto the similar spectral
line shapes, differences in the luminescence dynamicsigndisant. Normalized PL
time traces at the energy of the second PSB are shown io Bithy. The signal de-
cays mono-exponentially in case of the resonant excitaasrcommonly expected for
the exciton-related PL. On the other hand, for non-resoetitation conditions, the PL
exhibits a more complicated non-exponential behavior ¥t initial decay and slower
recombination at later times. As already discussed in@d2fil.2, these temporal signa-
tures are a clear hallmark of plasma recombination due talleacteristic dependence
of the decay rate on carrier density.

4.1.3 Excitation power dependence: the Mott-transition

The second possibility to obtain exciton- or plasma-domeidadynamics is the varia-
tion of the excitation power. For non-resonant excitatiris well-known that exci-
ton populations are typically formed at low carrier dersitiyet electron-hole plasma is
easily obtained in the high-density regime[[9) 10]. The aafsatermediate densities,
when the exciton population starts to decrease in favor ®feflectron-hole plasma, is
the so-calledMott-transition in analogy to the semiconductor-metal phase-transition i
the band-structures of solids[27]. The main reason forlikisavior is the increasingly
efficient screening of the Coulomb-interaction at suffidhigh carrier densities. In a
simple picture, the Mott-transition occurs when the ineedensity of carriersi 1 ap-
proaches the value of the "exciton volume", approximatelynaefias the volume of a
sphere with the excitonic Bohr-radiag [9], i.e.,

3
anad’

n~

(4.1)

This relation can be used to estimate the critical densitaafiers for the exciton-plasma
transition. As a qualitative result, the Mott-transitigmpically occurs at higher carrier
densities when the Bohr-radius is small and the exciton bmdnergy is high. However,

though the picture of clearly distinguishable phases iptarg, the boundary between the
exciton- and plasma-dominated regimes is rather a conigtransition than a discrete
step due to the complexity of the many-body interactions.

Based on these considerations, excitation densities betagge10' cm 2 photons per
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Figure 4.5: Time-resolved PSEBmission of CdS (a) and CdSe (b) as function of excita-
tion power for a lattice temperature of T=10 K. The lowestigton density
is np = 10 cm~2 photons per pulse. The corresponding absolute PL inten-
sities (full circles) and the PL amplitudes directly aftke texcitation (empty
circles) of the second PSB are shown in (c) and (d) for CdS an& 3dSpec-

tively. The dotted lines are fits with the power lagy [ 15,1,

pulse and 606 are chosen for the experiment. The values correspond ta@gvear-
rier densities up to several rm=3, estimated from the absorption coefficients of CdS
and CdS€[36]. These densities, evaluated using the appmtxarEq.[(4.11), are in the
range of the Mott-transitions at about’?@m~—2 and 18cm~2 for CdS and CdSe, re-
spectively. Again, to identify excitonic emission and presrecombination, PL transients
of CdS (a) and CdSe (b) are plotted in Fig]4.5 as function of xieéation density at the
spectral position of the PSB For both samples, we observe a single-exponential decay
at low pump densities, similar to the PL dynamics under tlsemant excitation. As the
pump power is increased, the PL dynamics show a pronounaceéxmmonential behavior.
To confirm the observed increase in the radiative recomioimaate at higher excitation
densities, the PL amplitudes and relative intensities eatuated. Figurds4.5 (c) and (d)
show the spectrally- and temporally-integrated PL intign&ull circles) as well as the
PL intensity direct after the excitation (empty circles)asction of the pump density for
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Figure 4.6: Relative change of the ratio between plasma tyesusd exciton population,
obtained from the fit parametefg andnen. The inset showns an exemplary
PSB transient of CdS at the excitation density of 6@0fitted by the equa-

tion (4.2).

CdS and CdSe, respectively. The absolute intensity of the Elrestly proportional to
the excitation density, while the initial PL intensity ekilis a pronounced superlinear in-
crease. The latter is a clear hallmark of an increased reglid¢cay rate, since the initial
emission intensity is proportional to the inverse radmtifetime and carrier density only,
see Eql{2.41) and_(Z.84). In addition, non-radiative remoation via defects, Auger
processes, or stimulated emission parallel to the samplaceuwould always lead to a
pronounced sublinear behavior of the PL intensity whictotsabserved in the experimen-
tal data. Also, any saturation of impurity-related noniaéide channels at higher pump
densities, i.e. SRH recombination, is excluded due to theahimcrease of the absolute
PL intensity and shorter carrier lifetimes. Thus, the emeament of the decay rate for the
increasing excitation power is unambiguously attributefhster radiative recombination.
Based on the characteristic PL dynamics, the recombinatiorepses are dominated by
excitons at low and electron-hole plasma at high carriesiies. Interestingly, the tran-
sition between the two regimes occurs at about one order ghituale lower excitation
density in CdSe compared to CdS, matching the difference iptéxa@ously estimated
Mott-thresholds.

Further support for the proposed interpretation of the erpental findings is given by
guantitative line-shape analysis of the transient data. \Miweh excitons and plasma
contribute to the luminescence decay, the PL dynamics dlatady following expression,
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Figure 4.7: PL transients of the CdS sample for the excitadi@nsities of 1004 and
600 p. The data are normalized to the intensity of the excitonitssion at
time delays > 1500 ps. The emission trace for the lower posvehifted on
the time-axis for better comparison.

resulting from the sum of the EQ.(2]41) ahd (2.34):

Ipu(t) = (Ace ) + (tA—Zl) . (4.2)

Ten T T

Here, the excitonic population is proportionalAp and the electron-hole plasma density
is given byneh. Characteristic radiative decay times are givertpyandtep, for excitons
and plasma, respectively. An exemplary fit of the transidnfrBm the CdS sample is
shown in the inset of Fif. 4.6 for the maximal excitation dgnsf 600ny. The theoretical
line-shape, predicted by the Elg. (4.2), agrees well withetterimental data. Thus, it is
reasonable to extract parameters from the proposed decdgi namd the PSBdensity-
dependent transients of CdS are, hence, fitted with the El). (All fit curves are in
excellent agreement with the measured transients for thetaot decay ratesx =3.1 ns
andtep=0.6 ns. This result is reasonable, since recombinatiostaats are not expected
to change with carrier density. The analysis also yieldsr#faive change of the ratio
between the plasma density and excitonic population, shov#ig.[4.6. Here, the low-
density result is artificially set to zero, since the cormegjping plasma density parameter
is below the "detection” range of the fitting procedure dudé&experimental noise. The
relative increase of the plasma population with excitapower is clearly superlinear
and thus consistent with the expected phase-transitienbiehavior in the region of the
Mott-density.

Finally, the characteristic superlinear scalability af fflasma emission with carrier den-
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sity is verified. PL transients of the CdS sample are plottefigr{4.7 for the excitation
densities of 100gand 600 3. The emission trace for the lower power is shifted on the
time-axis for better comparison. In both cases, the luntieiese from excitons with along
decay time is considered as background for the plasmaedeRit. The two transients are
thus normalized to the intensity of the excitonic emissittimae delays > 1500 ps. At high
excitation density, the carriers decay fast until the eamlensity reaches the value corre-
sponding to the low excitation conditions. The comparisiathe respective integrated PL
intensities A1 + Az) and A, yields the ratio 6:1, perfectly matching the differencehie t
pump densities. This result illustrates that the same tleosnditions are reached when
the excitation power is decreased by a constant factor onwheecarrier density decays
to the same amount. Thus, the dynamics of the plasma em&seagoverned by the car-
rier density only, fully corresponding to the proposediirgic behavior of plasma-related
luminescence.

In summary, unambiguous experimental evidence for ph@ssisted plasma emission is
presented, clearly confirming the predictions of the maogiyttheory, c.f. sectidn2.2.1.
The experimental results are further supported by the gatwe analysis of the PL dy-
namics, characteristic for exciton and/or plasma lumieese. Hence, due to the carrier-
carrier Coulomb-interaction the emission at the excitors@RPesonances can definitely
not be considered as an evidence of the exciton populatibe. PL from electron-hole
plasma can, indeed, strongly contribute or even dominaePBBs. The experiments
show that both exciton- and plasma-dominated regimes aresaible by the specific
choice of the excitation conditions.

4.2 Interaction mechanisms: Frohlich vs. deformation

potential scattering

In this section, the influence of Coulomb-correlations betwelectrons and holes on car-
rier scattering with optical phonons is studied. Phonaisésd emission is used to quan-
tify the contributions from the two distinctive carrier-qton interaction mechanisms,
previously discussed in the section2]2.1. The investigatare focused on finding the
evidence for possible suppression of Fréhlich interaditiocase of the quasi-neutral ex-
citons. The aim is to show that even in polar semiconductatls maturally strong, polar
carrier-phonon coupling, the interaction via deformafuartential can contribute or even
dominate the scattering of excitons with LO-phonons. Thst part of the section deals
with the characterization of the semiconductor materizgd for the conducted studies.
In the second part, the analysis of the experimental dateesepted and the results are
compared with the theoretical predictions from many-baalgwations. The samples are
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provided by the groups of Profs. Martin Eickhoff and Bruno Megt the Justus-Liebeig
University Giessen (Germany).

4.2.1 Material systems

Three different bulk materials with the sample thicknessveen 0.3um and 1Qum are
chosen for the proposed investigations: ZnO, ZnS, and Cd&eTare typical representa-
tives for polar wide-gap semiconductors exhibiting stretegtron-phonon and Coulomb-
interaction effects [55%, 64] 9]. The exciton binding enesgire in the range of several 10's
of meV, large enough to ensure efficient exciton formatidlopnang measurements in the
excitonic regime below the Mott-transition. For this pusppthe studies presented in
the previous subsection are used to identify the requireitagion conditions, c.f.4]1.
According to the theoretical considerations, outlinedhie section 2.211, e.g., Flg. 2121,
the analysis of the experimental data involves an evalnatispectrally and temporally
integrated PSB intensities. Hence, the material qualipukhbe high enough to clearly
resolve the first two sidebands in a reasonable temperatnge ifor accurate comparison
with the theoretical calculations.

Figurd4.8 shows the PL spectra of the ZnO (a), ZnS (b), and CHSafnples, time-
integrated over the 2 ns-window after the excitation astionof the lattice temperature
ranging between T=10K and T =90 K. For these measuremesetspectral and tempo-
ral resolutions of the TRPL setup are 0.4 nm and 5 ps, respéctiVhe excitation density
is set to =10 cm~2 photons per pulse. Taking into account the pump geometry and
the absorption coefficients|[D, 36] this corresponds taailyt injected carrier densities
of several 1& cm2 in all three samples. All values are well below the respectisti-
mated Mott-densities thus favoring the formation of exagoconfirmed by the analysis
of the emission dynamics, discussed in sedtioh4.1. All speshow the well-known
PL signatures from free (FX) and bound (BX) excitdns [36], &l as the corresponding
PSB peaks. The latter are separated by 72 meV (ZnO), 48 meS)(Znd 38 meV (CdS),
matching the respective LO-phonon energies [36]. Basedearikrgy spacings between
the PSB and the FX peak, as well as the temperature stability of thebsind emission,
the strong phonon-assisted luminescence is unambiguattsilyuted to the FX-related
transitions in all three samples. As illustrated in sed®ighl, the BX-related PSBs, on
the other hand, appear as small peaks on the low-energyfdlteieX sidebands, decreas-
ing fast in intensity with the rising temperature due to theiBization. The observation
of pronounced PSB emission over one order of magnitude ti¢eéaemperature as well
as the weak BX contributions to the phonon-assisted PL batterethe samples as highly
suitable for the analysis of the sideband ratios.
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Figure 4.8: PL spectra of ZnO (a) ZnS (b), and CdS (c) samplesva¢xcitation densi-
ties and non-resonant excitation conditions as functidattite temperature.
The latter is varied between 10 K and 90 K in discrete stegslef 20 K. Sig-
natures of bound and free excitons as well as the PSBs, conéisyg to the
latter, are marked by BX, FX, and Pg§Bespectively.

4.2.2 Analysis of phonon-sideband ratios

As a qualitative overview, time-integrated PL spectra ef@dS and the ZnO samples are
shown in Figl4.p (a) and (b), respectively, at two differattice temperatures of T=10K
and T=90K, in the spectral range of the first two PSBs. The speace normalized to
the respective PL maxima of the second PSB, and the energyisaahosen relative to
the ZPL peak for better comparison. Time resolved PL traé¢lseoPSB emission are
plotted in the corresponding insets. In both samples, threrlescence dynamics are al-
most single-exponential and do not change significantlii weing temperature. The data
thus confirms exciton-related PL, see sedfioh 4.1, and aldades thermal activation of
additional recombination channels, E..213.1. The mogartant observation, however,
is the strong decrease of the ratio between the second arfulstheSB in CdS and al-
most constant relative PSB intensities in case of the ZnOnvilhe lattice temperature is
increased from 10K to 90 K.

To quantify these differences, temperature-dependesativelareas of the first two PSBs
are evaluated. To ensure that no extrinsic contributiomis: fthe BX luminescence, c.f.
Fig.[4.8, affect the analysis, the BX peaks are fitted with btrians and subtracted from
the measured spectra. Exemplary results of this procedarghawn in Fig. 4.70 (a) and
(b) at a lattice temperature of 10K for CdS and ZnO, respdgtivafter the subtrac-
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Figure 4.9: Time-integrated PL spectra of the first and tle®isé PSB in CdS (a) and
ZnO (b) at lattice temperatures of T=10K and T=90K and thatation
density of 181 photons/cri per pulse. The spectra are normalized to the
PSB, maximum for clarity. The inset shows the emission dynamicthe
second PSB.

tion of the BX contributions, the typical, intrinsic spedtsaape of the PSBs is revealed,
with a steep low-energy slope and a pronounced flank at higiengies. Especially in
case of the ZnO sample, the difference between the meaqeettism with the broad BX
emission and the pure PSB luminescence is significant. Tdrerghe ZnO data is used to
estimate the effect of the fitting procedure on the extrastdxdband ratio PSBPSB;,. The
comparison of different evaluation schemes is shown inZid (c). In addition to the
BX subtraction, results of the integration over the PSB p@aksell as the simple ratio of
the sideband intensity maxima are included. Interestjnlgbugh the different approaches
yield slightly deviating PSB ratios, the overall temperatdependent PSEPSB; value
remains constant at about (0.28.03). Also, the data from a second ZnO bulk sam-
ple, used for the confirmation of the experimental findingproduces the results of the
original sample. As a result, to ensure consistent analyssBX subtraction scheme is
applied for the evaluation of the PSB ratios from all thremglkes. The error bars are then
given by the standard deviation in the range of 0.03 due taitivertainties in the fitting
procedure.

The temperature dependence of the experimentally obt&&&l/PSB; intensity ratios

for ZnO, ZnS and CdS samples is plotted in Eig. #.11 (a). The satongly decreases for
CdS, exhibit a less pronounced change for the ZnS, and remairstant in case of the
ZnO within the experimental error. The corresponding te@oal results from many-body
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Figure 4.10: As measured PL spectra, corresponding BX fitsyedisas the resulting
spectra after BX subtraction are exemplary plotted for Cd&uia) ZnO (b)
at T=10K in the energy range of the first two PSBs. Comparisoiffefent
evaluation schemes for the relative subband intensitiskagvn in Fig. (c).
Open circles denote data from a second ZnO sample, included@litional
verification of the experimental observations.

calculations are shown in Fig. 4111 (c). The ratios are akthby calculating the contribu-
tions of Fréhlich and deformation-potential coupling usimaterial parameters and inter-
action constants from the literature [58, 123,136,/1124]. Mm{ to the experimental data
is applied. The calculations can thus be considered as foeaiizl theoretical predictions
for the material behavior. The more astonishing is the perfeatch of the experimental
results to the calculated PSB ratios regarding the charsiitetemperature dependence
and also the absolute values. According to the previoususissen in section2.2.1 and
as a result of the respective calculations, the dominantaxphonon interaction mech-
anisms are clearly assigned to Frohlich interaction for Qui$ta deformation-potential
coupling for ZnO, with ZnS as an intermediate case.

These findings are further corroborated by the pump poweertdgnce of the PSB Iu-
minescence. Since the carrier temperature rises for isicrgaxcitation densities due
to the hot-phonon effect[38], this approach provides agraditive way to alter the exci-
ton distribution in favor of highek-values, i.e., momenta. However, the carrier density
should be kept below the Mott-transition to ensure domirgacitonic contributions to
the PL signal. Figure4.12 (a) shows the BSEBB, intensity ratios for ZnO and CdS at
T=10K as a function of the excitation power. Agaimg,corresponds to the photon flux
of 10! photons/crf per pulse. The approximate density region of the Mott-ttamsis
marked by the gray area for CdS, based on the results of peirigestigations, see sec-
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4.2 Interaction mechanisms: Frohlich vs. deformation ipiiééscattering
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Figure 4.11: (a) Ratios of the second and first phonon sidebasdunction of lattice
temperature for ZnO (circles), ZnS (squares), and CdS {fiésntop to bot-
tom) for an excitation density of #®photons/crf per pulse. The solid lines
are given as guides to the eye. The corresponding resulgeltfrom the
fully-microscopic calculations are shown in (b).

tion[4.1. In case of the ZnO, this region is beyond the CdS vdiliggto the smaller exciton
Bohr radius and is thus not reached by the highest pump powesn\tfie carrier density
is increased, the PSBPSB, ratio remains nearly constant and even increases slightly f
ZnO. At the same time, the relative intensity of the secon@lsand decreases almost
by a factor of two in case of CdS. These results are fully cossisvith temperature-
dependent measurements, showing the expected behavkenstdich interaction for the
PSB emission in CdS and deformation potential scatteringeaddminant mechanism in
ZnO. Interestingly, the pronounced density dependenckeoPSB ratio also influences
the relative PL dynamics, plotted in Fig. 4112 (b) and (c)Za© and CdS as direct com-
parison. The decay rates of the first and the second PSB aaéfeqthe ZnO sample, as
commonly expected, yet they deviate from each other in ca8d® due to the significant
change in the PSB ratio for decreasing carrier densityFf[4.12 (a).

