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Abstract

In spite of about 25 years of intense research efforts, the semiconductor
quantum dots remain to attract a relevant scientific interest and con-
tinue to surprise with new and interesting physical properties. Great part
of this research has been devoted to optical studies of single objects, which
also hold for the subject of this work. It is perhaps surprising, though the
main body of optical studies of single quantum dots has been so far fo-
cused on emission spectroscopy (photoluminescence) and has been largely
related to the recombination of rather simple electron-hole complexes such
as excitons (neutral and charged) and biexcitons. Strongly confined quan-
tum dots, such as those studied in this work, may, however, accommodate
a large number of (photo-excited) carriers. The studies of energy levels
and of recombination processes of single quantum dots, optically filled with
up to four electron-hole pairs are the subject of this work. The dots used
in the present experiments, formed out of the Ga(Al)As matrix, represent
relatively strongly confined zero-dimensional systems, and display several,
atomic-like s-, p-,...shells. The studied dots are fairly bright, their opti-
cal response is within a suitable spectral range covered by efficient CCD
detectors and accessible with the Ti:Sapphire laser. Single dots can be
easily selected in our structures as they exhibit an extremely low surface
density (~10° ecm™2). Experimental techniques applied in this work in-
clude the methods of single dot spectroscopy, polarization (when necessary
linear or circular) resolved techniques, application of (high, up to 28 T)
magnetic fields and photon correlation measurements. Distinct, below- and
above-dot-barrier laser excitation has been used for photoluminescence ex-
periments. Importantly, the photoluminescence excitations experiments (in
magnetic fields) have been carried out, as well.

Depending on excitation conditions (power and wavelength of laser),
the investigated dots show a multitude of relatively sharp lines, each dot
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displaying the same, characteristic pattern of lines, grouped into distinct
clusters corresponding to subsequent atomic-like shells. Spectral range cov-
ering the s- and p-shells region has been explored in the present studies.
The assignment of spectral lines (identification of electron-hole complexes,
carriers number and levels occupation, involved in the initial- and final-
state of the recombination process) has been at large provided by the re-
sults of polarization (linear) resolved micro-photoluminescence and photon
correlation experiments. Those experiments depict three distinct families
of emission lines, each related to recombination of, correspondingly, neutral,
positively charged and negatively charged electron-hole (excitonic) com-
plexes. The emission lines observed within a four step cascade of a neutral
quadexciton down to the recombination of a neutral exciton and two step
cascades of positively charged biexcitons down to the recombination of a sin-
glet and triplet state of positively charged excitons have been studied in de-
tails. The fine structure, induced by exchange interactions and preliminarily
seen in (linear) polarization resolved emission experiment at zero magnetic
field, has been studied for various emission lines (related to s- and p- shells).
The evolution of this splitting has been then investigated as a function of the
magnetic field. The results are interpreted in terms of the shape anisotropy
of dots and an interplay between spin- and orbital-mediated effects, char-
acteristic of different recombination processes. A significant portion of this
work has aimed to compare the emission spectra measured at a relatively
high excitation power (which include the recombination processes of up to
quadexciton complexes) with photoluminescence excitation spectra (which
probe the excited states of a single exciton). Such experiments have been
also carried out as a function of the magnetic field. As expected the emis-
sion spectra of high order excitonic complexes are indeed greatly affected
by Coulomb interactions between carriers and in consequence are in general
very different from the photoluminescence excitation spectra (quasi absorp-
tion) of a neutral and charged exciton. Two types of the magnetic field
evolution of detected absorption lines (resonant peaks), the s- and p-shell
related, have been measured. The s-shell like resonant peaks were attributed
to the transition between the excited hole levels in the valence band and
the ground s-shell level in the conduction band. Nevertheless, there exists
an emission line which is observed within the p-shell cluster, and which co-
incides with the absorption line. That "coinciding resonance" is concluded
to be an excited excitonic state which recombines radiatively due to efficient
blocking of its relaxation towards the ground state.
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The manuscript is organized into 9 chapters.

e Chapter 1 is thought as a very brief introduction to the subject of sin-
gle semiconductor quantum dots and presentation of the motivation
of this work.

e Chapter 2 contains a description of general and most important
properties of carriers confined in zero-dimensional systems - quantum
dots. Simplified models of their energy structures including the ef-
fects of magnetic field are presented and basic description of the fine
structure is given.

e Basic information on the sample and main characteristic properties
of the dots studied in this work are presented in Chapter 3.

e In Chapter 4 the experimental techniques applied in this work are
presented. Micro-PL and the micro-PLE setups, including the one
for the polarization-resolved measurements and operated in external
magnetic field, are described. The setup dedicated to studies of photon
correlations is also presented.

e An overview of emission spectra and basic classification of the ob-
served lines is presented in Chapter 5. The effects of excitation condi-
tions (laser power, below- or above barrier excitation) and application
of magnetic fields are presented. Shell energy structure of the inves-
tigated dots is discussed. The identification of three different fami-
lies of the observed emission lines, each related to neutral, positively
charged and negatively charged excitons is provided from the results
of photon correlation experiments.

e In Chapter 6 the detailed properties of emission lines which be-
long to the neutral excitonic family are presented. The fine structure,
the diamagnetic shift, and the Zeeman effect of these lines are stud-
ied. The magnetic-field-dependent micro-photoluminescence excita-
tion spectra are presented, and the origin of resonant peaks is anal-
ysed.
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e Chapter 7 focuses on the identification and analysis of properties
of positively charged states related to the s- and p-shell emissions.
The magnetic-field-dependent micro-photoluminescence excitation
spectra are also studied and the observed resonant peaks are iden-
tified.

e Chapter 8 presents briefly the attribution and the fine structure
of the negatively charged states. The origin of the emission lines
is investigated.

e Chapter 9 concludes the work. The most important results obtained
in this work are listed.



Résumé

Malgré vingt-cinqg années d’intenses efforts de recherche, les boites
quantiques semi-conductrices continuent de surprendre et de révéler
de nouvelles propriétés physiques. Une partie importante de ces recherches
s’est concentrée sur I’étude optique d’objets individuels, ce qui est aussi le
cas de ce travail. Ces études ont jusqu’alors été axées sur la spectrosco-
pie d’émission (photoluminescence) due aux recombinaisons de complexes
électron-trou relativement simples — tels les excitons (neutres et chargés)
et les bi-excitons. Les boites quantiques fortement confinées — comme celles
examinées dans ce travail — peuvent accueillir un nombre beaucoup plus
important de porteurs (photo-excités). Le présent travail se concentre sur
I’étude des niveaux d’énergie et des processus de recombinaison de com-
plexes excitoniques larges — jusqu’a quatre paires électron-trou — considérés
au niveau d’une boite quantique unique remplie optiquement. Les boites
étudiées dans ces expériences, formeées a partir d’une matrice de Ga(Al)As,
représentent un systéme a zéro dimension avec un confinement relative-
ment fort et peuvent en effet avoir plusieurs couches électroniques s, p,
d, comme dans le cas d’atomes. Elles sont relativement lumineuses et leur
réponse optique se situe dans un intervalle spectral adapté a la fois au do-
maine spectrale de sensibilité d’'un détecteur CCD et a la gamme d’énergie
accessible avec un laser titane:saphir. Les boites peuvent étre facilement
sélectionnées a 1’état individuel du fait de la trés faible densité de surface
des structures considérées (~10% cm™2). Les techniques expérimentales uti-
lisée dans ce travail comprennent : les méthodes de spectroscopie sur boites
uniques, la détection optique résolue en polarisation (soit rectiligne, soit
circulaire), l'utilisation de champs magnétiques intenses (jusqu’a 28 T) et
des mesures de corrélation de photons. En ce qui concerne les expériences
de photoluminescence, nous avons distingué les excitations en dessous de la
barriére de celles se produisant en dessus. Finalement, des expériences de
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spectroscopie d’excitation de la photoluminescence ont aussi été réalisées en
champ magnétique.