In summary, exciton-phonon interaction mechanisms inrpsggniconductors are stud-
ied. The experimental data is analyzed by evaluating tragivelratios of the excitonic
PSBs as function of lattice temperature and excitation tgrmith used to alter the car-
rier distribution in momentum space, c.f. discussion irtise@.1.2. The findings are
compared to the calculations via microscopic many-bodyagh to identify the dom-
inant scattering processes. Frohlich coupling governgxicgon-phonon interaction in
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4 Role of the Coulomb-interaction in phonon-assisted enmissio
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Figure 4.12: (a) Ratio of the second and first phonon sidebamdgunction of excitation
density at T=10K for ZnO and CdS. Solid lines are guides to tlee g
corresponds to the photon flux of H(hotons/cr per pulse. Normalized
transients for ZnO (b) and CdS (c) of the first and the second&&Bhown
by solid lines and gray areas, respectively.

CdS while deformation potential scattering turns out to leedbminant mechanism in
ZnO, and both processes contribute about equally in ZnS.ithportant to notice that
the scattering betweesingle electronsand optical phonons are dominated by the Froh-
lich interaction in all studied cases due to the strong [iglaf the respective materials.
However, particularly for ZnO, these contributions aremegsed by the strong Coulomb-
coupling of electrons and holes @xcitonsrendering deformation potential scattering the
overall dominant mechanism responsible for the sidebansseon.
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5 Ultra-fast luminescence studies of
novel semiconductor material
systems

The experiments presented this chapter are focused onédingotérization measurements
of recently synthesized material systems: ZnO/(ZnMg)@iustructures, GaN quantum
wires (QWires), as well as the (GaAs)Bi quantum wells (QWSsk fidimer two materials
are designed for potential electro-optical applicatianghie UV spectral range[12, 13].
The TRPL spectroscopy is applied to gain insight as well asti@benderstanding of
the respective carrier relaxation and recombination m®eg both crucial for the device
operation. The latter material system, Ga(AsBi), is a pdssidndidate for light-emitting
devices in the NIR, at the telecom wavelengths ofubi3and 1.5%um [14]. The main hall-
mark of this semiconductor is the giant band gap reductidh Biicontent[[22], unusually
large for the more typical materials[36]. The aim of the ggds the systematic inves-
tigation of carrier dynamics. The measurements are suggday kinetic Monte-Carlo
simulationsl[23], providing a quantitative analysis ofrgarlocalization effects.

5.1 Carrier dynamics in ZnO/(ZnMg)O heterostructures

This section deals with time-resolved spectroscopy ssuafignO-based heterostructures.
ZnO is a direct-gap 1l-VI semiconductor with the band-gapha UV spectral range at
about 3.4 eV, adopting the hexagonal wurtzite crystal tinec The material is known
for its comparably large exciton binding energy of 60 meV a&#l as for strong electron-
phonon coupling, both exploited for the investigationsdssed in the previous chapter,
seé 4.P2. A comprehensive review of the material propesigven in Refs[[125, 12, 126].
The studies conducted within the framework of my thesis amided on the investi-
gation of the ZnO quantum wells with (ZnMg)O barriers, reteavailable due to the
improved growth methods[127, 128, 129]. This system is psep for the application
of ZnO in electro-optical devices as photo-detectors,tighitting diodes and, above
all, lasers in the UV spectral range, attracting much irstene the scientific commu-
nity [130,[131)/13P] 133]. All these applications have in coom that, in general, their
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5 Ultra-fast luminescence studies of novel semiconductitenal systems
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Figure 5.1: (a) Exemplary TRPL intensity plot of a ZnO/(ZnMdgheterostructure as
function of emission energy and time after non-resonantsgol excita-
tion. The lattice temperature is set to 10K and the exciatlensity - to
4.10%° photons/cr per pulse. Free- and bound-exciton emission of the ZnO
substrate is marked by FX and BX, respectively. (b) Schenilaigtration of
the corresponding carrier relaxation and recombinatioradyics.

performance is highly sensitive to the carrier dynamicsnddée the detailed knowledge
of the latter remains a crucial task for the optimal desigwel$as the effective operation
of the ZnO-based devices. Here, time-resolved PL specipyss applied to gain insight
as well as a better understanding of the respective cagiaxation and recombination
processes in ZnO/(ZnMgO) heterostructures. All sampledist in the following inves-
tigations are grown in the group of Prof. Martin Eickhoff byrBeard Laumer and Dr.
Thomas Wassner using plasma-assisted molecular beamygp#d]; details are found
in Ref.[134/135].

As an overview, an exemplary streak-camera image of the unegdow temperature
TRPL from a ZnO/(Zg.gMgp.1)O sample is shown in Fig. 3.1 (a) for low excitation den-
sity. The sample consists of an about 300 nm thick ZnO buffiea @apphire substrate,
followed by a 2nm ZnO QW embedded between twoggMgo 1)O barriers of about
20 nm each. The carriers are non-resonantly excited intbdhgers at k.= 4.3 eV, cor-
responding to the typical excitation conditions for an ogpily pumped laser. The ratio
of photons absorbed in the (ZnMQg)O layers is estimated toah®%, using the absorp-
tion coefficient of ZnO from Ref[[136] as an approximation.eTédmission peaks of the
ZnO QW, the (ZnMg)O layers, as well as from the ZnO substrageckearly observed
and identified by their respective spectral positions. Tki¢ &hd substrate PL both dom-
inate the spectrum. Also, in all three cases, the signas gsmsi-instantaneously with
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5.1 Carrier dynamics in ZnO/(ZnMg)O heterostructures

the resolution of the experiment of about 30 ps. Based on timss®bservations, a ba-
sic, general scheme for the carrier dynamics is propodedirited in Fig. 511 (b). Most
carriers are directly excited either in the (ZnMg)O basier in the ZnO substrate since
the contribution of the single QW to the overall absorptismegligible. The carriers in
Zn(MgO) layers are captured into the QW on a sub-30 ps tinaéesteading to a strong
QW emission. However, some of the carriers are still loealin the barrier layers since
a pronounced, long-living PL signal from the (ZnMg)O is otveel. In addition, relax-
ation of carriers from the lower barrier towards the ZnO s$uhs can not be excluded.
These findings lead to a number of questions, relevant faiplesapplications of ZnO-
heterostructures as emitting devices:

e What is the reason for carrier localization in the barrieela?
e How fast are the carriers captured into the QW?

e Are QW carriers free to move in two dimensions or are theyllred in the in-plane
direction?

e Does radiative or non-radiative recombination dominatsier lifetime in the
QW?

The aim of the following studies is finding answers to thesestjons. The discussion
is organized as follows: first, carrier localization in (ZgMD epi-layers is investigated,
excluding any contributions from fast relaxation processsvards QW. Then, carrier-
density-dependent screening of internal electric fieldsisduas a probe for carrier pop-
ulation in the ZnO QWs, allowing to monitor carrier capturenfr the barriers. Finally,

radiative and non-radiative contributions to the carrifatime are studied for different

growth conditions of the QWs. In the latter two subsectiomsadditional emphasis is
laid on the quantification of the in-plane carrier localiaat For this purpose, the anal-
ysis of the phonon-assisted emission, previously discusssections2.2]1 and 4.2, is
applied.

5.1.1 Carrier localization in (ZnMg)O layers

The investigations in this subsection are focused on thaysbdi carrier relaxation dy-
namics in ternary (Zn xMgx)O alloys. The samples are single epitaxial layers grown on
a sapphire substrate with an average layer thickness ph®a&hd Mg concentrations of
x=0,x=0.04, x=0.06 and x=0.21, respectively The Mg coneiuns are estimated by
comparing the measured PL emission energies with litezatalues[129, 134, 137, 138]
and are also confirmed by the x-ray diffraction measuremetke group of Prof. Martin
Eickhoff. The absence of the QW and only a thin ZnO buffer ofesal 10’s of nm are
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Figure 5.2: TRPL spectra of (4nyMgx)O samples with Mg concentrations of x=0(a)
x=0.04 (b), and x=0.21 (c). The lattice temperature is hbetween 10K
and 290 K. The excitation energy and incident photon derssityheld con-
stant at 4.3 eV and tbphotons/cr, respectively.

chosen to avoid any significant contributions of fast carcegpture processes, typically
present in more complex heterostructures. All samples»arigeel non-resonantly with a
photon energy of 4.3 eV, far above the absorption edge iraaipées, and a pump flux of
10 photons/crf per pulse to ensure comparable experimental conditions taporal
resolution is varied between 4 ps and 30 ps, correspondidgteztion windows of 200 ps
and 2 ns, respectively.

PL spectra for three exemplary (ZxMgx)O samples are shown in Fig. 5.2 in the tem-
perature range between 10K and 290 K. The experimental datinze-integrated over
the complete detection window, normalized, and verticsttljted for clarity. The sample
with x =0 shows the well-known spectral signatures of Zn@., ibound (BX) and free
(FX) excitons, as well as the corresponding LO-phonon siddb[[9] 139]. Aside from
an increased broadening and a frequency shift, the specthe ¢Zn_xMgyx)O sample
with a Mg concentration of x = 0.04 exhibit spectral chargstes similar to those of the
ZnO reference sample. As shown in Figl5.2 (c), the broadeaiml the spectral shift are
even more pronounced for higher Mg concentration[137]. ddwcentration-dependent
broadening of PL spectrais a common feature in ternary illibys generally attributed to
spatial fluctuations of the alloy composition, such as theddigtent in the (Zp_xMgx)O
material system[9]. The influence of such fluctuations onathsorption and PL spec-
tra of (Zm_yxMgy)O has been reported in a number of experimeénts [127,[134 [14Z8.
The alloy disorder results in the formation of localizedesabelow the band edge, i.e.,
additional broadening of the so-called Urbach {ail[[9,1144% already discussed in sec-
tion[2.3.2, the presence of these states strongly affetiistbe emission spectrum and the
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Figure 5.3: Transients of the (Zn\Mgx)O samples with x=0 and x=0.21 in the tem-
perature range between 130K and 290 K.

dynamics of the excited carrier system, leading, e.g., tooaqunced S-shape of the PL
maximum. Here, though the PL spectra from the samples gleahibit an S-shape, c.f.
Fig.[5.2 (b), the deconvolution between the impact of atfiigerder and the contributions
from the BX ionization is rather challenging due to the spaltrbroad emission. In
addition, the S-shape-related shift of the PL maximum tdi&@igenergies with rising tem-
perature starts only at about 300 K for the sample with the btgcentration of 21 %. At
these temperatures a quantitative approach is also limyjt@ihonon-induced broadening.
Therefore, the analysis of the time-resolved data is agplie

For direct comparison, the PL intensities of the ZnO refeeewith 0% Mg and the
21 % Mg sample are plotted in F[g. 5.3 (a) and (b), respegtivEhe temperature range
is chosen from 130K to 290 K to minimize contributions fromubd excitons. The ZnO
signal shows a fast decay on a 30 ps time-scale and only a wegdetature dependence.
Here, the lifetime of the excited carriers is governed byititerplay of radiative carrier
recombination and the carrier capture by the deep traps.onirast to the ZnO refer-
ence, the PL decay time decreases by almost one order of imdgior the sample with
x=0.21 as the temperature is raised from 130 K to 290 K. At #mestime, the absolute
carrier lifetimes are significantly longer than in the pur@¥sample, excluding a trivial
explanation by faster non-radiative recombination rateébe (Zrp79Mgo.21)O sample.
An overview of the temperature-dependent 1/e decay timealf¢ZnMg)O samples is
shown in FiglG.l. The 1/e time is defined as the time when tiasintensity decays to
the 1/e-th of the peak value, and is used here for consist@iheydecay time strongly in-
creases with increasing Mg concentration by up to two ordemsagnitude. In addition,
the temperature variation of the carrier lifetime is muchrenpronounced for Mg-rich
samples. The inset of the Fig.b.4 shows the integrated Rinsity and the recombi-
nation rate, i.e. the inverse lifetime, of the 21 % Mg samplduamction of temperature.
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Figure 5.4: Temperature-dependent 1/e decay times of td@@O samples with vary-
ing Mg concentrations. Integrated PL intensity and cameeombination rate
of the 21 % Mg sample are shown in the inset.

The decrease of the PL amplitude follows the increase of éineec recombination rate.
Thus, the faster PL decay at elevated temperatures is \clattributed to an increased
non-radiative recombination rate. These results strosigfygest that localization and dis-
order effects dominate the emission properties and catyieamics with increasing Mg
concentration, see the discussion in sedtionP.3.2.

At low temperatures and high Mg concentrations, most aaraee trapped in randomly
distributed local potential minima generated by alloy flattons. As a consequence,
the carrier mobility is low and the carrier lifetime is higbrapared to that of mobile
carriers. The potential fluctuations become more pronalndth increasing Mg-content,
i.e., increasing alloy disorder, as one can also deduce tinenabsorption spectra by the
broader band-tail state distribution[127, 134]. The easiare thus stronger localized
with a further-reduced non-radiative recombination ptolitg and therefore exhibit a
longer PL decay. At elevated lattice temperatures, phetterated carriers can leave local
potential minima by hopping into more favorable stateswaeloenergies. This causes the
frequently observed red shift of the PL peak position whica part of the S-shape. As the
temperature is increased further, the carriers are thractivated to higher states. The
PL maximum exhibits a blue shift and the decay time becomesesh c.f. Fig[5.14, due
to the faster carrier diffusion and therefore an increasgdure probability by the deep
impurities. At even higher temperatures, the carriers amptetely delocalized with an
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5.1 Carrier dynamics in ZnO/(ZnMg)O heterostructures

even larger non-radiative recombination probability.
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Figure 5.5: Spectrally and temporally integrated PL initsssof the (Zn_xMgx)O sam-
ples as function of the lattice temperature along with theesponding fit
curves. The inset shows the extracted activation energidbé different Mg
concentrations.

This interpretation is strongly corroborated by the analgs the spectrally and tempo-
rally integrated PL intensity as a function of temperatgtegwn in an Arrhenius plot in
Fig.[5.5 for all four samples. For quantitative descriptafrthe experimental data, the
standard thermal activation model is used:

1
Ea
Ip O (1+Ae"t7) , (5.1)

see section2.3.1 and Réf.[101]. Here, the most importargnpeter is the activation
energy k& of the luminescence quenching process. For the pure ZnOlsathe fit
yields E, in the range of 20 meV, corresponding to the binding energgasfor bound
excitons. The activation energy strongly increases fonareasing Mg concentrations up
to (110+10) meV for x=0.21. This value is the first estimation of theaméocalization
energy and therefore the characteristic disorder scale.

The influence of alloy disorder is also observed in the charestic energy dependence
of the PL decay time. The 1/e decay times are shown as functithre emission energy
for the ZnO and the (Zy9Mgo.21)O samples in Fid. 516 (a) and (b), respectively. The PL
lifetime show no dependence on the emission energy witl@meholution of our experi-
mental setup in the ZnO reference, as expected. In contraéisat, significant variations
are found for the (Zn79Mgo.21)O sample. Here, the 1/e time is nearly constant on the
low-energy side of the PL spectra, drops slightly below theximum of the PL peak
and show a pronounced decrease on the high-energy sideeifiagning Mg-containing
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Figure 5.6: 1/e decay times for the (ZnMg)O samples with Mgoemtration of x=0 (a)
and x=0.21 (b) at 500 ps after the excitation as function efdmission en-
ergy. Respective PL spectra are shown by filled areas for casopa Time
resolved transients for the x=0.21 sample at T=210K areaqulan (c) for
different emission energies between 3.55eV and 3.75 eVeiiezgies are
marked by arrows in (b). The theoretical fits in (b) and (c)sdrewn as dotted
lines.

structures exhibit comparable behaviors. The energy dkgee of the carrier lifetime

results from the interplay between the relaxation and rdxoation processes [142]: fast
relaxation into low-lying states dominates the carrieraiyics on the high-energy flank
of the state distribution whereas the much slower recontibimé the main decay channel
for the localized carriers on the low-energy side. For a tjteive analysis, the theoreti-
cal model[[108] for the energy-dependent PL decay rate id use

E—Eme

tvo

-1 =1, T8 3.2 E
T (Et)=T14 +2tN00( In (Inz)e 0 (5.2)
and 1 ) .
TU 3.3 Vo E—Eme
I(E,t) O —— — =Npa’In°(—)e B )
(E.t) Dexi—— — gNoain(-)e &) (53)

for the transient PL intensity.

As can be seen in Fig.5.4 (b) and (c), this phenomenologicalanyields an excellent
agreement with the experimental data thus allowing for ageable extraction of the fit
parameters. The best fit is obtained for the characterisegy scale for the exponen-
tial distribution of the localized states ohE (60+15) meV with a relative density of
the localization sites dflgar® = (0.08+0.02). The characteristic energy Fatches well
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5.1 Carrier dynamics in ZnO/(ZnMg)O heterostructures

to the magnitude of the thermal activation energy of the Peénghing and the energy-
scale of the absorption tail, measured in Ref.[134]. It algulans the observation of
the S-shape at rather high temperatures in the {gMgop.21)O sample, see Fig. 5.2 (c).
One further obtains k.= (3.90+0.1) eV for the mobility edge which agrees with the ab-
sorption edge of the sample with comparable Mg concentr{iii®4]. The remaining pa-
rameters are the effective lifetimig= (1000+£50) ps and the attempt-to-escape-frequency
vo=(74+1)-1083s 1,

In summary, the characteristic temperature dependende afarrier lifetimes as well as
the emission intensities in (ZnyMgx)O alloys clearly show that carrier localization dom-
inates the emission dynamics. These effects become imaegdasnportant for higher Mg
content and are present even at room temperature in thesanpl22 % Mg. The locali-
zation phenomena are thus clearly attributed to the allegrder due to Mg concentration
fluctuations. In addition, characteristic disorder scdl€é60 +15) meV is identified for
the sample with the highest Mg concentration of x =0.21 byantjtative analysis of the
time-resolved data. Hence, in case of a ZnO/(ZnMg)O hetrerctsire, the alloy disorder
in (ZnMg)O should lead to emission from localized statesimithe barriers, c.f. Fighl1,
and also might have an impact on localization and/or caca@ture in ZnO QWSs. The
latter phenomena are further clarified in the following set.

5.1.2 Screening of the internal-fields as a probe for carrier

populations

The final aim of the experiments discussed in this subsedsidhe direct observation
of carrier relaxation from (ZnMg)O barriers into the ZnO QWhfortunately, emission
spectroscopy usually does not allow for a direct measureofahe carrier populations,
especially, in systems with translational symmetry. Inegah the rise of the PL signal
is determined by both carrier density and carrier tempegatince radiative recombina-
tion rates are much slower in case of hot carrier distrimsjcee the discussion in sec-
tion2.1.2. Therefore, an experimental procedure is d@eeldo circumvent this issue.
One of the major hallmarks of wurtzite crystals are the Huilelectric fields, typically
present in structures of reduced dimensionality. Thesdsdfistrongly influence the op-
tical properties of the material system, leading to the ioresty introduced QCSE2Z.2.2.
The influence of the latter, however, is rather sensitivééocarrier density in the system
due to the Coulomb-mediated screening of the internal fiditence, it should be pos-
sible to exploit the screening phenomena for the directlsien of carrier population
inside a QW. In addition, the build-up of screening is expddb occur on an ultra-fast
time-scale of sub 1ps[74]. This allows to take full advaetad the time-resolution of
the streak-camera setup.
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The discussion of the experimental studies is organizedlksvs: first, specifically de-

signed ZnO/(ZnMg)O heterostructures are characterize@RPL measurements. The
emphasis of these preliminary investigations is laid ondtelence for a pronounced
QCSE, required for the screening studies, but also on cdogalization in the QWSs. In

the second part, the effect of screening of the internal belthe PL properties is quan-
tified. Finally, the verification for the concept of monitogi QW carrier population by
exploiting screening phenomena is given and the resultdiscessed.

Characterization of QCSE in ZnO quantum wells

The samples used for the screening studies are ZnO/(ZnMefddstructures with vary-
ing QW widths between d=0.8nm and d=9nm, grown in the grouprof. Martin
Eickhoff. The Mg concentration, chosen as high as 20 %, sht®dd to significant
strain due to the large lattice-mismatch thus yielding awerable piezo-fields in the
QWs|[124,143]. The samples are characterized in the TRPL sdtthpe lattice tem-
perature of T=10K. Low-power excitation into the (ZnMg)Orthers is applied, with a
photon energy of 4.3 eV and the average photon flux of abotftchd 2 per pulse. The
temporal and spectral resolution of the TRPL setup are 30¢h® &mm, respectively.

(a) Spectra (b) Transients
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Figure 5.7: Spectra(a) and transients (b) of the ZnQjgEfg2)O samples with QW
widths between d=0.8 nm and d =9 nm for non-resonant exaitatito the
barrier at 4.3 eV. The lattice temperature is set to 10 K ancititation den-
sity - to 102cm™2 photons per pulse. Energy of the ZnO bulk PL is shown
by the dotted arrow in (a) for comparison.
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Figure 5.8: Shift of the PL maximum (a), evolution of the detiame (b) as well as the
spectrally integrated PL intensity over 2 ns time-range&function of the
QW width of ZnO/(Zrh.sMgo.2)O samples.

PL spectra, integrated over 2 ns after the excitation anchalired for better comparison,
are plotted in Fid.5]7 (a) for the QW series. Pronounced QWsson is observed in
all five samples along with the respective phonon-assisteditions. As the QW width
increases, the PL maximum shifts to lower energies, wethhehe ZnO bulk emission
energy for the QWs with & 3.5nm. Simultaneously, the corresponding PL transients,
shown in FigL5.J7 (b), exhibit a strong increase of the detag,tleading to pronounced
a "back-sweep" artifact in the data of the 3.5nm, 7nm and 9 nm Q\¢sto the long
carrier lifetimes. Furthermore, the barrier PL, emergimgttoe high-energy side of the
d =0.8 nm spectrum at about 3.8 eV, confirms high Mg contenboéia20 %, c.f. Fig5)2.
The dependencies on the QW width of the PL maximum, decay, @me intensity are
summarized in Fig. 518 (a), (b), and (c), respectively. Theay times are extracted by
the fitting procedure discussed in secfiod 3.1 and given peagix [2). The PL intensity
is integrated over the respective QW spectra and the termgetraction window of the
streak-camera of 2 ns. All findings are characteristic ferghesence of a strong internal
electric field inside the QWs, parallel to the growth direstioWwhile the emission of
the two QWs with the smallest width is still governed by cargenfinement, the PL
of the remaining three samples shows pronounced QCSE aatidris. The decrease
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Figure 5.9: Huang-Rhys factor, extracted from the P&BL ratio, and optical phonon
scattering coefficient from the temperature-dependent F\W8/function of
the QW width

of the PL maximum is accompanied by the increase of carfiietifies as well as the
decrease of the PL intensity, both by more than two orders amtude. The latter
occurs since the temporal detection range becomes muclesthan the recombination
time of the spatially separated electrons and holes foeaging well widths. The data
from Fig[5.8 (a) also allow for an approximative estimatafrthe electric field strength
F. The slope of the PL maximum as function of the well width toe three samples with
d> 3.5nm givesF ~ 34 meV/nm =0.3 MV/cm, matching the magnitude of the electric
fields expected for comparable systems[129] 143].

Interestingly, such a high built-in electric field and theuking carrier separation with
increasing QW width also strongly influences the carriessin coupling. The evalua-
tion of the Huang-Rhys factor from the relative intensitiéshe first PSB and the ZPL
(s. Eq.[2.4R) i 2.2]11) as well as thgo parameter for the scattering strength with opit-
cal phonons from temperature-dependent FWHMs (s. [Eq.J(2080)X.2) both clearly
demonstrate this fact, see Hig.J5.9. Indications for thisab@r are observed in a couple
of experiments[144, 143]. However, neither the hypothiesia the Ref.[144] applies for
the studied samples, nor any additional contributions ftieenFrohlich scattering due to
the spatial separation of exciton constituents are obdeRessible influence of the latter
is evaluated applying the temperature-dependent PSBsasditpm section4]2. Hence,
the origin of the experimentally found enhancement of thei@aphonon coupling with
rising QW width in the presence of a strong internal field it shclear. Additional ex-
perimental and, above all, theoretical studies aimed tafglis question are beyond the
scope of this work, opening opportunities for further irtigestions.

In conclusion, the preliminary characterization of the Z{atDy gMgo.2)O samples clearly
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5.1 Carrier dynamics in ZnO/(ZnMg)O heterostructures

shows that strong electric field in order of 0.3 MV/cm is prdda the heterostructures.
The influence of the QCSE on the emission properties is signifjeespecially for the
samples with large well widths. Based on these observatitbesQW with d=7 nm is
chosen for the following investigations, offering a goodde-off between pronounced
QCSE and comparably high emission intensity thus provid@agonable signal-to-noise
ratios.

Carrier localization effects

After clarifying the influence of QCSE in the samples undedgtihe focus of the in-
vestigations is laid on the characterization of carrierlzation, aimed to answer the
third initially raised question, sée’b.1. For this purpaseperature-dependent TRPL
measurements on the QW sample with d =7 nm are discussedaiiimesis excited non-
resonantly with a photon energy of 4.3 eV and a photon flux ¢ @2 photons per
pulse. Figure5,10 shows the experimental data for the Plirmar, decay time and the
integrated PL intensity as function of the lattice tempamat The characteristic S-shape
is clearly observed in the energy shift of the emission maxmtypical for disordered
systems with effective carrier localization, c.f. secloB.2. As already discussed, the
average localization enerdyoc. of about 11 meV marks the critical temperature for the
delocalization of carriers, trapped in potential minimdaster temperatures. Also, the
decay time as well as the overall emission intensity bothedese, indicating faster non-
radiative recombination due to increased carrier diffnsamd thus capture probability
into the deep traps. There are several possible reasons #nth QW systems for carrier
localization. Excitons can be bound to chemical impurjtedseady present in the bulk
crystals. Also, the energy levels are affected by the fluina of barrier heights due to
the alloy disorder in the (ZnMg)O layers, studied in sedidnl. The latter should also
influence the local strain and thus the magnitude of the nalefield, leading to vary-
ing QCSE contributions. The precise contributions of théedént origins for potential
fluctuations are rather challenging to estimate due to tbadFWHMSs of the sample PL.
However, an additional analysis of the PSBs provides a coememway to estimate the
maximal localization length. As previously discussed intie®[2.2.1, Fid. 2.1l6, local-
ized and free carriers lead to different characteristicedelencies of the energy spacing
AEzp_psm between the ZPL and the first PSB on temperature. In caseriidacaliza-
tion, the relaxation of the momentum conservation rule $e¢aca constarMEzp| _psg,
equal to the LO-phonon energy & In contrast to that, this energy difference is always
lower than Eo for freely moving carriers, even at low temperatures. Famrtiore, ss
the temperature is increasexkzp, _psg exhibitis a monotonous decrease. The spectral
interval between PSBand PSB, on the other hand, always remains in the range of the
phonon energy for both free and localized electron-holesp&igurd 5.1l shows the cor-
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Figure 5.10: PL energy maximum (a), 1/e decay time (b) andntiegrated intensity (c)
of the ZnO/(Z sMgp.2)O QW with d =7 nm as function of the lattice tem-
perature for the excitation density of ¥&m~2 photons per pulse

responding plots of thAEzp_psg andAEpsg pse for the ZnO/(Zp.gMgp.2)O QW (a)
and a ZnO bulk layer (b) for comparison. In the latter casegtfolution of the respective
energy intervalls with the rising lattice temperature aoné the theoretical predictions
for free (FX) and bound (BX), i.e., localized, excitons. Clsapport for the previous
results, shown in Fig. 510, is found in the ZnO QW data. A tamisenergy spacing
between the ZPL and the PEPBeak of about Ey is a characteristic hallmark of the
emission from localized states. Here, the highest temperdbr the measured, constant
AEzp_psg Vvalue is 150K, limited by the overlap between the ZPL and t68 Peaks
due to the spectral broadening of the sample emission. €hipérature corresponds to
the energy ofAE =13 meV, indicating that momentum relaxation rule is stétkat least
for the carrier momenta lower thakk =6-10° cm™1. The value is obtained fromE,
approximating the band structure with parabolic bands akithg into account the effec-
tive masses of electrons and holes in ZnO [36]. Accordingpéauncertainty relation, the
corresponding lengthx is about 5nm, marking the upper limit of the spatial scale fo
carrier localization.
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(a) ZnO QW, d=7 nm (b) ZnO bulk
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Figure 5.11: Respective energy intervals between the ZPLB;P&d PSB for
Zn0/(Zrn.gMgo.2)O QW (a) and bulk (b) samples as function of the lattice
temperature. fp denotes the LO-phonon energy angafthe highest tem-
perature for the measured, constARyp,_psg Value.

Screening of the QCSE

In this last part of the section, the screening of the intiezletric fields is studied. Again,
the sample with a well width of d =7 nm is used for the invedtages. The lattice temper-
ature is set to 10K to avoid any additional homogeneous lemad thus allowing most
precise measurements of the PL energy shifts. Since thediimabf the experiments is
the analysis of carrier capture from the barrier statestimoQW, the sample is excited
non-resonantly in the (ZnMg)O layer with a photon energy &eV. These excitation
conditions also allow for better comparison with the pregiy discussed experiments.

Figure$5.IP (a) and (b) show several exemplary emissiottrspgom the ZnO QW for
various time-delays after excitation for low and high eatin density of 310*2cm~2
and 1.410'3cm~2 photons per pulse, respectively. All spectra show pronedi@w PL
with the low-energy dominated by the phonon-assisted eomgseaks as well as some
contributions from the back-sweep artefact for the speactfag. (b). At low pump power,
the PL maximum remains constant over the complete temparalow of about 1.5ns.
Merely a slight excitation-induced broadening is obseraedarly times. In stark con-
trast to that, the PL exhibits an initial shift to higher egies of about 90 meV for the
high-power conditions. At longer times, the emission maxmmshifts back to lower en-
ergies. The pronounced energy shift observed at high pumgitdes is characteristic for
the Coulomb-mediated screening discussed in more detadlanos[2.2.2. The carriers
within the QW screen the internal field thus weakening theaichppf the QCSE, leading

103



5 Ultra-fast luminescence studies of novel semiconductitenal systems
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Figure 5.12: PL spectra of a ZnO/(ggMgo.2)O QW with d=7nm for two different
pump densities of 302cm~2 and 1.410 cm~2 photons per pulse for var-
ious time-delays after the excitation. All spectra aregra¢ed over a time
window of 120ps . The data are normalized and shifted foritglaiThe
lattice temperature is set to 10K.

to faster radiative recombination as well as to a pronousbétiof the PL energy. As the
carriers recombine, the effect of screening also decre&sl&Esving the decrease of the
carrier density. Hence, at longer time-delays after théat¥an, the emission maximum
returns to the initial position in energy.

The influence of carrier density-dependent screening oremhission properties of the
QW is summarized in Fi§.5.13. The emission maximum is etdchérom the PL spec-
tra, integrated over a 50 ps temporal window directly afier éxcitation. As the pump
density increases, the PL energy strongly shifts towarglsdrienergies. This behavior is
accompanied by a decrease of the decay time of about twosooéleragnitude. A super-
linear dependence of the emitted intensity on the pump pgwantified by the exponent
K =1.4, attributes the decrease of the carrier lifetime téefasadiative recombination.
Hence, possible alternative interpretation of the expenital findings as saturation of the
localized states is clearly excluded. In the latter casePthintensity dependence on the
excitation density would show a linear or even a subline&alm®r. According to the PL
data, the density-dependent screening of the QCSE is a btnoog-linear process thus
allowing to sub-divide the excitation regimes in regionsanfun-screened and screened
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Figure 5.13: PL energy maximum (a), 1/e decay time (b) andntitegrated intensity (c)
of the ZnO/(Zp.gMgo.2)O QW with d=7 nm as function of the excitation
density for the lattice temperature of 10 K. The excitatienslty is normal-
ized to the photon flux of g= 102 cm~2 per pulse k denotes the exponent
extracted from the dependence of the PL intengitydn the pump power:
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QCSE. Here, it should be noted, that since the PL maximum iayavbelow the en-
ergy of the ZnO bulk transition, corresponding to a fullyesamed electric field, the term
"screened QCSE" should be understood as a substitutpdatidlly screened QCSE".
Based on the results shown in Hig.8.13 the excitation dew$ifmn is chosen for the
study of the screening formation. The temporal detectiamiawv is set to 50 ps instead
of 2ns, corresponding to the effective time resolution obwth3d ps. In addition, the
streak-camera is operated with an active blanking unit éadavack-sweep contributions.
Transient PL spectra, integrated over an interval of 2 ps,péotted in Figi5.14 (a) as
function of the time-delay after the excitation. The cop@sding streak-image with the
PL intensity plotted as function of the emission energy ame s shown in Fid.5.14 (b).
The PL signal at negative times results from the remainimgergoopulation in the QW,
created by the previous laser pulse. Att=0 ps, as the exxitptilse arrives, the emission
peak, attributed to the screened QCSE, appears instantyabthe high-energy flank of
the "un-screened" PL. At later delay times, the intensityhef'tscreened"” luminescence
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Figure 5.14: (a) Transient PL spectra of the ZnOfgvgo 2)O QW with d =7 nm for the
excitation density of 66= 102 cm~2 per pulse and the lattice temperature
of 10 K. (b) Corresponding image of the streak-camera witlPth@antensity
plotted as function of emission energy and time-delay dffterexcitation.

increases, yet the energy of the peak does not exhibit anyicadd shift. The overlap
between the two peaks is due to the convolution of the sigwdls a Gaussian with
FWHM of 3 ps, corresponding to the temporal resolution of #tes. Hence, the build-up
of the "screened" PL is instantaneous within the experini@mizertainty. In general, the
corresponding time-scale is determined by the faster ofvtlecfollowing processes: the
rise of the carrier population and the build-up of screenibhghould be noted, however,
that the estimated time-scale for the latter is in the rarige0 fs, corresponding to the
length of the excitation pulse,see REf.[[74]. The time cartstaroughly estimated from
the inverse plasma frequency in the excited electron-hatem [9], using ZnO material
parameters [36] and approximate carrier densities for pipdied excitation conditions.
Figurd5.1b summarizes the dependence of the PL maximumlbasitbe integrated PL
intensity on the delay-time after the excitation. In addfitithe corresponding carrier den-
sities are shown, estimated from the PL energies using tteefdam Fig[5.1B8 (a). The
QW carrier population increases almost instantaneoudly @ps, i.e., within the exper-
imental resolution of 3 ps, in stark contrast to the slowsig luminescence intensity.
The increase of the PL on the time-scale of several 10’s o§ fisus clearly attributed
to carrier relaxation, i.e., cooling processes, insideQNé Hence, as a main result, the
capture of carriers, excited in the (ZnMg)O barriers, ifte QW occurs within the first
3ps.
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Figure 5.15: PL maximum, resulting carrier population a# a&the integrated emission
intensity of the ZnO/(ZpsMgo.2)O QW with d=7 nm as function of time-
delay after the excitation. The excitation density is seb tg= 10> cm2
per pulse and the lattice temperature is 10 K. The systenfutesois shown
by the gray area for comparison.