En fonction des conditions d’excitation (longueur d’onde et puissance
du laser), les boites étudiées présentent une multitude de raies relativement
étroites, chaque boite révélant un schéma caractéristique de raies groupées
en amas distincts, similaires a une série de couches électroniques pour un
atome. La présente étude s’est concentrée sur I'intervalle spectral correspon-
dant aux couches électroniques s et p. L’identification des raies spectrales
(complexes électron-trou, nombres de porteurs et niveaux d’occupation par-
ticipant aux états initiaux et finaux des processus de recombinaison) s’est
principalement basé sur les résultats obtenus lors d’observations résolues
en polarisation (rectiligne) ou bien lors de mesures de corrélation de pho-
tons. Ces expériences révélent trois familles distinctes de raies d’émission,
chacune étant respectivement reliée a un complexe électron-trou (excito-
nique) neutre, chargé positivement, ou bien négativement. Une attention
particuliére a été portée aux raies d’émission observées dans une cascade
en quatre étapes partant d’'un complexe & quatre excitons, jusqu’au niveau
de la recombinaison d’un exciton neutre, ainsi que celles observées dans
une cascade en deux étapes partant d’un bi-exciton chargé positivement,
jusqu’a la recombinaison d’un état singulet ou triplet d’un exciton chargeé
positivement. La structure fine induite par les interactions d’échange — et
préalablement observée lors des mesures résolues en polarisation (rectiligne)
a champ magnétique nul — a été étudiée pour différentes raies d’émission
(reliées aux couches s et p). L’évolution de ce dédoublement de raies a été
examiné en fonction du champ magnétique. Les résultats sont interprétés
en terme d’anisotropie de forme des boites et d’une interaction avec les
effets spin-orbite, caractéristiques des différents processus de recombinai-
son. Une partie importante de ce travail a été dévolue & la comparaison
entre le spectre d’émission mesuré pour des puissances d’excitations relati-
vement importantes (ce qui inclus les processus de recombinaison jusqu’aux
complexes formés de quatre excitons) avec les spectres d’excitation de la
photoluminescence (qui sonde les états excités d’excitons simples). De telles
expériences ont aussi été conduites sous champ magnétique. Comme at-
tendu, les spectres d’émission des complexes excitoniques d’ordres élevés
sont particuliérement affectés par les interactions coulombiennes entre por-
teurs, et sont par conséquent trés différents des spectres d’excitation de la
photoluminescence (quasi-absorption) des excitons neutre et chargés. Deux
types d’évolution en champ magnétique de raies d’absorption observées (ré-
sonance) — reliées aux couches s et p — ont été mesurés. Les résonances de
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type s sont attribuées a la transition entre un niveau excité de trou de la
bande de valence et I’état fondamental de la couche s dans la bande de
conduction. Une raie d’émission, observée dans le groupement de la couche
p, coincide cependant avec la raie d’absorption. Nous concluons que cette
résonance vient d’un état excitonique excité qui se recombine de maniére
radiative dii & un blocage efficace de sa relaxation vers I’état fondamental.

Le présent manuscrit est organisé en 9 chapitres.

e Le Chapter 1 est vue comme une bréve introduction aux boites quan-
tiques semi-conductrices considérées a 1’état individuel. Les enjeux et
motivations d’une telle recherche sont présentés.

e Le Chapter 2 se consacre aux propriétés générales ainsi qu’aux as-
pects fondamentaux des porteurs de charges confinés dans un systéme
a zéro-dimension — la boite quantique. Un modéle simplifié de leur
structure en énergie prenant en compte les effets d’'un champ magné-
tique est exposé. Une description élémentaire de la structure fine est
aussi donnée.

e Le Chapter 3 regroupe quant a lui les propriétés caractéristiques de
I’échantillon et des boites étudiées.

e Le Chapter 4 est dédié aux techniques et montages expérimentaux
utilisés : photoluminescence et excitation de la photoluminescence,
mesures résolues en polarisation, corrélation de photons, application
de champs magnétiques.

e Dans le Chapter 5, nous présentons des spectres d’émission typiques
et nous classifions les raies spectrales observées. Nous évoquons aussi
les effets dus aux conditions d’excitation (longueur d’onde, puissance
laser) et au champ magnétique. Nous discutons alors de la structure en
énergie des différentes couches électroniques des boites étudiées. Les
mesures de corrélation de photons nous permettent d’identifier trois
familles distinctes de raies d’émissions, chacune reliée aux excitons
neutres, positifs, ou négatifs.
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e Le Chapter 6 nous permet de détailler les propriétés des raies d’émis-

sions relevant de la famille excitonique neutre. Nous étudions par la
suite la structure fine de ces raies spectrales ainsi que les effets dia-
magnétiques et Zeeman. La dépendance en champ magnétique des
spectres d’excitation de la photoluminescence nous conduit a analyser
lorigine des différents pics résonants observés.

Le Chapter 7 traite de I'identification et de ’analyse des propriétés
des états chargés positivement reliés aux couches s et p. C’est & nou-
veau en considérant la dépendance en champ magnétique des spectres
d’excitation de la photoluminescence que nous identifions les différents
pics résonants observeés.

Le Chapter 8 se concentre sur 'attribution des états chargés négati-
vement ainsi que sur ’étude de leurs structures fine. Nous examinons
I'origine de ces raies d’émissions.

Le Chapter 9, dernier chapitre, conclut ce travail. Les principaux
résultats sont alors résumeés.



Streszczenie

omimo okoto 25 lat intensywnych prac badawczych, pétprzewodnikowe
kropki kwantowe wciaz ciesza sia szerokim zainteresowaniem nauko-

wym i nadal zaskakuja nowymi oraz ciekawymi wtascisciami fizycznymi.
Duza czes$¢ przeprowadzonych na nich do tej pory badan zostata poswie-
cona pomiarom optycznym pojedynczych obiektéw, ktére sa rowniez te-
matem tej pracy. Zdumiewajace jest w pewnym stopniu to, ze glowny
nurt badan optycznych pojedynczych kropek kwantowych byl dotychczas
skoncentrowany na spektroskopii emisyjnej (fotoluminescencji) i opieral sie
w duzej mierze na rekombinacji prostych komplekséw elektron-dziura, ta-
kich jak ekscyton (neutralny i naladowany) oraz biekscyton. Kropki kwan-
towe z silnym uwiezieniem kwantowym, takie jak te, ktorymi zajmowano sie
w ramach niniejszej pracy, moga jednak pomiesci¢ duza liczbe (fotowzbud-
zonych) no$nikow. Badania pozioméw energetycznych i proceséw rekom-
binacji pojedynczych kropek kwantowych, wypelnionych optycznie maksy-
malnie czterema parami elektron-dziura sa tematem biezacej pracy. Bedace
przedmiotem rozwazan kropki, wytworzone w matrycy GaAlAs, stanowia
systemy zerowymiarowe o stosunkowo silnym potencjale wiazacym i ukazuja
kilka kwazi-atomowych powlok: s, p, d. Sa one do$¢ jasnymi obiektami,
a ich emisja optyczna przypada na obszar widma promieniowania elektro-
magnetycznego, ktory pokrywa sie z zakresem czutoéci wydajnych detek-
torow CCD oraz jest dostepny przy uzyciu lasera tytan-szafir. Poszczegolne
kropki mozna tatwo wybra¢ w analizowanej strukturze, ze wzgledu na ich
bardzo niska gestos¢ powierzchniowa (~10° cm™2). Stosowane w tej pracy
techniki eksperymentalne obejmuja metody spektroskopii pojedynczych kro-
pek kwantowych wykorzystujace rozdzielczos¢ polaryzacyjna (liniowa lub
w razie potrzeby kolowa), zewnetrzne pola magnetyczne, w tym wysokie
- do 28 T oraz pomiary korelacji foton6w. Wyrdznione sa dwa obszary en-
ergii lasera pobudzajacego kropki, ponizej oraz powyzej bariery, ktore maja
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wplyw na wyniki eksperymentow fotoluminescencyjnych. Istotne sg réwniez
przeprowadzone badania pobudzania fotoluminescencji (w polu magnety-
cznym).