In summary, the TRPL measurements of ZnO{ggo.2)O heterostructures with vary-
ing well widths reveal the presence of a strong electric fegldbout 0.3 MV/cm inside
the QWs. This field leads to a pronounced QCSE, influencing aed deminating the
emission properties of the QWSs, especially, for the well isdabove 3.5nm. It also
significantly enhances the carrier-phonon coupling. Intaad carriers inside the QWs
are found to be localized in all three dimensions at tempegatbelow T=150K. Up-
per limit of the localization length is estimated by the gsa of the PSB emission to
5nm. Furthermore, the effect of screening of the internéd i shown to influence the
PL energies as well as the carrier lifetimes. Finally, theagpt of monitoring the QW
carrier population by exploiting screening phenomenaisgigd. As a result, the capture
of carriers from the barriers into the QW is found to occur arulira-fast time-scale be-
low 3 ps, limited by the experimental resolution. This fadtakation is observed despite
rather high Mg concentration in the (ZnMg)O layers, whicids to pronounced potential
fluctuations and carrier localization, see sedtioh 5.1. ddethe carrier capture into the
QW occurs on the same or an even faster time-scale than therdaapping processes
within the barriers. Such a behavior should be a significaniekit for the operation of
optical devices, e.g., lasers, based on ZnO-heterostasctu
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5.1.3 Recombination processes in ZnO quantum wells

This subsection is focused on the the carrier dynamics if@Z®™gO) QWs with small
internal fields and negligible QCSE. These materials are&yi proposed for the real-
ization of opto-electronic devices due to the strong ligtatter coupling in the absence
of the charge carrier separation. In the first part, caraealization is studied by applying
a temperature-dependent anaylsis of the spectral feadsre®ll as the phonon-assisted
luminescence from a QW sample. The second part deals witfettmenbination mech-
anisms in homo- and heteroepitaxially grown ZnO QWs. Theferdnt growth con-
ditions are chosen as a parameter, determining the matesadity and thus the relative
contributions of radiative and non-radiative recombimaithannels to the PL dynamics.

Carrier localization effects

The sample used for the study of carrier localization is aathGhick ZnO QW, embedded
within two (ZngoMgo.1)O layers of about 25 nm width, grown on a ZnO substrate in
the group of Prof. Martin Eickhoff. The choice of a small Mgncentration in the
barriers and a narrow QW both ensure negligible electrid fielthe growth direction

of the heterostructure [145]. Thus, possible contribigitiom the QCSE to the carrier
dynamics are clearly excluded[143].
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Figure 5.16: Temperature-dependent PL spectra of the ZmgdMgo.1)O sample with
QW width of 2.5nm. The excitation density is set td@!photons cm?
per pulse. The data is normalized and shifted for clarity.
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In analogy to the experiments in the previous studies,[s&€ll and[5.1.2, localization
effects are investigated by evaluating temperature-dgr@nT RPL data. For these mea-
surements, the sample is excited non-resonantly with tbéoprenergy of 4.3 eV and an
average density of aboutID!'! photons cm? per pulse. Time-integrated PL spectra are
plotted in Fig[5.16, normalized and shifted for clarity.el$pectra are dominated by two
distinct emission peaks, labeled Q\&hd QWs, both attributed to the QW luminescence
due to the energy shift, caused by the quantum confinemestteff he energy spacing
between the two QW signatures is (21) meV. These peaks are further accompanied by
the PSB signatures on the low-energy side. In addition, &wéasignal from the ZnO
substrate contributes to the sample luminescence at lopdeatures. As the tempera-
ture is increased, the relative intensity of the @®nission strongly increases, whereas
the QW peak quenches and is completely suppressed in the roonetatage spectrum.
This fact clearly excludes possible explanation of the Quvhinescence as the emission
from the second confined state of the QW. Otherwise, due t@pipeoximately equal
density of states and comparable light-matter couplirensith of the first and the second
subbands, the PL of the latter is not supposed to dominatathele emission, especially
at low excitation densities, see Hig.]2.6 in sedfion 2.1tZfonparison. Hence, the exper-
imental findings strongly suggest the attribution of the QW to the recombination of
carriers from the localized states inside the QW. For irs@ddemperatures, these carriers
become delocalized, leading to a luminescence signal behenergies, i.e., at the QW
resonance.

As previously shown in sectiohs 2.2.1 ahd 5.1.2, the armlg$ithe energy spacing
AEzp_psg between the first PSB and the ZPL allows to distinguish the®nfocalized
and free carriers. Figure5]17 shows the correspondindtsdeuAEzp_psg, extracted
from the experimental data plotted in Hig.5.16. Supporthmgabove interpretation, the
QW: emission is clearly attributed to the PL from localized mas, since the energy sep-
aration between the P$Bnd the ZPL remains constant up tgak=200K at the value
of the LO-phonon energy of 72 meV. In contrast to that, ke p_psg decreases with
increasing temperature for the QWeak, as expected for the free carrier luminescence.
Also, the temperature Jaxallows the estimation of the upper limit for the carrier lbza-
tion length to about 5nm, c.f. sectidns2]2.1 and %.1.2. Aghiere are several reasons
for the carrier localization, excluding QCSE-related lopatential fluctuations due to
the inhomogeneity of the internal electric field: chemicapurities[139] and well-width
fluctuations[[53]. Since both lead to the comparable cabedravior observed in a TRPL
experiment, the precise origin of the localization showdlbtermined by additional stud-
ies, e.g., magneto- or micro-PL in combination with trarssidn electron-microscopy.

In conclusion, charge carriers are found to be localizechén4nO/(Zr 9Mgo.1)O QW
at low temperatures, even in the absence of the QCSE. Thesponéing localization
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Figure 5.17: Energy spacing between the first PSB and the ZPLthe
Zn0O/(ZnoMgo.1)O QW sample as function of the lattice temperature.
The data is extracted for the PL spectra, shown in[Eig]5.16.

energy is in the range of 30 meV and the maximal localizategth is estimated to
5nm. However, confirmed by the analysis of the PSB emissier,darrier luminescence
is shown to dominate the PL spectra at lattice temperatin@ges200 K.

Recombination mechanisms

For the study of the carrier recombination mechanisms tw@®/ZtrnyoMgo.1)O het-
erostructures with the QW widths of 1.5nm are chosen. Thepkmrare homo- and
heteroepitaxially grown in the group of Prof. Martin Eickhon ZnO and sapphire
substrates, respectively. Growth details as well as a celnemsive structural and op-
tical study of these structures are found in Ref.[135]. Asrvew, low-temperature
TRPL data is shown in Fifg.5.118 for different excitation déiesibetween 1%cm~2 and
103 cm~2 photons per pulse. Similar emission signatures are obsénvihe the time-
integrated luminescence spectra of the two samples, gloit€ig[5.18 (a): narrow PL
from the ZnO buffer layer at 3.36 eV, inhomogeneously broadeZznO QW lumines-
cence between 3.40eV and 3.43eV and a peak attributed t&Ztidg)O barriers in
the range of (3.480.01) eV. The QW emission of the homoepitaxial sample ishdlyg
shifted to lower energies in comparison to the PL from thefuetpitaxial QW. Most ob-
vious reason is the lower Mg content in the respective balaigers, confirmed by the
difference in the (ZnMg)O PL peak energies, leading to aekese of the confinement en-
ergy. As the excitation is increased by four orders of magiat the QW emission broad-
ens due to excitation-induced increase of the homogenaoewitith, yet the spectral
positions of the PL peaks remain constant. Also, the luncielese dynamics, shown in
Fig.[5.18 (b) do not change with increasing carrier densithibiting single-exponential
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Figure 5.18: (a) Time-integrated PL spectra for homo- andterbepitaxial
Zn0O/(Zn9Mgo.1)O samples at the lattice temperature of 10K and
low and high excitation densities of g 10°cm 2 and 10 ng=10cm 2
photons per pulse, respectively. (b) Corresponding PL igatsof the QW
emission for the excitation densities of, L% ng, and 13 ny. The inset
shows the spectrally and temporally integrated PL intessiof the two
QWs as function of the pump density.

decay with a time constant of (30620)) ps. In addition, the overall PL intensity in-
creases linearly with the pump power, see the inset of FI§ ). Thus, the relative ratio
of the non-radiative and radiative recombination ratesaiesconstant for all applied ex-
citation conditions. Hence, despite initial inhomogergebroadening, no disorder-related
delocalization of carriers, trapped in local potential mma is observed when the carrier
density is increased by a factor of 4@.f[5.1.3. The density of the localization sites
is thus comparably high, on the order of #8cm=3. This value is estimated from the
approximative maximal carrier density in the QWs achievetthenTRPL measurements,
renormalized to the three-dimensional bulk concentratidhe carrier density is com-
puted by taking into account the applied excitation den#iigy respective layer widths of
the ZnO QW and the (ZnMg)O barriers, and the absorption aoefii of the ZnO[36].

The temperature-dependent PL maxima, corresponding terttission from the low-
temperature peak, 1/e decay times of the luminescencel signeell as the overall PL
intensities are shown in Fig.5]19 (a), (b), and (c), respelgt The energy of the PL
peaks decreases monotonously as function of temperatlioceying the typical behavior
of the band-gap, see section2]1.2. Thus, aside from thec@mapping with a discrete
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Figure 5.19: PL maximum (a), corresponding to the emissiomfthe low-temperature
peak, 1/e decay time of the luminescence signal (b) as wethasver-
all PL intensity (c) of the homo- and heteroepitaxial Zn@{4Mgo.1)O
QWs as function of the lattice temperature. The excitationsdg is set
to 0.310%cm~2 photons per pulse.

binding energy of the corresponding localized state in &mge of 30 meV, c.f. Fi§.5.16,
no additional disorder-related features, e.g., an S-steapebserved. For the heteroepi-
taxial sample, the decay time as well as the PL intensity betinease as the temperature
is increased from 10K to 300K. This result is a clear hallmairkon-radiative recom-
bination dominating carrier dynamics. The non-radiatikarmel becomes increasingly
important at higher temperatures due to the faster cairiffeistbn and thus efficient trap-
ping of electrons and holes into the deep states, c.f. dismusn section2.311. In stark
contrast to that, the PL intensity of the homoepitaxiallpwgn QW remains nearly con-
stant and the decay time even increases in the temperange feom 10K to 150 K.
Hence, radiative recombination mainly determines cadysamics of the QW sample at
these temperatures. In fact, in an ideal QW structure, tbiatige recombination time
is expected to increase linearly with temperature [9]. TtEeemental findings perfectly
match the expected behavior for the homoepitaxial QW, evegrvihe PL dynamics are
evaluated not only for free but also for the localized castidue to the spectral overlap of
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5.1 Carrier dynamics in ZnO/(ZnMg)O heterostructures

the two contributions. As the temperature is increasedhéunrthan 150 K, the decay time
decreases, accompanied by a quenching of the emissiorsiigténus indicating domi-
nant non-radiative recombination in the homoepitaxial ganfor these temperatures.

In conclusion, the recombination dynamics of carriers 0OA#Z Ny gMgo.1)O QWSs are
studied as function of the excitation density and latticegerature. Both radiative and
non-radiative channels are found to contribute to the eadynamics. Depending on the
growth conditions, i.e., on the sample quality, radiativegesses dominate the recom-
bination at low and intermediate temperatures below 150&wvéver, for higher defect
concentrations as well as temperatures, the carriemifstibecome strongly limited by
carrier capture into the deep traps. In addition, the erpemial results indicate carrier
localization at low temperatures at spatially localizedes with a discrete binding energy
of about 30 meV. However, no disorder-related featuresed|a.g., to the alloy-disorder
in the barrier layers, are observed.

To summarize the TRPL studies of the ZnO-based heterostas;tperformed within
the framework of this thesis, the answers to the initialiged questions are given:

e What is the reason for carrier localization in the barrierjars?

Alloy disorder due to the spatial fluctuations Mg concembrais found to cause
localization of electrons and holes within the (ZnMg)O lesye The influence of
disorder becomes increasingly important for higher Mg eohtand is observed
even at room temperature in the sample with the highest Mgesdration of 22 %.
In addition, for the latter sample, characteristic disorstale of (6Gt15) meV is
identified.

e How fast are the carriers captured into the QW?

The experimental results show that the capture of carrrers the barriers into
the QW occurs on an ultra-fast time-scale below 3 ps, thisevaking limited by
the experimental resolution. This result is obtained byl@kpg the build-up of
screening of the internal electric field for direct obsemtof carrier population
inside a QW. Thus, carrier capture into the QW occurs on theesar even faster
time-scale than the carrier-trapping processes withitb#rgers.

e Are QW carriers free to move in two dimensions or are they iaedlin the in-plane
direction?

In all samples under study, carriers are found to be loadlizeyrowth and also in
the in-plane dimension at low temperatures, regardlesseoptesence or absence
of a strong internal field. The upper limit for the localizatilength is estimated
to be around 5nm. However, the depth of the potential minisnacimparably

113



5 Ultra-fast luminescence studies of novel semiconductitenal systems

small, in the range of 10 meV - 30 meV, depending on the exacpkaparameters.
These values are usually lower than the average localizatiergy in the (ZnMg)O
layers. At temperatures higher than 200 K, the QW emissialoisinated by free,
delocalized carriers.

e Does radiative or non-radiative recombination dominatesrier lifetime in the
QWs?

Radiative recombination dominates the PL dynamics at lovpezatures in the ho-
moepitaxially grown ZnO/(ZggMgo.1)O QW sample without the QCSE as well as
in the ZnO/(Zy sMgo.2)O QW samples with strong QCSE contributions. At higher
temperatures and also in the sample with a higher defecttgares, heteroepitax-
ially grown QW, non-radiative carrier capture determirtestemporal behavior of
the PL signal.

5.2 Ga(AsBi): carrier localization and phonon-coupling

In this section, the emission properties of Bi-containingA&alloys are studied. The
Ga(AsBi) material system is a possible candidate for lighiteng devices in the near-
infrared spectral range, at the telecom wavelengths gfirh.and 1.55um on GaAs sub-
strates[[14]. The main hallmark of this semiconductor isgiamt band gap reduction by
as much as 60-80 meV per percent(Bil[22,1146, 147, 148]. Ther latalmost an order of
magnitude higher compared to more typical GaAs-basedsaley., (Galn)As with about
15 meV band gap decrease per percent Ih[15]. The reasondarthsual behavior is the
strong perturbation of the GaAs host lattice by the Bi atomsjiiporated as isovalent im-
purities due to their electronegativity and ionizationrgiyebeing significantly lower than
those of As. These impurities lead to the formation of a disipeless Bi band below the
valence band edge which strongly couples to the valencesbaindaAs yielding mixed
states, typically described by a band anticrossing modél[IHence, these alloys allow
for independent valence band engineering since mostlydteestates are affected[150].
In addition, despite the metallic character of GaBi and tlyh hattice mismatch between
GaAs and GaBI[151], itis possible to grow high-quality GaB<crystals containing up
to 10 % Bi [152].

As already discussed in sectigns2.3.2 5.1, spatiaufitions of chemical concen-
tration are always present in compound materials due touth@aimental thermodynam-
ics[153]. In case of Ga(AsBi), these fluctuations are expktriebe particularly strong
due to the large impact of Bi on the GaAs band structure. Thdtneg disorder of the
lattice potential influences the carrier dynamics and Bibydeads to carrier localization,
significantly influencing the optical response of the malelin general, the understand-
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5.2 Ga(AsBi): carrier localization and phonon-coupling

ing of the latter is crucial for the interpretation of the expental data, optimization of
the growth conditions, as well as for the proper design oASB()-based devices. Hence,
the aim of the experimental studies discussed in the firsigbanis section is the system-
atic investigation of carrier localization effects in Ga@). For this purpose, TRPL
measurements supported by kinetic Monte-Carlo simulatjgmowide a quantitative anal-
ysis of the disorder. The simulations are performed by Selmatmhof and Christian
Wagner in the group of Prof. Angela Thrahnhardt at UnivgrsitTechnology, Chemnitz
(Germany). In addition, since Bi strongly perturbs the Idatiice potential, the expected
influence of Bi incorporation on carrier-phonon couplingnsestigated and discussed
in the second part of the section. The Ga(AsBi) samples amrgby molecular-beam
epitaxy by Xianfeng Lu and Dan A. Beaton in the groups of Prdfoifias Tiedje at the
University of Victoria (Canada) and Dr. Shane R. Johnson attizona State University
(USA).

5.2.1 Carrier localization

The sample used for the study of carrier localization is aa@hick layer of Ga(AsBi)
with a Bi concentration of about 4-5 %, grown on a GaAs substrahe growth details
are given in Ref[[152]. For the TRPL experiments, quasi-rasbexcitation conditions
are applied with the pump energy set to 1.38 eV, well belowathsorption edge of the
GaAs substrate. The PL spectra are acquired using the titegrated mode of the streak
camera with the spectral resolution of about 1 nm.

As an overview, the linear absorption and an emission gpctf the sample are plot-
ted in Fig[5.2D (a) for the lattice temperature of T=10K ahd éxcitation density of
4.102 cm~2 photons per pulse. One clearly observes a strongly broddexaton sig-
nature at 1.19 eV with a pronounced Gaussian band tail at tevgées. The spectral
position of the sample PL, shifted by 360 meV to lower energiecomparison to the
GaAs band edge confirms the large band gap reduction in Ga(AsBce only 4-5 %Bi
are incorporated in the respective layer. In addition, tteat band tail of the absorption
is a clear hallmark of disorder present in the sample. Théendation is further supported
by a large Stokes shift in the PL emission, strongly indiggtiarrier localization, c.f. dis-
cussion in sectidn2.3.2. The carriers, which are initiahgited in the continuum above
the band edge, first relax towards the states with lower greerd then recombine radia-
tively. The corresponding PL energy is thus significantlydo than the inhomogenously
broadened exciton peak at 1.19 eV.

The influence of the disorder is also observed in the temperatependent data. Fig-
urel5.20 shows the PL peak position as function of the latéogperature at various ex-
citation densities betweerymnd 100 5. Here, iy corresponds to the excitation density
of 1.510%cm 2 photons per pulse. The PL exhibits a pronounced S-shapeibelaa
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Figure 5.20: (a)Linear absorption at T=10 K and the PL spectfor the excitation
density of about 402 cm~2 photons per pulse. (b) Experimental results for
the temperature-dependent PL peak position at various potepsities. p
corresponds to the excitation density of-1@2cm~2 photons per pulse.

low pump intensities, corresponding to the characteristialization energy in the range
of eg=10meV. As the excitation density increases, the bandtatiés become saturated
and the S-shape is suppressed. However, even at room tearpethe increase of the
pump power still leads to a strong shift of the PL maximum taisehigher energies, also
observed in comparable samples[152]. This behavior is xyptated for a rather small
disorder scale of 10 meV. In addition, the broad band taiboitd 100 meV FWHM in the
absorption spectra is not compatible with the above esiiméor €g [23].

Hence, the experimental findings lead to the following cosidns: (i) disorder effects
seem to play a major role in the optical response of the nat€ii) a simple picture of
carrier localization on a single energy scale does not apphus, for a consistent de-
scription of carrier dynamics in the Ga(AsBi) sample a momagiex two-scale picture is
proposed. Also, a phenomenological theoretical approaskdon kinetic Monte-Carlo
simulations is applied, allowing for a quantitative an&ysf the disorder parameters.

Two-scale model

The concept of the two-scale model[154, 155] is motivatethieyfact that in addition to
the typical alloy disorder, few-atom Bi clusters are likedyeixist in the Ga(AsBi) material
system[[156], acting as localization sites for the carrifiiise proposed energy distribu-
tion of the energy levels is shown schematically in Eig.bRdtential fluctuations caused
by the varying Bi concentration are represented by the rahddistributed sites with a
large localization length. The corresponding DOS is déscriby a Gaussian in good
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Figure 5.21: Schematic illustration of carrier hopping wo tenergy scales. The first
scale is given by a Gaussian distribution with the charetieenergy scale
€1 and the second scale - by an exponential distribution wigngnscales,,
representing alloy disorder and cluster localizationpeesively.

agreement with the linear absorption data. The model paeamare ch%, V1, T1 and the
energy scaley, representing the alloy disorder. Herg, islthe spatial density of the local-
ization sites with the average radiag. The parameter Nxf is used as an approximation
to describe the excitation power dependence of the expetiriibe potential minima are
occupied by carriers for higher excitation powers, leadothe decrease of the effective
number of free sites Nthus reducing possible hopping transitions due to theicéisin

of only one carrier per site. Also, for every spatially lagee, additional smaller sites
are included, lower in energy and, again, randomly disteu These sites represent the
Bi clusters. The DOS of the second scale is assumed to be exjdrend is character-
ized by Ngag, V2, T2 andes. The average hopping rates within the first and the second
energy scales are given by andvy, respectively. The time constant corresponds to
the carrier capture time from the sites of the first energjesicavards the Bi clusters,
denotes the effective recombination time of the carriecaliaed on the second energy
scale. According to the simulations, only the produgts influence the spectral features
in the time-integrated PL data. Time-resolved measuresnentthe other hand, allow to
determine the complete set of parametarsv,, 11, andt, thus giving a full description
of the carrier dynamics.
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Figure 5.22: Experimental Stokes shift (a) and FWHM (c), aoted from the
temperature-dependent PL spectra of the Ga(AsBi) sampleafging ex-
citation densities. Calculated Stokes shift (b) and FWHM ()varying
Nzag between 0.1 and 0.25 using the kinetic Monte-Carlo simuiatiwith
the two-scale model.

Luminescence spectra

First, the two-scale model is used to fit the time-integrapeettral features. Figuries5.22(a)
and (c) show the Stokes shift and the FWHM of the PL emissiomiastion of the lat-
tice temperature, respectively. Three exemplary exoitatlensities of g 2.5 and
5ny are chosen due to the observation of a pronounced S-shapeidredccompanied
by the maximum of the FWHM in the corresponding luminescempeeta. The Stokes
shift is deduced from the PL peak position as follows: th@zemperature band gap of
1.19eV is given by the linear absorption spectrum. The tentperalependence of the
band gap fofT > 150K is assumed to follow Varshni’s laiv [43] with= 0.274 meV/K
and = 468K as fit to the experiment. The latter two values are restslerparameters
for a GaAs-based system, compared to the temperature-diepieioand gap shift of the
host material[36]. The non-vanishing Stokes shift at higkeenperatures is due to the
presence of disorder-related effects at the room tempetatu
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Figure 5.23: Experimental and simulated PL intensity of#a€AsBi) sample as function
of lattice temperature for the excitation density ofg5 n

The corresponding results of the kinetic Monte-Carlo simoites using the two-scale
model are shown in F[g5.22 (b) and (d) for the Stokes shifttaed=WHM of the emis-
sion peak, respectively. A very good agreement with the exy@ntal data is obtained,
with the main characteristics of the temperature- and tiedsipendent PL spectra being
correctly reproduced, c.f. High22 (a) and (c). To obtais #greement, the parameters
N102 = 0.01,v111 = 10°, &1 = 45meV,v,T, = 10% ande; = 11 meV are used. The minor
differences between theory and experiment are mainlbated to uncertainties in the
temperature dependence of the Ga(AsBi) band gap and the@mistribution of the Bi
cluster states.

The kinetic Monte-Carlo algorithm also explains the charastic temperature depen-
dence of the PL intensity, often observed in disordered s@miuctor material§[111], c.f.
section2.3R2. Two parameters are important: The DOS, wiherexponential distribu-
tion with the characteristic energy scajds used and the relative density of non-radiative
sites given by IN//(N;+Npy). It is assumed that the carriers, weakly localized on tls¢ fir
energy scale, can easily reach the non-radiative recomntineenters due to the spatially
large extension of the corresponding sites. Thus, the gremgles, = 11 meV is suffi-
cient in order to explain the PL intensity. Figlire 3.23 shaomesmeasured and simulated
temperature dependence of the normalized PL intensitjhéoekcitation density of 5n
Again, a good agreement between the experiment and theatiomuis obtained, allowing
for the extraction of the parametepM(N;+Np,) =0.012.

Altogether, the comparison of the experimental PL data wighresults of the Monte-
Carlo simulations clearly shows that disorder effects inGla¢AsBi) sample are strongly
influenced by carrier localization on two different energgles. The S-shape, the rela-
tive maximum of the FWHM, and the temperature dependenceeoPthintensity are
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mainly determined by the presence of Bi clusters with theayeicarrier binding energy
of 11 meV. The broad linewidth of the sample emission and igtem spectra at low
temperatures as well as the non-vanishing Stokes shifteoPthenergy at higher tem-
peratures are due to the alloy disorder. The latter is cheniaed by the energy scale of
45 meV and spatially extended localization sites.

Carrier dynamics
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Figure 5.24: Measured and simulated time-integrated Pttspef the Ga(AsBi) sample
at T=10K. The inset shows the decay of the measured spgeingtigrated
PL intensity. The spectral positions of the extracted Phdients, shown in
Fig.[5.2% are marked by arrows with the corresponding Stek#tvalues.

The carrier relaxation and recombination dynamics aresinyated by temporally re-
solved PL measurements performed on the same sample. Titetiexcconditions cor-
respond to the experimental parameters for the time-iatedrstudy to ensure consistent
results. The streak camera is operated in the time-resohgzte with the temporal re-
solution of 20 ps. The lattice temperature is set to T = 10 K tliedexcitation density is
4.10'2 cm~2 photons per pulse.

For direct comparison, a time-integrated measured PL gpacas well as the result of
the simulation are shown in Fig.5]24. The PL peak positiba,RL line width, and the
overall spectral shape are correctly reproduced by the é@atrlo approach. The corre-
sponding measured and calculated TRPL data are plotted iB.Elg(a) and (b), respec-
tively, as function of emission energy and time after theitetion. Again, an excellent
agreement between the simulation and the experiment isebitan for all emission en-
ergies and time delays. For detailed analysis of the caglsipamics, the PL intensities
are integrated across10 meV for different emission energies. The resulting tiamts
are plotted in Fid.5.25 (c). The central spectral positiaresindicated by the arrows in
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Figure 5.25: Measured (a) and simulated (b) PL intensityhef Ga(AsBi) sample at
T=10K as function of the emission energy and time after thatation.
(c) Corresponding PL transients at T=10K for Stokes shiftrgiee B -
EgapOf -10, -30, -50, -70, and -90 meV from bottom to top, c.f. Bg4

Fig.[5.24 together with the corresponding Stokes shift. ddia show a fast PL decay on
the high-energy side and comparably slow dynamics for logvgias, typical for disorder-
dominated emission at low temperatures, c.f. se€fionl2 B2 dynamics of carriers at
the high-energy flank are dominated by hopping to stateslaiter energy. The carriers
on the low-energy side, however, are trapped in localizagstand decay slowly witty.
Additionally, localized low-energy states get filled by wars from energetically higher
sites resulting in a further reduction of the effective decate on the low-energy tail of
the PL.

The overall excellent agreement between the experimgrihliained and the modeled
data allows for the extraction of the disorder parameterser@y scales of; =45 meV
ande> =11 meV are found for the alloy disorder with Gaussian andHercluster sites
with exponentially distributed DOS, respectively. Thedgot Nlo@ is, again, correlated
to the excitation power in the experiment and thus set.id Gor the photon flux of
4.102cm~2s1. All these parameters are completely consistent with tfadyais of the
previously discussed time-integrated PL. The additionfdrmation, available by mon-
itoring the PL dynamics, allows to determine the parameteasdv individually. The
attempt-to-escape frequency for the alloy-disorder seate10'4s 1, a relaxation time
to the cluster scale af, =5 ps, as well ag, =2.510%s 1 and1, =4 ns for the effective
carrier lifetime are obtained. Thus, the hopping rates amenlly faster for the first
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Figure 5.26: Measured and simulated 1/e-decay times,a&ttdor the corresponding
PL transients. The time-integrated measured PL spectrugiven by the
shaded area as a reference.

disorder scale attributed to the alloy fluctuations tharttiertransitions between the indi-
vidual cluster sites. Also, the average capture time to augitelt, of 5 ps is significantly
smaller than the effective recombination timein the ns range. In addition, as an alter-
native evaluation scheme, the deduced 1/e-decay timesaoh#asured and calculated
PL transients are plotted as function of the emission enier§ig.[5.26. Consistently, the
decay-times at higher energies are much shorter than #tariét, while the values on
the low-energy side are slightly abovg indicating additional filling effects.

In summary, the carrier localization dynamics in the Ga(AsBmple are experimentally
studied and compared to the results of the kinetic MonteeCanhulations applying the
two-scale approach. In general, typical disorder-induekéelcts appear in the TRPL, a
fast decay on the high-energy side of the luminescencersipeand much longer decay
at lower energies, attributed to the relaxation- and regéonation-dominated dynamics,
respectively. The comparison of the measured data withith@ations yields a complete
set of the individual disorder parameters. Faster caro@ping among localized sites
with fluctuating alloy compositions is found, compared tocmslower carrier diffusion
between the Bi clusters. In addition, carrier capture inéodlsters occurs on an ultra-fast
time-scale of about 5 ps.

5.2.2 Carrier-phonon coupling

This subsection deals with the study of carrier-phonon bogjn Ga(AsBi). For this pur-
pose, two samples containing 12 nm thick GaA8ix single QWs with Bi-concentrations
of x=0.011 and x=0.055 placed between GaAs barriers areeahdse emission prop-

122



5.2 Ga(AsBi): carrier localization and phonon-coupling

(@) 1.1% Bi (b) 5.5% Bi

== PL signal
=== Derivative

PL intensity (arb. u.)

1.3 1.4 1.0 1 1 1.2
Energy (eV) Energy (eV)

Figure 5.27: Measured and simulated 1/e-decay times,a@tidor the corresponding
PL transients. The time-integrated measured PL spectrugiven by the
shaded area as a reference.

erties of the both samples exhibit pronounced localizatifects, closely mimicking the
behavior of the Ga(AsBi) layer investigated in the previoulssectiof5.2]1. Again, the
main feature strongly influencing the optical responseagitiesence of Bi clusters with a
characteristic localization energy in the range of 10 md\é PL measurements are per-
formed in the CW-PL setup with the He-Ne laser as the excitatimurce. An OSA is
used for the detection of sample luminescence, yieldingeatsg resolution of 1 nm.
Figure$5.2l7 (a) and (b) show the PL spectra of the two Gax QW samples for
a lattice temperature of T=10K. The excitation density istee80 mW/cn?. For a
better quantitative analysis the numerical derivatives @otted as dotted lines below
the corresponding spectra. Several pronounced luminesqezaks are observed on the
low-energy side of the main emission in both samples. Th&geaae equidistantly
spaced, separated by about 37 meV, corresponding to thehb®ep energy in diluted
GaAs_«Bix[157]. Thus, the additional emission signatures are unguthisly identi-
fied as LO-phonon-sidebands.

To quantify the carrier-phonon coupling-strength, the htis&hys factoiSis used [[50].
This quantity corresponds to the average probability ofL.ilephonon-emission during
the radiative recombination of an electron-hole pair, difcussion in sectidn2.2.1. The
Huang-Rhys factor is obtained from the spectrally integtd&k intensities of the PSBs
as follows [50[ 51]:

gy (5.4)
lo

The luminescence intensity of the ZPL is denoted fwihd the the emission strength
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Figure 5.28: PL spectra of the GaAsBix quantum well with Bi-concentration of
x=0.011 for the lattice temperatures between T =10 K and Tk.@he en-
ergy of the ZPL maximum is plotted in the inset as functionewhperature.

of the n-th PSB by, where n is the number of LO-phonons participating in thd-sca
tering process. The relative intensities of the PSBs and Ble ate obtained applying
a line-shape fitting procedure of the PL spectra where therdis-related exponential
low-energy flanks of the emission peaks are taken into a¢c@mnaording tol[158, 155]:

_2<E*En)2

Ih—O(1—Ey)ASe o +O(E,)Ade "% (5.5)

Here,gqg and w are the characteristic energy scale of the disorder andshtimemogeneous
broadening of the-th PSB peak, respectively.$fand A3 are the corresponding ampli-
tudes, E is the spectral position of the peak maximum, &ds a step-function. An
exemplary fit of the measured PL spectrum is plotted in thetioFig[5.27 (a). Huang-
Rhys factors of S=(0.260.05) for the x=0.011 sample and S=(0-46.05) for the
x =0.055 sample are obtained; the precision is limited byfitieg procedure. Thus, the
values are comparable within the margin of error, even whe®SBs are less pronounced
in the spectrum for x =0.055 sample due to higher broadesieg Fig. 5.27 (b). The ob-
tained Huang-Rhys factors are more than one order of magnlarder than extracted
from the PSB ratios reported for free and bound excitons iASJa59,/ 160] indicating
unusually strong carrier-phonon coupling for a GaAs-basatkrial.