W zalezno$ci od warunkéw pobudzania (mocy lasera i dlugosci fali),
w widmach badanych kropek pojawia si¢ wiele ostrych linii, przy czym kazda
kropka ma bardzo charakterystyczny, identyczny uktad linii, pogrupowanych
w rozne serie, odpowiadajace kolejnym kwazi-atomowym powtokom. Prezen-
towane w niniejszej pracy badania obejmuja zakres widmowy, ktory za-
wiera w sobie region powlok s i p. Przypisanie linii widmowych (iden-
tyfikacja kompleksow elektron-dziura, liczby no$nikéw oraz obsadzonych
poziomoéw energetycznych, odpowiadajgcych za stan poczatkowy oraz kon-
cowy w procesie rekombinacji) zostalo glownej mierze oparte na wynikach
pomiaréw mikroluminescencji przeprowadzonych z rozdzielczoscia polaryza-
cyjna (liniowa) oraz eksperymencie korelacji pojedynczych fotonow. Wyniki
tych badan ukazuja trzy rézne rodziny linii emisyjnych z ktfych kazda
zwigzana jest z rekombinacjg odpowiednio: neutralnych, natadowanych do-
datnio i natadowanych ujemnie kompleksoéw ekscytonowych (elektron-dziu-
ra). Szczegotowo badane sa w tej pracy linie emisyjne, obserwowane w ra-
mach czerostopniowej kaskady rekombinacji neutralnego kwadryekscytonu
do neutralnego ekscytonu oraz w ramach dwuetapowych kaskad rekombi-
nacji dodatnio natadowanych biekscytonéw do stanu singletowego i tryple-
towego dodatnio natadowanego ekscytonu. Wynikajaca z oddzialywania
wymiennego struktura subtelna, ktéra w eksperymencie ujawnia sie jako
(liniowo) spolaryzowana emisja w zerowym polu magnetycznym, jest anal-
izowana dla roznych linii emisyjnych (zwiazanych z powloka s i p). Bada-
niom poddany jest rowniez wplyw pola magnetycznego na to rozszczepienie.
Interpretacja wynikow uwzglednia anizotropie ksztaltu kropek oraz oddzi-
alywania zwiazane z charakterystycznymi dla réznych proceséw rekombi-
nacji efektami spinowymi i orbitalnymi. Znaczna cze$¢ pracy jest poswie-
cona poréwnaniu widm emisyjnych mierzonych przy stosunkowo duzej mocy
pobudzania (ktore obejmujg procesy rekombinacji az z kompleksu kwadry-
ekscytonowego) z widmami pobudzania fotoluminescencji (ktore probkuja
stany wzbudzone pojedynczych ekscytonow). Tego rodzaju eksperymenty
zostaly przeprowadzone takze w funkcji pola magnetycznego. Zgodnie
z oczekiwaniami, widma emisyjne kompleksow wieloekscytonowych sg mo-
dyfikowane przez oddzialywane kulombowskie miedzy no$nikami,
w zwiazku z czym na ogo6l znacznie réznig sie od widm pobudzania fo-
toluminescencji (kwazi-absorcji) neutralnego oraz natadowanego ekscytonu.
Dwa rodzaje dyspersji linii absporcyjnych (rezonanséw) w polu magnety-



XX

cznym, charakterystyczne dla powloki s i p, zostaly zaobserwowane. Rezo-
nanse o dyspersji powloki s sg przypisane przejsciom miedzy wzbudzonymi
stanami dziurowymi w pasmie walencyjnym a podstawowym poziomem po-
wloki s w pasmie przewodnictwa. Tym niemniej istnieje linii emisyjna, ktora
jest obserwowana w zakresie emisji z powtoki p i ktéra pokrywa si¢ z linig ab-
sorpcyjng. Ten "pokrywajgcy sie rezonans" jest identyfikowany jako wzbud-
zony stan ekscytonowy, ktory rekombinuje promieniscie ze wzgledu na efek-
tywna blokade jego relaksacji do poziomu podstawowego.

Praca jest podzielona na 9 rozdziatow.

e Rozdzial 1 jest krotkim wprowadzeniem do tematu pojedynczych
potprzewodnikowych kropek kwantowych oraz prezentuje motywacje

pracy.

e Rozdzial 2 zawiera opis najwazniejszych ogoélnych wtasciwosci no-
$nikdéw uwiezionych w zerowymiarowych systemach - kropkach kwan-
towych. Prezentowane sa w nim ponadto uproszczone modele ich
struktury energetycznej, w tym uwzgledniajace wpltyw pola magnety-
cznego sa, jak rowniez podstawowy opis struktury subtelnej.

e Podstawowe informacje dotyczace probki oraz gtéwne charakterysty-
czne wtlasciwosci kropek badanych w tej pracy sa zaprezentowane
w Rozdziale 3.

e W Rozdziale 4 omoé6wione sg techniki eksperymentalne, ktore zostaly
zastosowane w niniejszej pracy. Zawarty w nim opis obejmuje uktady
do pomiaréw mikrofotoluminescencji oraz pobudzania mikrofotolumi-
nescencji, w tym umozliwaniajace prowadzenie badan z rozdzielczos-
cig polaryzacyjna oraz w zewnetrznym polu magnetycznym, a takze
przeznaczony do badan korelacji pojedynczych fotonéw jest réowniez
zaprezentowany.

e Przeglad widm emisyjnych oraz podstawowa klasyfikacja obserwowa-
nych linii jest przedstawiona w Rozdziale 5 z uwzglednienem wplywu
warunkow pobudzania (mocy lasera, pobudzanie powyzej oraz ponizej
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bariery) oraz zastosowania pola magnetycznego. Omowiona jest pon-
adto struktura energetyczna powlok badanych kropek. W rozdziale
tym przedstawiono réwniez trzy rodziny obserwowanych linii emisy-
jnych, zwigzanych z neutralnymi oraz natadowanymi dodatnio i ujem-
nie ekscytonami.

W Rozdziale 6 sa zaprezentowane szczegdtowe wilasciwosci linii emi-
syjnych, ktore nalezg do neutralnej rodziny ekscytonowej z uwzgled-
nieniem ich struktury subtelnej, przesuniecia diamagnetycznego oraz
efektu Zeemana. W tym rozdziale przedstawione sa réwniez widma
mikro-PLE zmierzone w funkcji pola magnetycznego a pochodzenie
linii rezonansowych jest poddane analizie.

Rozdzial 7 koncentruje sie na identyfikacji oraz analizie wtasciwosci
dodatnio natadowanych stanéw zwiagzanych z emisja z powtoki s oraz
p. Zaprezentowana jest w nim dyskusja widm mikro-PLE zmierzonych
w funkcji pola magnetycznego oraz identyfikacja zarejestrowanych linii
rezonansowych.

Rozdzial 8 krotko przedstawia przypisanie i strukture subtelng ujem-
nie natadowanych stanéw. Przedmiotem dyskusji jest w nim pochodze-
nie zaobserwowanych linii emisyjnych.

Rozdzial 9 podsumowuje prace. Sa w nim wymienione najzniejsze
wyniki, jakie zostaly w jej ramach uzyskane.
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Chapter 1

Introduction

For many years, semiconductor quantum dots (QDs) have been at the heart

of intensive research driven by their potential for practical applications as
well as an input to the nanoscale physics they provide [1-3]. A worldwide inter-
est they arouse is deeply connected with their "atomic-like" nature and the com-
patibility with modern semiconductor-based microelectronics and optoelectronics.
The combination of these features makes QQDs very promising candidates for build-
ing blocks of future devices, such as, for example, highly desirable single-photon
emitters [4]. Moreover, the predicted suppression of carrier relaxation rates
in semiconductor QDs as compared to quantum wells has motivated the study
of the QDs carrier relaxation mechanisms and stimulated the development of the
QD-based optoelectronic devices that are capable of operating over a broad range
of wavelengths [5]. In particular, QDs are considered as an active medium for
emitters and detectors of THz radiation |6, 7].

The fact that QDs are often called "artificial" atoms is due to the discrete na-
ture of their energy levels, which is a result of zero-dimensional degree of freedom
for carriers [8,9]. Because of the small volume they are confined to, all carriers
in a QD (electrons and holes) strongly interact with each other via Coulomb in-
teraction. A single electron-hole pair, confined in a dot and bound by Coulomh
interaction is referred to as an exciton. In contrast to atoms, QDs may accom-
modate different number of carriers, forming multiple e-h pairs states also known
as multiexcitons [10,11].

Like in atoms, the electrons and holes in the QD occupy the confined electronic
shells. These shells, which are usually degenerate due to geometrical and dynam-
ical symmetries are often referred to as s, p, d ... shells [12]. The shells can be
populated with carriers according to Pauli principle. In the spectra, a number of
distinct emission and characteristic features appear, which correspond to the re-
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combination of multiexcitons from various confined shells. In each degenerate
shell, the electrons and holes quickly relax into a quasi-equilibrium state in which
they represent a spatially confined many-particle system. It resembles the situ-
ation met in atoms, however, the advantage is that the eventual radiative decay
of this state offers a convenient way to probe the complexity of multi-particle
correlations. The most known example is a biexciton - neutral exciton cascade
considered also as a source of an entangled photon pair [13, 14].

A detailed understanding of the energy levels of confined carriers in the QDs,
as well as the interactions between them, is essential for implementing the po-
tential applications mentioned above. In connection with this, the present PhD
thesis has been aimed at studying the excited states of excitonic complexes, such
as the neutral and charged exciton, by means of the comparison of results of two
types of basic optical experiments: the photoluminescence (PL) and the photolu-
minescence excitation (PLE) spectroscopy.

The project has been divided into a number of steps. In the first part it was
focused on investigating the main optical properties of the QDs through the iden-
tification and analysis of the excitonic complexes giving rise to the occurrence
of particular lines in the emission spectra. Next, an attempt to identify the ex-
cited states has been undertaken. A few types of experiments have been performed
to accomplish this task: the polarization-resolved PL and PLE measurements as
a function of the laser intensity and in the presence of external magnetic field,
and the polarization-resolved photon-correlation experiments.

The essential question addressed concerns the fundamental difference between
the information provided by the PL and PLE experiments.

The PL is an obvious method that has been applied for years to investi-
gate the optical emission of the e-h complexes confined in a single QD [9, 15].
Due to the capability of a dot to accumulate numerous e-h pairs, the measure-
ment of the micro-PL spectrum as a function of the laser power can provide
information about the number of e-h pairs forming multiexciton. However, there
is a fundamental limitation of such a method: it only allows to probe the states
which are occupied by charge carriers. For example, the ground state (s-shell)
emission can be studied when the QD is filled with 1, 2, 3,...e-h pairs. The emis-
sion of the first excited state (p-shell) can be measured if the dot is populated
with more than two e-h pairs (the ground state can accommodate only two e-h
pairs), e.g., the excitonic complex consisting of three e-h pairs. It is evident that
the presence of two e-h pairs occupying the s-shell level in the QD has a signifi-
cant impact, through the Coulomb interaction, on the energy of a whole complex
of three e-h pairs. As discussed later on in this thesis, the PL experiment gives
no information about the energetic structure of levels in the valence and con-
duction bands. It is particularly true for the excited states of a single e-h pair,
i.e. a neutral excitomn.



On the other hand, the PLE has rarely been used to study the energetic struc-
ture of the e-h states in a single QDs [16]. In this experiment, the laser energy
is tuned (whereas the laser power is kept at a constant power). These spectra
provide information about the excited states of basic excitonic states. A proper
analysis of the PLE data is complex, due to three subsequent processes: absorp-
tion, relaxation and recombination, which underlie the PLE spectrum. A solution
to this problem may be provided by the comparison of results of both types of
optical experiments: the PL and the PLE. The former one probes the ground en-
ergy states of the e-h complexes in the dot, whereas the latter one gives an access
to their excited states.

The physical system under study are GaAlAs/AlAs QDs, formed in
a GaAs/AlAs double quantum well structure. Despite the fact that their emission
is typical for QDs, they posses many properties which distinguish them from all
other systems that have been investigated up to now. The distinct properties of
our dots are:

e an extremely low surface density, which goes down to ~ 10% cm 2,

e arelatively strong three-dimensional confinement providing conditions to dis-
play several atomic-like s-, p-, .. .shells,

e an optical response that falls within a suitable spectral range covered by ef-
ficient CCD detectors and can be accessed with the Ti:Sapphire laser.

As already mentioned, this work is mainly focused on the excited states
of the neutral and charged excitons. Because of numerous multiexcitonic lines
observed within the s- and p-shell region, a detailed analysis of the emission
spectra represents a challenging task of high level complexity. The characteristic
optical properties of single QDs are as follows:

o The energy (below or above the barrier) of the excitation laser strongly
affects the lineshape of the PL spectra of single QDs (Section 5.2).

o The emission lines observed are grouped in clusters, which are identified
as the s-, p_-, and p,-shell in terms of the Fock-Darwin model (Section 5.3).
However, the shells emission does not follow a typical Fock-Darwin-like
evolution in a magnetic field. This results from a significant anisotropy of
the confinement potential (in lateral directions) as well as from Coulomb
interaction which we expect are more pronounced in our dot as compared
to the case of dots with the strong quantum confinement.

o The emission lines are also related to one of the three families (the neutral,
positively and negatively charged one), due to respective charge states of a
QD (Section 5.4).
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o The cascades resulting from a few-step recombination of multiexcitons oc-
cupying both the s- and p-shell are observed (refer to Chapters 6, 7 and 8
for details), e.g., a four-step cascade starting from a neutral quadexciton
and ending with recombination of a neutral exciton.