Next, the temperature dependence of the sample emissiothasaf the Hyang-Rhys
factor is investigated. The PL spectra of the QW with a Bi cohie=0.011 are plotted
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Figure 5.29: PL spectra as function of the excitation dgnsit T=10K for the
GaAs _«Biy sample with x=0.011. The inset shows the corresponding
Huang-Rhys factor S.

in Fig.[5.28 for the lattice temperatures between T=10K ar®U K. The luminescence
peaks on the high-energy side at 1.494 eV and 1.514 eV areddia the shallow im-
purities in GaAs barriers and substrate [36]. The ZPL andctireesponding PSBs in
the investigated GaAsxBix sample exhibit a strong shift to lower energies of more than
20 meV, as the temperature is increased from 10 K to 60 K. Fgbramilattice temperatures
an additional feature appears on the high-energy side dtfteat about 1.45 eV, domi-
nating the spectrum at T =60 K. Both observations clearlycaid that the ZPL and the
PSBs originate from bound states. The corresponding PL sadyyscal disorder-related
red-shift of the emission maximum for increasing temperin the low-temperature
regime, discussed in the previous subse¢iionb.2.1. Eatptthe bound states are ion-
ized for sufficiently high lattice temperatures.

Previous studies have shown that Bi tends to form clustersvelieyed with GaAs,
giving rise to a number of shallow localized states belowlbed-gap. The estimated
ionization energy in the range of 10 meV for the ZPL matchesabverage localization
energy of the Bi-clusters[156, 161], c.f. the discussidn.Zhlh In addition, a strong
electron-phonon-coupling is typical for an isoelectromipurity such as Bi as already
observed for the Ga(AsBi) bulk samples[156]. The reasondssttong local deforma-
tion of the lattice by the impurity cluster. In addition, tegength of the deformation
is significantly altered by the presence of carriers, bountthé impurities. This depen-
dence enhances the efficiency of the deformation potertdtesing between carriers and
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5 Ultra-fast luminescence studies of novel semiconductitenal systems

phonons, previously discussed in sections 2.2.1[ard 4.2refdre, the phonon-assisted
PL in the studied GaAs «Biyx Qw is clearly attributed to the emission from carriers bound
to Bi-clusters.

To investigate the effect of saturation of localized statke excitation density depen-
dence of the PSB emission is studied at T=10K for the QW samipkex =0.011. The
PL spectra for the excitation densities between 2.4 m\&/na 8.0 mW/crf are plotted

in Fig.[5.29. The emission spectrum shifts to higher ensrgethe pump power is in-
creased. Also, the carrier-phonon-coupling strengthedesas as shown in the inset. Both
findings support the previous interpretation of phononséss PL originating from Bi-
clusters. The cluster states become saturated for higleéatan densities leading to a
typical blue-shift of the luminescence spectra]155,/ 164], discussion in sectidn2.3.2.
Under these conditions the carriers are less localizedrargdhave a lower probability of
scattering with LO-phonons.

In summary, the phonon-assisted luminescence from GaBs, QW samples is studied
by CW PL as function of lattice temperature and excitationsdign Pronounced PSBs
are observed in all emission spectra of the samples. TheRddgn-coupling strength is
unusually strong for a GaAs-based material; it is quantifigdhe Huang-Rhys factor S
ranging between 0.1 and 0.3. Carriers bound to isoelectimogarities, i.e., Bi-clusters,
are identified as the origin of the intense phonon-assistadston. The intensity of the
PSBs decreases as the cluster states are ionized at elattedtemperatures.

5.3 GaN quantum wires: confinement in a quasi

1D-system

In this section, the emission properties of GaN quantumsAi@Nires) are studied. GaN
is a llI-V wide-gap semiconductor with the band gap energtheUV spectral range, at
3.5eV. In analogy to the previously discussed ZnO, the erdiinding energy as well
as the carrier-phonon coupling are rather strong in GaN ewoetpto the typical 111-V
systems, e.g. GaAs. In general, the GaN material propetisvell studied [36, 163]
and GaN-based devices, as LEDs and diode-lasers, arealus@dely used for the light-
emitting applications[164, 13]. Furthermore, GaN-nanagtires became available due
to the improved growth techniques, providing additionalgt into the physics of weakly
confined carriers as well as being candidates for potergjaiations as light emitters on
a sub-wavelength scale. Typically, in these systems, thereament length is in the order
of several 10’s of nm, larger than the exciton Bohr radius ilN{@6]. However, only
few reports on the properties of "real” 1D GaN quantum stmestwvith strong carrier
confinement are found in the literature [165, 166].
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Figure 5.30: (a) Schematic illustration of the studied GaMrgum wire structures.
(b) Typical TEM image of the GaN/AIN nanowire ensemble, mead in
the growth direction. (c) TEM image of a single GaN/AIN nan@wvith
GaN quantum wires located at the facet edges. (d) Scannihg iitage
of the GaN quantum wire, located on surface of the GaN/AINoraire,
measured with sub-nm spatial resolution.

The studies conducted within the framework of this thesesfacused on such 1D GaN
systems. The QWires are grown in the group of Prof. MartirkEddf and are character-
ized by TEM measurements in the group of Prof. Jordi Arbidhatinstitut de Ciencia de
Materials de Barcelona (Spain). The typical structure ofGla®& QWire samples, based
on the results of the TEM studies, is schematically illusiwan Fig[5.30 (a). The cor-
responding, exemplary TEM images are shown in[Fig.]5.3Q¢h)and (d) on a 0.am,
20nm and 2nm scale, respectively. The samples consist efréaigs of hexagonally
shaped GaN nanowires with the diameters of about 20 nm agthteim the range of a
pum, grown on silicon substrates. The nanowires are coverdd 3@ nm of AIN, then
overgrown with a thin GaN QW-like layer of several nm up to 2@ thickness. At this
growth step, GaN QWires are formed at the facet edges of thewiees. In addition, in
a fraction of the investigated samples an AIN capping layé&Oom width is deposited
on top of the structure. The presence of the AIN cap also tesul thin AIN shell of
several nm thickness covering the GaN QWires, c.f.[Fig]&R0

The main aim of the TRPL experiments is finding the evidencetherluminescence
activity in the GaN QWires as well as the confirmation of thamfum confinement effect,
expected to be especially large in these material systeraddition, possible influence
of the QCSE, carrier localization as well as the overall terajpee stability of the PL are
studied. Finally, the impact of the growth parameters isuised.
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5 Ultra-fast luminescence studies of novel semiconductitenal systems

5.3.1 Carrier confinement

The samples used for the initial investigations are cappédtive additional AIN layer
on top of the nanowires. The excitation energy is set to Mtaking into account the
potentially large confinement energy, i.e., the absorpeidge, of the QWires. The spec-
tral and temporal resolutions in the experiment are 0.2,nch1® ps, respectively . The
PL intensity of the sample is plotted in Fig.5.31 as functidnhe emission energy and
time-delay after the excitation. The lattice temperatgrsat to 10 K and the excitation
energy to 1.4.012cm~2 photons per pulse. A time-integrated luminescence spactru
and the transient intensity of the PL peak at 4.1 eV are shdwimeabottom and on the
right-hand side of the graph, respectively. The tempotalual is chosen between 50 ps
and 750 ps. As expected for the low-temperature spectruhediulk-like emission from
GaN nanowires[36, 167, 168], a pronounced peak from the d@xoitons appears at
about 3.5eV. A broad shoulder on the low-energy side withswarably longer PL de-
cay is attributed to the luminescence of the thin GaN layigniicantly influenced by
the QCSE, see Ref§.[169, 170] and the discussion below. Iti@udh distinct PL peak
appears at 4.1 eV. This emission signature is present itugaliesl samples and is not ob-
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Figure 5.31: PL intensity of a GaN QWires sample as functibamission energy and
time-delay after the excitation for the lattice temperatof 10K and the
excitation energy of 1.402cm~2 photons per pulse. Time-integrated PL
spectrum and the transient intensity of the luminesceneak at 4.1 eV are
shown at the bottom and on the right-hand side, respectively
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Figure 5.32: Decay time of the GaN QWires PL as function of@éh@ssion energy for
the lattice temperature of 10K and the excitation energy.4fL0'?cm—?2
photons per pulse. The solid line is a guide to the eye. Caoreipg PL
spectrum is shown in the same plot for comparison.

served in the spectra of comparable structures without iNe€)growth [171]. Also, the
energy shift of about 0.6 eV with respect to the GaN bulk luesgence is a clear evidence
of a considerable confinement effect. Thus, the 4.1 eV peakasnbiguously attributed
to the emission from the GaN QWires. The diameter of the Q¥Viestimated from the
confinement energy of &, >0.6 eV by basic particle-in-a-box calculatiohs|[28] using
the effective masses of electrons and holes in GaN [36], ikarrange of 3nm or even
smaller. This value matches well the QWire thickness, olehirom the TEM measure-
ments. The PL is also inhomogeneously broadened with the FVgHabout 300 meV,
indicating width fluctuations within single and/or betwedifferent, spatially separated
QWires. Furthermore, the luminescence signal exhibitsraexponential decay on the
100 ps time-scale. Thus, any ultra-fast carrier capturegeges from the QWires into the
GaN layers are excluded.

For an additional analysis of the non-exponential lumierase dynamics, the extracted
1/e decay time is plotted in Fig. 5132 as function of the eiaissenergy. The PL spectrum
is shown in the same graph for comparison. The average decayaries between 50 ps
and 150 ps on the high- and low-energy side, respectivelys Vdriation alone already

causes the non-exponential PL decay of spectrally intedmamission. In general, for an
ensemble of QWires, the dependence of the decay time on tlea&ly is either due to

the disorder-related hopping processes within a singler®Wif. section 2,312, or due to
the different recombination rates from spatially sepat&@#&Vires with varying widths.
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5 Ultra-fast luminescence studies of novel semiconductitenal systems

5.3.2 Influence of the excitation density and the lattice tem perature

Following the identification of the PL signature of the GaN @, additional characteri-
zation measurements are performed on the same samplegfoanshe study of possible
QCSE contributions as well as the temperature stability @Rh. Figuré 5.33 (a) shows
the time-integrated PL spectra at T=10 K as function of thataton density. Here,
np corresponds to the photon flux of 1182 cm~2 photons per pulse. As the excitation
density is increased, the energy of the GaN nanowire PL resr@instant, whereas the
emission maximum from the QW-like GaN layer shifts towardgher energies. This
shift is expected due to the screening of a strong interredgaelectric field within the
GaN QW in the growth direction induced by the strain betweai@nd AIN [169] 170].
In contrast to that, no screening is observed in case of th¢ @@/ires, indicating an
negligible influence of the QCSE, i.e., the absence of annatdreld. In addition, the
PL intensity exhibits a slightly superlinear behavior aopanied by a small increase
of the decay time thus suggesting only insignificant contrdns from the saturation of
non-radiative decay channels, c.f. section2.3.1. Alsssétobservations further confirm
negligible influence of the QCSE. Otherwise the carrierihfetis expected to decrease
with increasing excitation density due to the screeninghefihternal field, see the dis-
cussion in sectidn2.2.2. This finding is reasonable sineeQWires are grown on the
non-polar plane of the AIN.
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Figure 5.33: Time-integrated PL spectra of the GaN QWirgth@corresponding spec-
trally integrated intensity (b), and the 1/e decay time &function of the
excitation density for T = 10 Kk denotes the exponential parameter obtained
by fitting the PL intensity g as function of the excitation powegxt with
the power law b = 1§,
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5.3 GaN quantum wires: confinement in a quasi 1D-system

Temperature-dependent data are shown ir(Fig] 5.34 for tig plensity of 1.410*2cm—2
photons per pulse. All GaN-related peaks shift towards t@nergies as the temperature
is increased. However, the energy difference between T=40KT =300 K emission
maxima of about 20 meV is much lower than the typical shift afrenthan 50 meV in
GaN [172], indicating significant influence of strain andéarrier localization on the
PL energy. Also, the integrated PL intensity of the GaN QW/iemission, plotted in
Fig.[5.34 (b), remains nearly constant foTL50 K. In the same temperature range, the
decay time exhibits a small increase from 90 ps to 120 ps,esing the strong suppres-
sion of non-radiative decay channels. As the temperatureisased beyond T=150K
towards the room temperature, the luminescence intensdgedses by a factor of three.
The intensity decrease is accompanied by a decrease of ither ddetime, indicating
faster non-radiative recombination rates at higher teatpegs, c.f. sectidn2.3.1. Alto-
gether, the emission of the QWires shows much higher teryerstability, compared to
the PL from the nanowires and the QW. The PL intensity of thelatter peaks decreases
over an order of magnitude in the temperature range betweelOK and T =300 K.
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Figure 5.34: Time-integrated PL spectra of the GaN QWirgslta corresponding spec-
trally integrated intensity (b), and the 1/e decay time Efunction of the
lattice temperature. The excitation density is set to1D¥ cm~2 photons
per pulse.
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5.3.3 Impact of the growth temperature

In this last subsection, the PL properties from a series ®fQNVires grown under dif-
ferent temperatures betweeg31000C and Ty =1055C are studied. The TEM results
show that as the growth temperature increases, the amotlmg déposited GaN increases
leading to higher diameters of the QWires. In this series AN capping layer is omit-
ted, leaving only a thin GaN layer on top of the nanowires amd\N shell around the
QWires. The TRPL measurements are performed at the lathoeeiature of 10 K with
the excitation density of 1.40'2cm~2 photons per pulse. Time-integrated PL spectra of
the samples are shown in Hig.5.35. On the low-energy sidg,tbe emission from the
nanowires is observed. The peak from the thin GaN layer isings indicating dam-
age of the latter due to the absence of the AIN capping. Howevenounced PL peaks
from the QWires are found in all four samples. This growthf@pration thus provides
an advantage over AIN capping since the QW emission doesfloence the PL spec-
tra, whereas the QWires remain optically active. For higjtewth temperatures, the PL
intensity of the QWires strongly decreases. The carrietitifes, on the other hand, re-
main nearly constant around (6(20) ps. These observations show that no additional loss
channels are introduced for thg ¥1033C and Ty=1055C samples, indicating either
lower number of photoexcited QWires or lower absorptionfladents.
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Figure 5.35: Time-integrated PL spectra of the GaN QWirgdlie corresponding spec-
trally integrated intensity (b), and the 1/e decay time &function of the
growth temperature of the QWires. The lattice temperatusei to 10 K and
excitation density - to 1.40%%cm~2 photons per pulse.
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Figure 5.36: Emission maximum (a) and the FWHM (b) of the GaNi@¥\series (w/o.
AIN shell) as function of the growth temperature. SamplethwilN shell
are shown for comparison in the same plot. The lattice teatper is set to
10K and excitation density - to 1.10 cm~2 photons per pulse.

For a more detailed analysis of the spectral features, thpdaks of the nanowires and
the QWires are fitted with Gaussians. The fit parameters ®iQWires, i.e., the peak
energies and FWHMs, are shown in Fig.5.36. As the growth teatpe is increased,
the PL peak shifts towards lower energies. This result isistent with the higher widths
for the QWires grown at increased,Tobserved in the TEM data. A larger wire diameter
leads to a weaker confinement and thus to the decrease of tesi@menergy. In addi-
tion, the FWHM of the PL peak increases witl, Tndicating a higher inhomogeneous
broadening related to the energy scale of the disorder. atter lWould also contribute to
the shift of the PL maximum if carrier hopping between patdnhinima would occur,
i.e. the broadening is due to the width fluctuations in eachvidual QWire. Finally,
the presence of the AIN shell seem to have only a small impadhe PL maximum
and FWHM, c.f. Figl5.36. The observed differences are aitieith to a slightly different
confinement energy, strain, and possible width fluctuatimta/een the samples.

In summary, PL emission from 1D GaN QWires is clearly ideatifi The findings are
supported by the evidence of a significant confinement effeatling to the energy shift
of the band gap more than 0.6 eV. The estimated QWires diameter of several nm is
in a good agreement to TEM data. Also, the optical responsbeoQWires shows no
indications of the QCSE, i.e., the absence of strong intdrelals perpendicular to the
length of the QWires. Finally, the PL intensity as well as tlagrier lifetimes are found
to be rather stable as function of the lattice temperatgge@ally in comparison to the
GaN nanowires.

133






6 Vertical-external-cavity
surface-emitting lasers for NIR
applications

This chapter deals with the characterization and optinaragtudies of semiconductor
lasers designed for NIR applications based on the wellistu@>aln)As material sys-
tem [173/ 174 175, 176, 177]. The device under investigatdhe so-calledertical-
external-cavity surface-emitting las€WVECSEL) developed in the late 90’s]16, 178].
This particular type of a laser perfectly combines the dgoélbeam quality of surface
emitters and the high output power of semiconductor edgéiegdiode-lasers [16].
In addition, solid-state on-chip fabrication, small pagikg dimensions and the spec-
tral tunability are all maintained as the main advantages semiconductor device.
VECSELs are available in a broad spectral rahge[18] 179/ 8@,[181]. They of-
fer efficient intra-cavity frequency mixing[182, 119, 183841[185] combined with fre-
guency stabilization [20], and are able to operate in a pulegime, emitting sub-500 fs
pulsesl[186] 187, 21, 188]. For the majority of the applaagi however, high output
power of the device remains crucial.

The performance of the VECSEL is generally limited by ovetimga This leads to the
so-called thermal rollover - a rapid decrease of the outputgp even when the pump
power is increased. The excess heat is generated inside ¥BESEL chip due to the
intrinsic properties of the active structure and off-remanpumping conditions required
for laser operation [189, 190]. Therefore, efficient coglaoncepts are inevitable for the
high-power operation. Fortunately, VECSEL chips offer agptilly large active area
and are therefore proposed to achieve higher output powsinly increasing the size
of the pump spof[191, 17, 192, 193]. However, this poweteadukty is questioned in
several reports, at least for specific pumping conditioBd 195/ 195]. Possible reasons
for this behavior are an inhomogeneous loss-channel ldision due to the growth and
processing imperfections or a substantial importancerettidimensional heat transfer in

the structur€[194, 196].
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6 Vertical-external-cavity surface-emitting lasers fdRNapplications

The experiments discussed in this chapter focus on the sfutlg thermal properties of a
high-power VECSEL. The VECSEL setup as well as the semiconduabip structure are
discussed in the first section. The second section addréssesstribution and removal
of the excess heat as well as the optimization of the devicentweased performance
via different heat-spreading and heat-transfer appr@adBased on these investigations,
the possibility for power-scaling is evaluated and the ulydgg restrictions are analyzed
in the third section. The latter investigations are periednapplying spatially resolved
PL measurements. An experimental setup is implemented doiitoring the spatial dis-
tribution of heat in the semiconductor structure duringtagperation. The investigated
VECSEL chips are grown and processed in the group of Dr. Wo{datolz at the Ma-
terial Sciences Center in Marburg, in close cooperation wighgroups of Profs. Yushi
Kaneda and Jerome V. Moloney at the University of ArizonaAUS

6.1 VECSEL Setup

(a) VECSEL design (b) Chip structure
_ Chip
Optlcial pqu —A 160 nm  Ga(InP)
: .. ".‘ x 130 nm - Ga(Asy ;P o5) Gain
Laser £ B 8nm (Galn,g)As, , medium
SMISSE ‘.’4 ;:3 130 nm Ga(As, g,Pg 43) (10%)
70 nm GaAs Bragg
Output W 90 nm AlAs mirror
coupler Gain Bragg (20 x)

Heatspreader

medium mirror

Figure 6.1: (a)Basic design of a VECSEL with a standard lineaitg. (b) Schematic
illustration of the chip structure used for the investigas within the frame-
work of this thesis.

Figurd6.1 (a) and (b) illustrate the basic design of the VEIC8&vice, and the structure
of the semiconductor chip used for the investigations withie framework of this the-
sis. The chip is designed for the operation in the neardiattapectral range at about
1040 nm. The semiconductor structure is grown using met@roc vapor phase epitaxy
(MOVPE) and the so-called "upside-down" approach. Firs{Gain)P window layer of
about 150 nm thickness is deposited on a §4f-thick GaAs wafer. The active region
consists of 10 (Galn)As QWs placed between GaAs buffer laymtsshown here) and
Ga(AsP) barriers for pump-absorption and strain-compgensaespectively. The quan-
tum wells are arranged in a resonant-periodic-gain cordigam, i.e. their spatial posi-
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6.2 Device characterization: cooling concepts and highgvaperation

tions overlap with the field maxima of the lasing mode. A hrgfectivity distributed
Bragg reflector (DBR) with 20 pairs of GaAs/AlAs is grown on toptleé structure. For
efficient heat transfer, the device is soldered to a heaasiar using an indium layer (not
shown here) of several microns thickness. Afterwards, taA<Gsubstrate is removed
by selective chemical etching. No anti-reflective coatim@pplied to fully exploit the
enhanced coupling of the material gain to the cavity modegpoimal high-power perfor-
mancel[190, 197, 198]. Further details on the chip strucama growth parameters are
given in [196].

The chip is placed inside an external linear cavity of 6 cngterusing an output coupler
with 10 cm radius of curvature and a transmission of 5%. Thisfiguration supports
higher transversal modes, allowing spatially extendedpspots and thus high output
power [189]. A fiber-coupled diode laser emitting a maximuatpoit power of 400 W
at 808 nm is used as a pump source. The angle of incidence lielest 30 to obtain
an only slightly elliptical pump spot. A charge-coupledAde-based beam-profiler and
an external high-resolution digital camera are used torobttie size and shape of the
tailored pump profiles, obtained by appropriate pump opiit® output power is detected
by a power meter capable of measuring up to 200 W. The lasess@miis spectrally
resolved by an optical spectrum analyzer.

6.2 Device characterization: cooling concepts and high

power operation

6.2.1 Heat spread

Efficient cooling of the device strongly relies on heat sgreg, i.e., the efficient distri-
bution of heat generated in the small area excited by the mpop Two properties are
crucial for an optimal heat-spreader: high thermal condifgtand low surface rough-
ness, providing a smooth interface with the semiconducteice. In this subsection, two
different materials are studied to optimize the heat-spirgpproperties of the structure
for the pump spot width of 30@m. Chemically-grown diamond and high-purity copper
are both obvious choices for distributing the heat due tw thrye thermal conductivities.
For the experiments, 5x 5 mfrarge diamond and copper plates are bonded to VECSEL
chips from the same wafer. The advantage of diamond is tmeragty high thermal con-
ductivity of 1800 W nT* K1 compared to about 400 WM K~ in copper. On the other
hand, the lower cost and easier processing favor the usepecas a heat-sink material.
To evaluate the advantages of different heat-spreadexrghdrmal resistances and the
output curves of the two devices are measured. While the imquiput characteristics
are easily obtained by power measurements, the study oh#renaél properties in the
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Figure 6.2: (a) Schematic plots of the device reflectiviggresenting the underlying di-
electric structure, material gain and laser emission. (bj@ewavelength of
the laser emission for different heat-sink temperaturée. gump power is set
slightly above threshold. (c) Relative temperature inczemish respect to the
threshold for a copper and a diamond heat-spreader asdanaitithe dissi-
pated pump power, i.e., the difference between absorbeg punch output of
the device. (d) Output power characteristic for copper- @iathond-bonded
chips.

high power regime requires a less direct approach. Thergpgasition of the emission
during laser operation provides a convenient access tethpdrature increase across the
active area. Generally, the laser spectrum is determingbeogptical modes of the sur-
rounding dielectric environment[l6, 197]. Figlrel6.2 (@ematically shows the cavity
mode-structure, represented by the reflectivity spectrarbroad stop-band around the
lasing wavelength and some smaller features on the sideduaréo the DBR. The dip
in the middle of the stop-band is the so-called sub-caviépmance, a Fabry-Perot mode
resulting from multiple reflections between the chip-tosairface and the DBR. The spec-
tral position of the sub-cavity resonance in the investédatevice is\sc=1032 nm at the
temperature of 20C. The laser emission is determined by the overlap betweeortael
gain spectrum of the active material and the narrow subcasonance.
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6.2 Device characterization: cooling concepts and highgvaperation

The absolute spectral positions of the material gain andlighlectric-structure are both
temperature-dependent, shifting 0.4 nmtkand 0.1 nm K1, respectively. The VECSEL
is designed with an initial detuning between the gain maxmau threshold and the sub-
cavity mode. As the pump power is increased, the gain shafigef with temperature
and reaches an optimal overlap with the sub-cavity modearhihh power regime. The
detuning thus strongly affects the lasing threshold, thgimam power, and the relative
slope efficiency. The central wavelength of the laser emiss plotted in Fig. 6)2 (b)
as function of the heat-sink temperature. The pump poweetissabout 1.3 x lasing
threshold power to avoid any additional heating. A linearr@ase of the wavelength
with a temperature-induced shift 8A /8T =0.13nm K is clearly observed. The value
in the range of 0.1 nmK! confirms the spectral position of the laser emission being
governed by the sub-cavity resonance. Now, the temperatarease is extracted from
the spectral shift of the laser wavelength by evaluating:Tg=(8A/8T) *AA. The
initial value Tp is the device temperature in the low pump regime, i.e., atdasing
threshold, corresponding to the heat-sink temperatur® of1

Figurd6.2 (c) shows the relative temperature increase ragifun of dissipated power,
i.e., the difference between the absorbed pump power andutpit. The absorbed
power is calculated by taking into account 30 % relectiortamied from the experimen-
tal data, active structure thickness of @, and the absorption coefficient of GaAs|[36].
The VECSEL chip with copper as a heat-spreader heats up saymify faster than the
diamond-bonded device. Thermal resistaRde obtained by extracting the slope of the
plotted curves yielding R= 2.5 KW~1 and R; = 1.3 K W1 for copper and diamond heat-
spreaders, respectively. Even though diamond turns out tdarly superior to copper,
the ratio of thermal resistances/Rq = 1.9 is significantly lower than expected from the
thermal conductivity ratio of 4.5 for the two materials. Ttneput-power characteristics
plotted in Fig[6.P (d) support these results. The slopeieffay is equal for the two chips,
indicating comparable loss channels in both devices. Téertal rollover, however, oc-
curs at about a factor of two higher output power in the diathsoldered VECSEL,
confirming its superior performance as a heat-spreader.

6.2.2 Heat removal

Eventually, the heat has to be transferred into the heétadter it is distributed across

the large area of a heat-spreader to keep the temperature dévice below its thermal

rollover point. In a simple picture, the heat transport kesw two reservoirs increases
linearly with the respective temperature difference. €hme, the most intuitive way

to enhance cooling is to increase the temperature gradeswelen the back-side of the
device and the heat-sink. The standard cooling schemevesdbur Peltier-elements,

each capable to dissipate 50 W, transferring the heat toerwath with T=15C. Such
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Figure 6.3: Output power as function of net pump power for tifterent cooling con-
cepts: Peltier-elements (squares) and liquid nitrogeh (@atcles). The heat-
sink temperatures are 18 and -25C, respectively.

Peltier-elements are easy to operate and yet still capdbdemving a significant amount
of heat. However, they reach their maximum cooling poweraf@ero temperature dif-
ference between the heat-sink and the water bath. Thusptimg efficiency decreases
strongly for any heat-sink temperatures lower thai@5

An alternative approach to overcome the restrictions oP@kier-elements is to cool the
heat-sink directly. The requirements of reaching low terapges and simultaneously
removing several hundreds of Watts in heat load are best yngjuod nitrogen. Hence,

a liquid nitrogen bath connected directly to the heat-sskised, capable of dissipat-
ing more than 300 W determined by keeping the system at aestabiperature using
electrically-driven heat elements. Figlrel6.3 shows thpuiucurves of the VECSEL
device with Peltier elements and nitrogen cooling. The-sed temperatures are set to
15°C and -25'C, respectively. In case of the nitrogen cooling the actieaarf the sample

is kept above condensation temperature due to the disdipatg from the pump beam.
Any further temperature decrease beyond°Qxauses severe mechanical stress in the
structure due to the thermal expansion, resulting in veopable damage of the device.
A pump spot of about 78@m width is used for the experiment. The device reaches 40 W
of output power for the Peltier-cooled heat-sink with a sl@fficiency ofn =0.5 and

a threshold power of about 9 W. In case of nitrogen the theroikver is significantly
delayed. A maximum output power of 72 W is obtained, almositdiag the previous re-
sult. The threshold pump power and the relative slope effftyi@re also increased due to
the higher initial detuning between the gain medium and thecavity at lower heat-sink
temperature. The high power performance of the VECSEL isghgrsficantly improved

by using the nitrogen cooling concept.
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6.2 Device characterization: cooling concepts and highgvaperation

6.2.3 Power scaling

Heat management does not only rely on appropriate heaférasautions but also de-
pends on the heat generation. In this last subsection tHerpemce of the VECSEL
device is studied under variations of the pump spot sizerialf the density of the gen-
erated heat. Diamond heat-spreader and Peltier-coolmgsed for reliable and more
comfortable handling of the device.
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Figure 6.4: (a) Output density as function of the net pumgsdegifior spot sizes between
430pm and 90Qum. Lasing threshold is marked by the arrows. Maximum
output power and slope efficiency for different spot widths shown in (b)
and (c), respectively. Heat-sink temperature is set taCl5

In Fig.[6.4 (a), the output density is plotted as a functiorthef pump density for dif-
ferent spot sizes between 4@ and 90Qum. The data clearly shows that the thermal
roll-over occurs at much lower excitation densities for e pump spots compared
with the small spots. The laser is thus not power-scalabtkeuthese operation condi-
tions. The maximum output power is still slightly increagedhigher spot sizes, as it is
shown in Figl&.4 (b). However, the difference of only 13 % thoe spot widths between
430um and 78(Qum is negligible compared to the factor of three, expectethfpmwer
scaling. In addition, the slope efficiency remains cons#dretbout 0.5, see Fig. 6.4 (c),
confirming that no additional loss channels are introducetha spot size is increased.
Thus, it is clearly excluded that the inhomogeneity of theQBEL chip is responsible
for the observed decrease of the device performance. Thilspamogeneity of the
device is further supported by the position-dependent oreasents of the input-output
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Figure 6.5: (a) Pump density at the lasing threshold as iomaf the spot width. The
inset shows the absolute pump power. (b) Laser emissionlerayth for dif-
ferent pump spots.

characteristics applying a small pump spot size of aboup8dMot shown here).

For better understanding of the observed reduced powéksity, the threshold and
emission wavelength dependence on the spot width is ploitéey.[6.5 (a) and (b), re-
spectively. For a scalable device, one would usually exjrecabsolute pump power to
increase and the pump density to remain constant as the igpossncreased. In the
data, however, only the absolute pump power increaseslgligd shown in the inset of
Fig.[6.5 (a). Contrary to expectations, the power densithashold decreases signifi-
cantly. Also, the emission wavelength at threshold remi@dspendent from the chosen
spot width. Constant emission wavelength implies conseanperature inside the device.
Therefore, the lasing activity occurs as soon as the VECSEthes a certain tempera-
ture, i.e., at a specific spectral position of the gain andthecavity mode.

Generally, the pump power at the lasing threshold is detexdiby the light amplification
matching the cavity losses. In a VECSEL structure this is erfaed not only by the
magnitude of the material gain but also by the overlap with shb-cavity mode. As
mentioned above, the device is intentionally designed fperating in high power regime
at increased temperatures. However, if the pump densityrenttmperature are low, the
initial detuning between the gain and the cavity resonaeadd only to a small overlap.
On the other hand, a temperature increase inside the atiiase lowers the detuning.
Thus, a sufficient match of the gain spectrum and the suliycaadde occurs at a smaller
pump density. Therefore, the experimental findings strpimglicate that a decrease in the
pump density at threshold for large pump spots is due to geedéective heat removal,
leading to temperature increase in the active area. Ther lal$o leads to the thermal
rollover at lower pump densities.
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Figure 6.6: Thermal insulance, calculated by multiplyihg thermal resistance with the
active area, as function of the spot width.

To confirm the interpretation, the thermal properties ofMIE®CSEL are studied as func-
tion of the spot size, similar to the analysis in the previsulssection 6.211. To compare
the heat transfer through different areas, the so-c#éfietdmal insulances investigated.
The quantity is calculated by multiplying the thermal rémige with the pumped area
and thus depends only on thermal properties of the VECSELitda[f. Figurd 6.6 shows
the thermal insulance as function of different spot sizesinkrease by about a factor of
five is found as the pump spot is increased from g8do 900um in diameter. The effi-
ciency of the heat transfer from the active area is thus fsogmtly lower for large pump
spots. To understand the decrease of cooling efficiencyiaipaesolved temperature
measurements are proposed.

6.3 Study of spatial temperature distribution via PL

spectroscopy

To determine the temperature in the active area of the detheespectrally and spa-
tially resolved PL signal is measured. The experimentalpsé shown schematically
in Fig.[6.7. The PL emission from the active area is colledigd large aperture lens
in a 4f-geometry. A single-mode fiber of about|ifi core diameter mounted on a two-
dimensional translation stage is used to scan the image pl&he emission signal is
detected by an optical spectrum analyzer with a spectralutsn of 0.3 nm, thus pro-

viding a resolution of 3K for the temperature estimationt #he calibration of the setup,

the PL is measured as function of the spatial position on ki &t low power densities

below the lasing threshold for a constant heat sink tempera#\s previously discussed
in section 2.2.3, the spectrum of the QW luminescence isméted by the optical modes
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Figure 6.7: Experimental setup for the spatially resolesdgerature measurement in the
active area of the VECSEL device

of its surrounding dielectric structure, i.e., the subfgeresonance, in analogy to the laser
emission, c.f. sectidn6.2.1. A typical temperature-iratushift of the PL maximum f&g

of about 0.1 nm/K[[1]7, 185, 198] is measured as function ohtet sink temperature for
an excitation intensity below lasing threshold. Thus, #itéde temperature is extracted
from the spectral shift of the PL signal. The spatially resdimeasurements of the tem-
perature in the active region are then performed during tBESEL operation, using the
same optics as in the calibration measurement. An exemplargpectrum is shown in
Fig.[6.8.