The formation process of QDs studied here is not yet well understood. Those
dots appear as inclusions (defects) in a structure, originally designed as
a GaAs/AlAs type II bilayer. However, it is important to stress that all the
optical properties indicate that these objects display all characteristic attributes
of semiconductor QDs, typically of tens of nanometers in a lateral diameter and
deep potential traps (see Chapter 3 for further discussion).



Chapter 2

Quantum dot -
a zero-dimensional object

A semiconductor quantum dot is an object of nanometer size made of a mate-

rial with a narrower band gap than the band gap of the material surround-
ing it. This allows QDs to confine/trap charge carriers (electrons and/or holes).
The energy spectrum of such confined carriers is discrete, reflecting the (quasi)-
zero-dimensional nature of these objects. Due to the analogy with the energy
spectrum of atoms, QDs are often called "artificial atoms".

2.1 Quantum confinement

The confining potential - V(r) of the QD can be written as the sum of two parts:

Vir)=V(x,y) +V(2) (2.1)

where V(z,y) describes the confining potential in the plane zy, and V(z)
refers to the motion along the z-axis. The potential profile V' (z) can be well de-
scribed by rectangular shape (characteristic a single quantum well). The in-plane
confining potential V' (z,y) is worth more comments. In a number of cases, fol-
lowing the photoluminescence |10, 17|, capacitance, far-infrared absorption mea-
surements [18-20], and numerical calculations [8, 21, 22|, the V(z,y) potential
is described by an effective two-dimensional parabolic potential, having a for-
mula:

-
Viw,y) = gmiwola + ) 22)

5
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Figure 2.1: Shell structure of the SP energy spectrum, and associated total de-
generacies including the angular momentum and spin.

where m} is the electron effective mass, and we ¢ is the confinement frequency.

The discrete and energetically equidistant single-particle levels of such a dot
are obtained as a simple solution of the 2D harmonic oscillator of a characteristic
confinement frequency weo (the potential asymmetry is neglected), with a chai-
acteristic SP energy ladder given by:

€(n) = hweo(n +1) (2.3)

These levels are referred to as s, p, d...., (atomic-like) shells. The levels
are numbered by an orbital quantum number n = 0,1,2,3,... and an angular
orbital quantum number m, = —n, —n+2,...,n—2,n. In the |n, m,) representa-
tion, the |0,0) state accounts for the ground state (s-shell), the |1,—1) and |1,1)
states for the first excited state (p-shell), the |2, —2) and |2,0) and |2,2) states
for the second excited state (d-shell), and so on. The angular momentum number
for the s-shell equals 0, but for excited shells equals: -1 and 1 for the p-shell, -2,
0, and 2 for d-shell, .... The SP shells are degenerate due to both electron quan-
tum numbers: the angular momentum number with their characteristic onefold,
twofold, threefold,. .., degeneracy, respectively, and the twofold spin degeneracy
of each SP level.

The parabolic profile of the V' (z,y) potential is certainly a rough approxima-
tion. Calculation of energy levels of dots with a more realistic potential shapes
show clear departure from simple, rectangular V(z) and parabolic V(z,y) mod-
elling.

For example, a comparison of the SP levels in a lens shaped InAs QD, pre-
sented in Fig. 2.2(a), and a disk shaped InAs QD, shown in Fig. 2.2(c) leads
to important conclusions related to the shell degeneracy, especially in the case
of hole levels. Figure 2.2(b) shows the charge distribution and energies corre-
sponding to a few electron and hole levels in a lens shaped dot. It can be seen
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Figure 2.2: (a) lens shaped InAs QD embedded in GaAs matrix, (b) Electron
probability density isosurfaces and electron and hole energies for dot (a), (c) disk
shaped InAs QD (grown by the indium-flush method [23]), (d) Hole probability
density isosurfaces and electron and hole energy shells for dot (c). From Ref. 22.

that the energies and envelope wave functions of electronic states are well de-
scribed by the s, p, and d energy shells of a 2D harmonic oscillator. However,
the hole energy levels cannot be grouped anymore into quasidegenerate shells.

Figure 2.2(d) shows the energetic structure of the same dot but grown us-
ing the indium-flush technique [23], manifested in a disk shape. It is seen that
the energies and envelope wave functions of electronic states are again well de-
scribed by the s, p, and d energy shells of a two-dimensional harmonic oscillator.
In these structures, the hole energy levels can be grouped into quasidegenerate
shells. This example points to the non-trivial role of a shape, composition, strain,
and spin-orbit interaction in designing electronic properties of QDs. Especially,
it must be keep in mind, that for hole levels, the grouping into shells might be
observed only in very particular cases.

The illustration example of "simple dots" are self-assembled InGaAs/GaAs
QDs. Their typical, characteristic of ensemble, micro-PL spectra (refer to Chapter
4.1 for more information) are shown in Fig. 2.3. At low excitation powers, the
emission from the ground, s-shell ag well as from the 2D wetting layer is observed.
The s-shell is two-fold spin-degenerate, and can be occupied by not more than
two excitons. Increasing the excitation power results in complete s-shell filling
and saturates its emission. Simultaneously, the emission from the p-shell appears.
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Figure 2.3: On the left-hand side is a scheme of the dot energy levels, their
occupation by carriers and the radiative transitions. Spin orientations of electrons
and holes: grey triangles, spin-down; black triangles, spin-up. On the right-
hand side are typical photoluminescence spectra as a function of excitation power
of an ensemble of Ing 0Gag.40As QDs. From [9].

Further increasing the excitation intensity leads to the appearance of the emission
of the next excited state - d-shell (approx. 1.39 eV, not labelled in Fig. 2.3).

The quantum confinement and electron-electron interactions in QDs can be ef-
fectively modified by the application of a magnetic field. The magnetic field ap-
plied perpendicularly to the initial 2D plane lifts the orbital degeneracy of a sin-
gle harmonic oscillator, resulting in the Fock-Darwin diagram [24,25]. Notably,
in the presence of the anisotropic confining potential, the shells degeneracy is also
lifted both in the conduction and valence band [26,27|. The evolution of the elec-
tronic SP levels confined in the harmonic potential in the presence of the magnetic
field B normal to the dot plane can be expressed as:

1
e(n,m;) =hQ(n+1)— 5hwcmz (2.4)
2 o 1 9
0% =wy + v (2.5)

where wy = wep + wh,o is the harmonic frequency describing the strength
of the in-plane parabolic confinement of an electron we g and a valence band hole
with similarly defined frequency wpo; we = eB/p* is the cyclotron frequency and
p* is the effective reduced mass of the exciton 1/p* =1/m} +1/mj.

The evolution of the energy spectrum with the magnetic field is illustrated
in Fig. 2.4 (spin splitting has been neglected).

In high magnetic field, i.e. when w. > wp, the confinement of carriers into
cyclotron orbits is so strong that carriers "do not feel" the confining potential
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Figure 2.4: Simulated FD spectrum of the first five states in magnetic field
for hwp=14 meV and p*=0.06 mgy. The pairs of values in brackets correspond

to the (n,m,) quantum numbers. Dashed lines present the evolution of the first
three Landau levels (see Eq. 2.6).

anymore, thus behave as free carriers in a magnetic field and form Landau level
bands. The energy of the Landau levels is given by:

1
e(N) = hw.(N + 5) (2.6)
The quantum number, N=0,1,2,. .., indexes the infinite set of Landau levels.