To investigate the lack of power scalability at well-defireegberimental conditions, the
role of the shape of the pump profile on the output charatiesis studied first. Different
pump profiles are chosen at constant excitation power inrtteemediate pump regime.
The temperatures in the active region are shown in(Eig. 6f@ration of a lateral space
coordinate for a super-Gaussian, the so-called "flat-tgp'dlad a nearly Gaussian (b)
pump spot profile, respectively. The pump profiles are regmtesl by the grey areas. The
corresponding fit curves by a super-Gaussian functigindx) 0 exp(-¥°) are shown by
the solid lines. The valueg obtained from the fit are 5 and 2 for the spots (a) and (b),
respectively. The super-Gaussian pump profile yields 22 Wutypower and exhibits a
relatively narrow temperature distribution. In companisthe Gaussian profile provides
only 4.2 W of the laser emission for the same pump intensikyo Ahe temperature on the
flank of the pump spot is much higher than for the super-Gauossistribution. The addi-
tional heat is generated mostly in the weakly pumped arefadar the center where the
system does not reach the lasing threshold. The super-i@ayssfile provides a nearly
homogeneous distribution of the incident pump light andesidy superior in compari-
son to the Gaussian spot. Aside from the operation direttligealasing threshold, this
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Figure 6.8: Exemplary PL spectrum measured during operatidhe VECSEL above
the lasing threshold.

conclusion is valid for all pump density regimes. Fiduré()3shows the output char-
acteristic for the Gaussian and super-Gaussian pump @rofitereased efficiency and
significantly higher maximum output power are obtained fo¥ super-Gaussian pump
distribution.

Now, the thermal behavior of the VECSEL is studied for diffarpump spot sizes us-
ing the optimal spot profile. Figute 6]10 shows the tempeeadiistribution in the lasing
region at intermediate and high pump densities, the latargbjust below the thermal
roll-over of the laser. The corresponding pump spots of48@&nd 78Qum FWHM are
indicated by the grey areas in Hig. 6.10 (a) and (c), resgygtiFor both spot sizes, a tem-
perature rise in the active region is observed as the pumgitges increased. Whereas
the temperature distribution is rather flat for the smalf@otsit is more peaked at the
center of the larger pumped area.

These observations clearly show that the heat generatdteiadtive area is not only
transferred towards the heat sink, but also in the laterattons, parallel to the surface.
The center of the active region heats up first due to the Idgseaft heat removal in
comparison to the borders of the active region. Intereltinige laser roll-over occurs
as soon as the temperature of 82)°C is reached in the center of the respective lasing
region, independent of the spot size. For large pump spotsthiree-dimensional heat
transfer is strongly suppressed, leading to the thermhby@r already at relatively low
pump densities, c.f. Fig.8.4. Thermal lensing effects friv@ thermal expansion of
the chip surface and refractive index change in the actietsire are negligible. The
heating of the central region leads to a surface curvatuebobit 12 m radius which is
insignificant compared to 10 cm radius of curvature of thatgawirror. Additionally,
the thermally induced change of the refractive index preducweak focusing lens. The
resulting refractive power of the laser cavity changes aitilyhtly. Carefully choosing
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Figure 6.9: Temperature distribution in the active regidrthe VECSEL chip for a
super-Gaussian (a) and a Gaussian (b) pump spots. Corréspqndfiles are
shown by the grey areas. The solid lines represent supessizafits with
| pumdX) O exp(-x). The FWHM of the pumped area is 48t and the net
pump power is set to 60 W. (c) Input-output characteristidbe laser for the
super-Gaussian and Gaussian profiles.

the cavity length to 50 % of the curvature radius of the outymuipler, the effect of the
thermal lens on the laser cavity is minimized. Thus, therlaperation is not affected.

To support the interpretation, a numerical model is usechtyae the heat flow in the
VECSEL structure. The simulations are performed by Dr. Maikedler in the group of
Prof. Martin Koch at the Phillips-Universitat Marburg. Imis model, a 3 mm thick cop-
per heat sink is assumed with constant temperature at ther looundary controlled by
the thermal electro cooling. The copper is connected byra layer of thermal grease to
the diamond heat spreader. Between the diamond and the sehaator device, a 2 gm
indium sheet is placed, taking into account the bonding gsec Since the experiments
are performed with nearly circular pump spots, a two-dinera axial symmetry around
the z axis is assumed. Furthermore, the simulations arellogstne experimentally mea-
sured pump profiles. A commercial finite element solver, COMS®used to perform
the simulations. The results are shown in Eig.6.10 (b) and Te temperature within
the center of the pump spot rises nonlinearly with incre@apump area meaning that the
same peak value in for the 786 spot is reached already at a lower pump density. There-
fore, in the case of larger pump areas the temperature sbiteaveen spot center and
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Figure 6.10: Temperature distribution in the active redimnthe pump spots with the
FWHM of 430um (a) and 78@m (c) at intermediate (full circles) and high
(empty circles) pump densities; corresponding simulatesults are plotted
in(b) and (d), respectively. The numbers give the respedimperature
drop across the FWHM of the pump profiles, shown as grey-shachkec.

perimeter is higher. Altogether, an excellent agreemestbigined between the numerical
simulation and the experiment.

In summary, thermal properties of a high-power 1040 nm VECS&E_studied experi-
mentally investigating the generation, the distribution ghe removal of excess heat. To
optimize the heat-spreading in the device the behavior of B @@mond is compared to
a copper plate, each soldered to a VECSEL chip. The diamondedabdevice turns out
to be superior displaying an up to a factor of two higher otfmawer and substantially
lower thermal resistance. Additionally, the heat remosaddressed by applying liquid
nitrogen cooling instead of the standard Peltier-coolictiesne. This alternative concept
provides a large temperature gradient between the hdagsththe heat-spreader leading
to a significant increase of the laser output to more than 70 Wiaximum power. In
addition, the performance of a 1040 nm VECSEL is studied foloua spatial profiles
of the optical pump distribution via spatially resolved Pleasurements. Input-output
characteristics are monitored under simultaneous terperaacking by measuring the
spatially-resolved PL from the active region. The resuksdy show that not only that
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the shape of the pump spot strongly influences the laser btpwalso that larger pump
areas do not lead to the expected increase of the maximunrpaw/a consequence, the
device is not power-scalable for pump spot sizes betweequ#3and 78Qum FWHM.
Lateral heat flow is identified to be responsible for the obsgrbehavior. The flow is
strongly suppressed at high pump densities and large spas @nd leads to intrinsic
limitations of the VECSEL performance.
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/ Summary and conclusions

This last chapter gives a brief summary of the experimentalirigs and the resulting
conclusions. In chaptel 4, the influence of the carrierieaffoulomb scattering on the
interaction between electrons and lattice-vibrationgusdied. In the first part, an unam-
biguous experimental evidence for phonon-assisted plasnission is presented, clearly
confirming the predictions of the many-body theory. Chargstie signatures of exciton
and plasma luminescence, supported by the quantitativgsasaf the PL dynamics, are
observed. As a main result, the emission at the excitonic lRS8nhances can definitely
not be considered as an evidence of the exciton populatibe. PL from electron-hole
plasma can, indeed, strongly contribute or even dominad*®Bs. Both exciton- and
plasma-dominated regimes are accessible by the specificecbbthe excitation condi-
tions.

In the second part of chapfér4, exciton-phonon interaati@chanisms in polar semi-
conductors CdS, CdSe, and ZnO are studied. The experimestdisrare compared to
the calculations via microscopic many-body approach tatilethe dominant scatter-
ing processes. Frohlich coupling is found to govern theterephonon interaction in
CdS while deformation potential scattering turned out to Hee dominant mechanism
in ZnO, with both processes contributing about equally ir8ZRarticularly for ZnO,
Frohlich contributions are suppressed by the strong Couomipling of electrons and
holes in excitons rendering deformation potential sciatethe overall dominant mech-
anism responsible for the sideband emission. This resudisheven if the scattering
between single electrons and optical phonons are domifgtdide Fréhlich interaction
in all studied cases due to the strong polarity of the respeataterials. The conducted
studies clearly show that Coulomb scattering strongly imib@s the interaction between
charge carriers and lattice vibrations in a semicondudowrell as the resulting optical
response. The obtained results, published in[[199, 20@hreX the traditional picture of
the phonon-assisted emission, providing additional msigthe interpretation of the PSB
spectroscopy.

The experiments discussed in chapter5 are focused on tthg sticarrier dynamics in
ZnO/(ZnMg)O heterostructures, (GaAs)Bi QWSs, as well as th Gaantum QWires.

In case of the ZnO/(ZnMg)O, carrier localization is foundpiay a major role for the
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optical response of the (ZnMg)O layers as well as of the ZnO QW@wever, despite
possible carrier trapping in the (ZnMg)O barriers, carrigaxation into the ZnO QW
occured on an ultra-fast time-scale below 3 ps. This resuwbiained by exploiting the
build-up of screening of the internal electric fields foredit observation of carrier pop-
ulation inside the QW. Hence, carrier capture into the QWucton the same or even
faster time-scale than the carrier-trapping processdsmihe barriers. In addition, the
experimental study of recombination processes stronglicates that radiative recom-
bination dominates the PL dynamics at low temperatureserhttmoepitaxially grown
Zn0/(Zrp.9Mgo.1)O QW samples without the QCSE as well as in the ZnQOfghngo 2)O
QW samples with strong QCSE contributions. The overall tesare rather encouraging
regarding possible applications of the material. On thelared, fast carrier capture into
the QW combined with a potentially high quantum efficiencgwdld be advantageous for
the ZnO QW-based edge-emitters or surface-emitting lagensthe other hand, carrier
localization is favourable when LED applications are cdased. Hence, even if there is
still room for the optimization of the material quality aslhes a need for p-doped ZnO
samples, the ZnO/(ZnMg)O system appears highly capablgfdremitting applications
in the UV spectral range. The envisioned subsequent stadkabte non-linear absorption
and gain measurements as well as the development of thalbppeamped laser on the
ZnO QW-basis, circumventing the issue of the p-doping. Bftiis work is published

in [135,[201].

In the second part of chaptér5, carrier localization dyrmanim a Ga(AsBi) epitaxial
layer are experimentally studied. Typical disorder-inetheffects appeared in the TRPL
and are attributed to the interplay between relaxation+andmbination-dominated pro-
cesses. The experimetal investigations are supportedriibgdMonte-Carlo simulations
applying the two-scale approach taking into account alisgrder as well as the Bi clus-
ters. The comparison of the measured data with the simaolgimovided a complete set of
the individual disorder parameters. Faster carrier hapamong localized sites with fluc-
tuating alloy compositions is found, compared to a much staarrier diffusion between
the formation of Bi clusters. In addition, carrier capturtithe cluster states occures on
an ultra-fast time-scale of about 5 ps. The overall reshitsvsthat the two-scale disorder
should always be taken into account when optical respon&a(AsBi) is considered, at
least at the current stage of the material developmentelndlar future, depending on the
optimized growth as well as on the successfull doping of (§&Alayers, the material
system will have to prove its potential for NIR laser apgiicas. Part of this work is

published in[[202, 203, 204].

In the third part of chapter] 5, the PL emission from the qudziGaN QWires is clearly
identified and the evidence of a significant confinement efetound. The estimated
QWires diameters of several nm, smaller than the excitontrr Badius of GaN, are in a
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good agreement to TEM data. Also, the optical response @Wees does not show any
indications of the internal electric fields perpendicutathe length of the QWires. The
light-matter coupling in the GaN QWires is thus not inhibitey the charge separation
effects. A further advantage is the comparably high stgbalf the overall PL intensity
as well as the carrier lifetimes as function of the latticmperature. Since the material
system is still in development and the growth parametertodye optimized, further stud-
ies of the structural as well as the optical properties shéallow. However, this seems
a rather encouraging task, since the QWires appear to benaging playground for the
basic research of quasi-1D semiconductors, offering uariotriguing applications based
on the well-developed, mature GaN technology.

In chaptef®, the thermal properties of a high-power NIR VEC&Ee studied experi-
mentally investigating the generation, the distributiowd ahe removal of heat. The de-
veloped cooling concept provides a significant increasé®fdser output to more than
70 W of maximum power from a single semiconductor chip. Initaold, the input-output
characteristics are monitored under simultaneous terperaacking by measuring the
spatially-resolved PL from the active region. The resulésdy show that not only the
shape of the pump spot strongly influenced the laser outpuélso that larger pump
areas did not lead to the expected increase of the maximurerpo%s a consequence,
the device is found to be not power-scalable for pump spesdarger than 40Gm full-
width-at-half-maximum (FWHM). Lateral heat flow is identii¢éo be responsible for the
observed behavior. The flow is strongly suppressed at higtppiensities and large spot
areas, leading to intrinsic limitations for the maximalmuttpower of the VECSEL. Thus,
additional sofisticated cooling concepts should be appbeehable even more efficient
performance of the device. Still, in the present configorgtthe VECSEL appears to be
an excellent choice for frequency mixing and high-powerliappons. Part of this work

is published in[[205, 206, 196].
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Appendix

1 Photon density calculator

Mathematica 6.Gcript for the calculation of the photon densities during éxcitation
pulse at the sample surface. Main input parameters are titeateavelength as well as
the time-averaged power of the incident laser, pump spet smagnification of the image
and the spectrometer entrance slit-width. The script t¢atles two-dimensional power
density distribution and averages over the range of intedegined by the imaging pa-
rameters.

nm= 102 pm =105 MHz = 105;mW = 10 3;cm= 10 %, eV = 1.602+ 10 1°;
fs =101 ps= 1012 ns=10"2;kHz = 103,
(* Sl units *)

Rep= 80MHz; (* repetition rate *)
tpuise= 100fs; (* pulse length *)
A = 290nm; (*wavelength*)
FWHMgpot= 30um; (* pump spot *)
dsiit = 40um; (* slit width spectrometer *)
Pow = 0.001mW; (*time— integratedpower*)
T =0.7; (* sample surface transmission *)
1240
(* photon energy *)
Npuise= N [T s Poyy % Wih\»} :(* pulse photon number *)
reff = Osiit* 3 * 3; (* effective detection width *);
2
e f0+°° e—z‘( |:W|—|Mspm/1A18)2 % r> dl’;
U S N
Int[r_] — @  (FWHMgspoy/118)2 pulse

3 ;
ot
2

2 [ e (FWHMspoy/1.18) *r) dr

(*photonnumbelrjnormalized*)

stepFktAX_]:=If [X > rex,0,1];
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stepFktBx_|:=If [x > —ref,1,0];

Aci = [oefInt[r] + 2T+ rdr;

App[l’_] = (2T[*f0+m stekatA[%]*stekatBr]*rdr) * StekatA{r]*
stepFktBr| « Aet;

(*averagepumppowerofApg

avg powerofintwithin detspot*)

Plot[{ Int[r  pm] x cm?, App[r + um] « cm?}, {r, —100, 100},
PlotRange— {0,All },

AxesLabel— {" radius/un," photon density / cr?" }

Print[" pew =", N [hv «Rep« 1/T « App[0] * c?] ," W/em?" | ;
Print { Pouise=",N [T * tphT\lle * App[0] * cmz} " W/cmz"} ;
Print[" Nouse® ™ =", N [Nouis¢ | ;

Print[" Epuise®™' =" N [Npuisex hv] ," J'];

Print[" epuise® =" ,N [App[0] * hv + cn?] " Jlen?" | ;

Print[" (n?°)photons=" , (N?°) photons= N [App[0] + cn¥?] ," 1/cn?" | ;
L = 300nm(* sample thickness *);

a = 1% 10%cm (*absorption*):

Print[" (n®)avg=",N[(n*) photons* (1 — e~ ) « ] " L/em?® |;
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2 Decay-time extraction algorithm

Mathematica 6.Gcript for the extraction of long, i.e., > 5ns, PL decay tinfresn the
intensity ratios between the "back-sweep" and PL peak sl the excitation. The
input parameters are repetition rate of the pump laser dsawé¢he rise- and the decay-
time of the PL signal. The script simulates an exponent@gdiyaying PL signal measured
by the streak-camera in "synchro-scan” mode for the givearpaters and calculates the
"back-sweep"-to-PL-maximum ratio. The decay time is themnistdd to the experimen-
tally measured value.

t0=0.5; (* t-offset *)

Npump= 4.5 10'; (* pump density *)
stufenFktAx_]:=If[x > 0,1,0];

stufenFktBx_]:=If[x > 0,0, 1];

rep=126;

Ninit = Npump* O; (*initialfastnonradrecombiningcarriers*)
Ttg = 0.04; (* fast initial decay time *)

14 = 5.0; (* decay time in ns *)
Tr = 0.005; (* rise-time *)

No = 0; (*residualcarrierdensityat 0%)

Noz = 0;
Forli = 0,i < 100Qi++, (* calculating NO *)
No = Nog;

INoBSt_| = No* & stufenFktBt] +

(Si) (S (&3] (&)
stufenFktAt] <<<1—eTR ) * Npump+ N0> * % xeTd + <1—eTR >  Ninit * % * € Tid ) ;
Noz = InoBSjrep 14
|; (*InoBS : realPLintensitywithoutback sweep

onlyintrinsicsaturationeffectat 0%)
(—(315

IBS[t_] = InoBS3.15/xe -~ ; (* only backsweep *)

[full [t_] = IBS]t] + InoBSit]; (* measured PL *)

Ifull [0 — t0] /Ifull [0.6 — t0]

Plot{Ifull [t —tO]/Ifull [1.5—10] },{t, 0, 2}, PlotRange— {0.0,All },
AxesLabel— {" Zeit/ ns' ," Ladungstrager-2D Dichte / cth} ]
Clearall;
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