In some specific cases, the evolution of the emission spectra of the QD with
the magnetic field may resemble the SP Fock-Darwin diagram. This is in spite
of the fact that the recombination processes in the dot imply significant effects
of Coulomb interactions between carriers (electrons, holes) which form the com-
plexes (multiexcitons) characteristic (in general) of the states prior and after
the recombination event. Among systems which demonstrate this fortuitous
agreement, are InAs QDs - see Fig. 2.5. Roughly speaking, the diagram of
the Fock-Darwin type (referred to as excitonic Fock-Darwin diagram) can be used
to model the field evolution of the single dot spectra in the limit of strongly con-
fined dots, i.e. when the quantum confinement energy largely exceeds the electron-
hole Coulomb interaction. More comments on applicability of Fock-Darwin di-
agrams to describe the magneto-PL spectra of QDs is discussed in Section 5.3,
following the arguments presented in Ref. 10.
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Figure 2.5: Luminescence from the s-, p-, and d-shell of the single InAs/GaAs
QD at magnetic field up to 14 T. Red lines represent the simulation based on the
excitonic Fock-Darwin diagram. From Ref. 10.

The SP wavefunctions of electrons confined in the harmonic potential can

be parametrized by an effective length:

o . (2.7)

legr =
(14 3(Qec/Qe0)?)i

Wlth lo = 1lW*LQeO'

The electronic wavefunction related to the SP ground state as a function
of radial distance, r in the QD plane (r? = 22 + y?) is:

2

1
b(r)s = exp(—55—)-
VTlesy 22

(2.8)

The SP eigenstates ¢ (r)¢ and energies €(n, m;) do not describe the excitations
of an interacting system because they do not account for the electron-electron in-
teractions. The Hamiltonian for the interacting electrons and holes can be written

as [8,22,28]:

H:Ze cl—i-z hh+h + = Z jklc c*ckcl
% z]kl (2 9)

1
+7 + eh,dir + + eh,exch + +
+§ E zgklh h hiph; — E mGl h hrcp — E szkl h hrc
ijkl 7j7k7l 7j7k7l
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The ¢ (c;) and h (h;) operators create (annihilate) the electron or valence-
band hole in the state |i) with the SP energy 5?, with 8 = e, h. The two-body
Coulomb matrix elements V57, V;’;.,’gl, and V;Zidir describes an electron-electron,
hole-hole, and electron-hole scattering, respectively. The electron-hole exchange
interaction is defined by the V;j];fmh element.

In the limit of symmetric interactions (a typically smaller confining potential
for holes can be compensated for by their heavy mass), which corresponds to equal

spatial extent of electron and hole wavefunctions [29]:

MgWe,0 = MpWh,0, (2.10)

The Coulomb matrix elements corresponding to carriers in the SP ground state
are equal to: z;il = VZ%LZ = Vij.Zidir = Vp, for the ee, hh, and eh respectively.
The matrix element V can be found analytically then: Vj = Ry*a’jg\/%/lo, with
the effective Rydberg Ry* and the effective Bohr radius aj.

The order of energy scales for different energy terms changes significantly.
Based on the calculations presented in Ref. 30 for InAs/GaAs QDs the en-
ergy separation between SP levels equals approximately 30 meV. The energy
scale of Coulomb scattering is twice smaller (~15 meV). The comparison values
presented above with the electron-hole exchange energy (from tens to hundreds
of peV) permits neglect the last one in the most studied cases. The correction
of the configuration mixing (correlation energy) due to the electron-hole scattering
is substantially smaller than other energy terms. The effect of the interaction be-
tween carriers on a triexciton state (three e-h pairs confined in a dot) is illustrated
in Fig. 2.6.

QDs can be divided on two groups, due to the ratio between the radius
of the dot R (a lateral size) and the effective Bohr radius of the bulk exciton
aj; (a confinement):

€
W [mo
where ¢ is the relative electric constant, mg is the mass of an electron,
ap=0.0529 nm is the Bohr radius.
For R > a% the electron and hole form a Coulomb-bound e-h pair, a neutral

ap = agp (2.11)

exciton, whose centre-of-mass motion becomes localized and quantized in presence
of the quantum confinement. The regime referred to as the weak confinement
regime, and is manifested typically at monolayer fluctuations in the thickness
of a semiconductor quantum well [31,32].

In the case R < a¥, called the strong confinement regime, confinement ef-
fects dominate over the Coulomb ones, and give rise to electron-hole states with
dominant SP character. Well known representatives for I1I-V semiconductors are
structures with self-assembled InAs/GaAs QDs [9,10,33].
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Figure 2.6: Contributions to energy levels and oscillator strength of the triexciton
complex. The s and p letters describe the electron and hole on the s- and p shells,
respectively. From Ref. 8.

Notably, the dots investigated in the present work do not fulfil the above con-
dition. In a case of "our dots" we estimate (see Section 3.2) that p*=0.058 mg and
€=12.85, following Eq. 2.11, conclude a3 ~10 nm for the exciton Bohr radius.
The latter value is comparable or even smaller than the lateral size of the dot,
estimated ~50 nm. Manifestations of Coulomb interaction effects are therefore
expected to be more pronounced in the present systems as compared to the case
of InAs QDs. Accurate description of multiexcitons in our system is more complex.
Electron-electron interactions may therefore significantly deform the ladder of
multiexcitons in our dots, as compared to expectations invoking the parabolic, lat-
eral confinement. These interactions in addition to pronounced shape-anisotropy
of our dots, which equally decides on non-applicability of parabolic (isotropic) po-
tential models. One consequence of this fact is failure of the simple Fock-Darwin
model to describe the magneto-PL spectra of the dots studied here (see Fig. 5.4).

2.2 Excitons in a quantum dot

The elementary excitonic complex is a single e-h pair, a neutral exciton, described
in details in the next Section. If the barrier of confining potential is high enough,
other more complex excitonic states might be also formed in the dot. Those in-
clude charged excitons (two electrons and one hole or two holes and one electron),
neutral biexcitons (two e-h pairs), neutral triexcitons (three e-h pairs), and so on
(see Fig. 2.7). In the case of excitonic states (X, X*, X7, XX, ...), related to
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Figure 2.7: A schematic diagram of a few charge states in QQD: neutral exciton
(X), charged excitons (X* and X7), neutral biexciton (2X) and neutral triexciton
(3X). Red full and blue empty arrows represent electrons and holes, respectively.
Horizontal lines in the confining potential represent two lowest energy shells.
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the same ground level - s-shell, the energies of states are slightly different, due
to the Coulomb interaction between carriers. The energy of the 3X state (which
implies carriers occupying of the excited level - p-shell) is significantly different,
due to the energy separation between the s and p shell levels.

2.2.1 Neutral exciton state

As it was mentioned before, the basic excitonic complex in the QD is the neutral
exciton. In this Section, the description and typical properties of the X state, such
as: the fine structure splitting, the diamagnetic shift, and the Zeeman splitting,
are presented and discussed.

In @QDs, due to the strain and confinement, the valence band degeneracy
is lifted and heavy- and light-hole states are split in energy by at least several
meV. This splitting is considerably larger than the fine structure interaction ener-
gies, and the light hole states can be neglected in most situations (compare with
experimental results presented in Chapters 6 and 7). The SP states of excitons
in QDs consists of an electron with spin S, =1/2, S, , = £1/2, and a heavy hole
with angular momentum Jj, = 3/2, Jj , = £3/2.

From these states four excitons are formed, which are degenerated when
the spin of carriers is neglected. These states are characterized by their total
angular momentum |M| = S, + Jj, and projection M = S, , + Jp, .. Two of these
states, with the electron and hole spins oriented antiparallely, are optically active
(|M] = 1). These states are called bright neutral excitons. The other two states,
with the parallel spin projection of the carriers in e-h pair, are usually not opti-
cally active (|M| = 2) and called dark excitons. They might be optically observed
when their wave function is mixed with bright states and this can be achieved,
e.g., by the use of in-plane magnetic field which mixes the heavy and light hole
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Figure 2.8: Scheme of the neutral exciton fine structure at zero magnetic field.
The central part of the figure illustrates the situation when the eh exchange
interaction is neglected (M = +1 and M = 42 are degenerate). The left panel
shows the excitonic fine structure for QDs with Doy symmetry, while the right
panel accounts for dots with a symmetry lower than Dog.

states [34, 35].

2.2.1.1 Fine structure splitting

The fine structure of a neutral exciton at zero magnetic field arises from the ex-
change interaction. The general form of the spin Hamiltonian for the eh exchange
interaction in the X state, composed of a hole with spin J, and by an electron
with spin Se, is given by [36,37]:

Heazchange = - Z (aiJh,iSe,i + biJ}?{’@'Se,i) (212)
x,Y,z

Then, due to the eh exchange interaction, when the confining potential is iso-
tropic in-plane (the QD with an in-plane rotational invariance - Dsg symme-
try), the bright and dark excitons are hybridized and the splitting is described
by an isotropic g parameter - see the left panel of Fig. 2.8. Moreover, the bright
excitons are degenerated, and the dark excitons are split into two components
(62) independently of the QD symmetry. The dark exciton splitting is small
(of the order of a few peV) [34,38-40], and is usually neglected.

In structures with an anisotropy of the confining potential (symmetry lower
than Dyg, e.g. Cy, or Co, when the dot shape is ellipsoidal), the splitting
of the bright excitons appears and it is described by anisotropic §; parameter
- see the right panel of Fig. 2.8. The fine structure splitting of the X state
is intensively studied in view of possible application of biexciton-exciton cascade
as a source of the entangled photon pair [13].

2.2.1.2 Magnetic field dispersion

The application of an external magnetic field to the X state in the QD leads
to the observation of two effects: a diamagnetic shift and a Zeeman spin splitting.
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The magnitude of the diamagnetic shift is determined by the spatial extension
of the X state wave function in the direction perpendicular to the external mag-
netic field. In the configuration when the magnetic field is oriented along the het-
erostructure growth direction (B]|z) the applied field confines the e-h pairs in the
x-y plane (in-plane). A typical, flat shape of QDs implies a stronger confinement
along z direction (crystal growth axis) than in the lateral, in-plane directions.
The application of the magnetic field, even of small magnitude in this configura-
tion, causes additional (magnetic) confinement with significant effect.

In the limit of low magnetic fields, the energy of the X state increases quadrat-
ically with the applied magnetic field. This diamagnetic shift is characterized
by a coefficient, v, given by [41-43]:

() (2.13)

where (p?) is the mean square of the in-plane electron-hole separation,
(p?) = (p?,) in the weak-confinement limit, or the mean-square of the extent
of the SP wave functions assuming equal values for the electrons and holes,
(p?) = (p?) = (p?) in the strong-confinement limit. In a general case, there
is a competition between the lateral confinement and the Coulomb interaction.
The expectation value (p?) can be expressed by [43,44]:

() = Apep)) + (1= X)*(p?) (2.14)
where the parameter:
A1 Pen (2.15)
2(p2)

serves to characterize the relative strength of the lateral confinement and
the Coulomb interaction.

Different regimes of the strength of the magnetic field can be distinguished
by comparing the effective Bohr radius aj; (see Eq. 2.11) and a magnetic length
given by:

h
=1/ —= 2.1
l B (2.16)

As long as the magnetic length is significantly smaller than the effective Bohr
radius (I < a}), it is the low-field regime. Otherwise (I > aJ;), the evolution of
excitonic states in high magnetic field follows Landau levels.

Another, field induced effect, called the Zeeman spin splitting, is related to
the interaction of the spins of particles with the magnetic field. In the case
of neutral exciton, the initial state consists of one e-h pair, with angular momen-
tum projection M==1, as presented in Section 2.2.1.1. The amplitude of the
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Zeeman splitting (AEy) in QDs is characterised by an effective Landé factor g*,
(AE; = g*upB) which is usually independent on magnetic field. For the bright
exciton of the X state, the g* factor is given by:

g =g +an (2.17)

where g, and gj, are the Landé factor of an electron and a hole, respectively.

It must be noted that this oversimplified model of the g* factor can be broken,
when a HH-LH mixing is affected by magnetic field - see Chapter 6.

When combining the orbital and spin effects, the magnetic field evolution
of the X state can be written as |34]:

1
Ex(B) :Eoi§\/5%+g*u332+732 (2.18)

where Ej is the exciton energy at zero magnetic field, é; is the FSS of two
bright X components (see Section 2.2.1.1), g* is the effective Landé factor of the X
state, up is the Bohr magneton and - is the diamagnetic coefficient.

Eq. 2.18 also implies that in low magnetic field, where ¢; is comparable with
the magnitude of the Zeeman splitting, the non-linearity appears. At higher fields
the dependence is linear as function of the external magnetic field.



Chapter 3

Investigated structure

This Chapter contains a general description of the sample with GaAlAs quan-
tum dots, which was used for the investigations presented in this work.
Dots appear in our sample as unintentional defects" in a type IT GaAs/AlAs
structure.

Section 3.1 describes the GaAs/AlAs double quantum well system, the po-
sition of the energy states and the symmetry of the bands. Next, the detailed
description of the potential distribution and symmetry of the bands in QDs is
presented in Section 3.2.

The studied sample was grown at the Laboratoire de Microstructures et de Mi-
croélectronique, CNRS, in Bagneux, France by R. Planel by the MBE method.
The nominal structure of the investigated sample is presented in Fig. 3.1.

Figure 3.1: The nominal structure of the investigated sample.
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3.1 GaAs/AlAs type II double quantum wells

A type Il quantum well, in the configuration of spatially separated electron and
hole, can be achieved in GaAs/AlAs double layer structures by the appropriate
choice of the width of the GaAs and AlAs layer [45,46]. The energies of the
X and I' conduction band in GaAlAs layer strongly depend on the composition
of Al atoms [47]. The symmetry of the lowest energy band for GaAs is I'-type
and for AlAs is X-type. In the GaAs/AlAs QW system, due to the confinement,
the I" band minimum of the GaAs conduction band can be pushed up in energy
in comparison with the GaAs bulk material by reducing the width of the GaAs
layer. Therefore, the lowest energy level of the conduction band is the X-band
eigenstate in the AlAs layer. The upper energy level of the valence band is
always of I'-symmetry, in GaAs. As a result, the spatially separated electron and
hole system can be achieved. An additional effect is the splitting of the X-band
eigenstate in the AlAs layer into Xxy- and Xz-symmetry eigenstates related
to the strain that is induced by a small lattice mismatch [48|. In a case, when
both the Xxy and Xy eigenstate energies are below the I' eigenstate energy,
the structure is called indirect - both in real and momentum space (see Ref. 49
for more details).

The evolution of energy bands in GaAs/AlAs type II double QWs and a char-
acteristic photoluminescence spectrum of the investigated sample are presented
in Fig. 3.2 and 3.3, respectively.
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Figure 3.2: Distribution of the energy bands and the position of the confined
levels, characteristic of the GaAs/AlAs type IT QW structure. Red dashed line
- I'-symmetry band; blue dashed line - X-symmetry band. The positions of the
I'- and X-symmetry states in the QW are marked in red and yellow colours,
respectively.
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Figure 3.3: A characteristic macro-PL spectrum (~1 mm? of the laser spot)
of the investigated sample.

3.2 GaAlAs quantum dots

Together with broad and expected emission lines of a "2D character", our sam-
ple show other emerging features: an ensemble of sharp emission peaks [50,51].
The measurements of the PL spectra have proven that the observed discrete lines
are related to single QDs [49,52-55] - see Fig. 3.3. Moreover, time-resolved micro-
PL measurements showed that the lifetimes of the emission lines are in the range
of ~1 ns, characteristic for direct-gap recombination processes [49,52,56].

- AlAs
Bty -
Figure 3.4: General scheme of the main part of the sample structure.

In our opinion, the imperfections in the growth process presumably led to
formation of gallium droplets (see Fig. 3.4). In these gallium-rich islands the
nominal GaAs/AlAs structure is replaced by a Gaj_;Al,As, where z < 0.33.
The emission from the dots is observed in the broad energy range (up to 150 meV)
below the main quantum well transitions. On the other hand, the characteristic
low energy cut-off of the photoluminescence is observed at approx. 1.56 €V (see
Fig. 3.3). This, likely corresponds to the situation when a pure GaAs dot replaces
the whole GaAs/AlAs bilayer and thus has a height of 12.4 nm [49]. The estimated
lateral extent of the confining potential is around 50 nm. The surface density of

—2

dots is estimated at 10% cm™2 - see Fig. 3.5. Additional informations about the

origin of the QDs are presented in Chapter 5.
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Figure 3.5: The micro-PL map of the emission from the QDs in the energy range:
1.58-1.70 eV. The mapping step was the same in both direction and equal 10 pm.
The map was measured using the setup presented on part (b) in Fig. 4.1.

The shape of the potential distribution in the quantum dot deduced from
the optical experiments is presented in Fig. 3.6.
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Figure 3.6: Potential distribution through the GaAlAs QD formed in the
GaAs/AlAs type 11 QW structure is marked schematically on the potential dis-
tribution of double QW structure. Red dashed line - I'-symmetry band; blue
dashed line - X-symmetry band; and green dotted line - distribution of the po-
tential through the dot in the growth direction. The positions of the ground state
in QD are marked in green colour. The energy of I'- and X-symmetry states in
the QW are marked in red and blue colours, respectively.



Chapter 4

Experimental techniques

In this Chapter, the experimental techniques applied in this work to study the
optical properties of QDs are presented. The micro-PL and the micro-PLE
setups, including the one for polarization-resolved measurements and operated in
external magnetic field, are described. The setup used to study single photon
correlations is also presented.

4.1 Micro-photoluminescence

The purpose of the micro-photoluminescence experiments is to detect the emission
light from the smallest possible sample region. In the case of QDs investigated
in this work (low surface density - see Chapter 3.2), it allowed to study a single
QD. The excited spot diameter is limited by the diffraction limit of the laser and
depends on the objective and the geometry of the experimental setup. A typical
spot diameter in the presented systems was around 1 pm?.

4.1.1 Micro-PL setups

Two similar experimental setups available in the Faculty of Physics University of
Warsaw and at the Grenoble High Magnetic Field Laboratory were used to mea-
sure micro-photoluminescence spectra. The schemes of both systems are presented
in Fig. 4.1.

In the case of Warsaw setup, presented in Fig. 4.1 (a), an Ar™ CW laser was
used as an excitation source. This source (A=488 nm was selected by an interfer-
ence filter placed in the laser beam) was used for an excitation above the band-gap
of the type-I1I GaAs/AlAs bilayer (detailed informations in Section 3.1). The in-
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Figure 4.1: Scheme of micro-photoluminescence setups available in: (a) Faculty
of Physics, University of Warsaw, (b) Grenoble High Magnetic Field Laboratory.

vestigated sample was located on a cold finger of a continuous flow cryostat at lig-
uid helium temperature (7=4.2 K). The cryostat was mounted on the z-y manual
positioners. The excitation light was focused by means of an adjustable reflective
objective (M=36X, NA=0.5). The spot size was around 1 pm?. The micro-PL
was collected via the same microscope objective, and sent through a monochroma-
tor. The light was dispersed by a 1 m monochromator equipped with 1200 g/mm
grating. The signal was detected by a CCD camera cooled down with liquid
nitrogen.

In the Grenoble setup, presented in Fig. 4.1 (b), a tunable Ti:Sapphire CW
laser was used as an excitation source. The Ti:Sapphire laser set at A=725 nm
provides the excitation light below the band-gap. The investigated sample was
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located on a cold finger of a continuous flow cryostat at liquid helium temperature
(T=4.2 K). The cryostat was mounted on the z-y motorized positioners. The
excitation light was focused by means of an infinity corrected objective (M=50X,
NA=0.5). The spot size was also around 1 pm?. The micro-PL was collected via
the same microscope objective, and sent through a monochromator. The light was
dispersed by a 0.5 m monochromator equipped with 1800 g/mm or 600 g/mm.
The signal was detected by a CCD camera cooled down with liquid nitrogen.

Polarization-resolved experiments were implemented using a motorized rotat-
ing half-wave plate combined with a fixed linear polarizer in front of the monochro-
mators in order to avoid detection artifacts related to the anisotropic response
function of the setup [57].

4.1.2 The setup for experiments in magnetic field

Application of an external magnetic field reveals the relevant energy shell struc-
ture by progressively lifting degeneracies and shifting the transitions associated
with different angular-momentum channels as the field is increased [10, 34, 58].
There are two magnet systems available in the Grenoble High Magnetic Field
Laboratory:

(a) a superconducting magnetic coil producing field up to 14 T,
(b) a 20 MW resistive magnet capable of producing field up to 28 T.

A especially designed probe with optical fibers (see Fig. 4.2) was used in both
systems. The probe was constructed for measurements in the Faraday configura-
tion.

The sample was placed on top of the z-y-z piezo-stage in the bath cryostat
and kept in gaseous helium at 7=4.2 K [59]. The laser light from the tunable
Ti:Sapphire CW laser was coupled to one branch of a Y-shaped single mode fiber.
The photoluminescence signal was separated from the laser beam by a fiber-based
dichroic beam splitter in the ratio of 10/90% for the transmission of the excita-
tion/detection light. The microscope objective was located above the sample and
provided the spot size around 1 pm?. The micro-PL was collected via the same ob-
jective, and sent through the monochromator with the CCD camera (see Section
4.1.1 for details).

Such a setup makes the polarization-resolved measurements very difficult on
account of the fibers. The both branches of a single mode fiber are about 10 m
long and they act as a high order wave plate. Moreover, high magnetic field
results in a strong Faraday effect in the fibers. However, if the measured micro-
PL emission is circularly polarized (it takes place for emission lines of single QDs),
it permits to compensate the effect of the fiber on polarization of transmitted light
in the detection beam. It is done by the rotation of the quarter-wave or half-wave
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Figure 4.2: The scheme of the micro-PL setup used for measurements in magnetic
fields. An inset photo comprising of a microscope objective and piezoelectric x-y-z
stages with the sample.

plate or both at the same time during the measurements in the magnetic field.
The compensation of both effects on the excitation beam is much more difficult,
and it is described in the next Section.

4.2 Micro-photoluminescence excitation

One of the fundamental properties of electron-hole pairs captured in the dot is
their energetic structure. The structure can be retrieved by studies of the exci-
tation spectrum of such a complex, e.g., in an experiment of photoluminescence
excitation of one of the basic excitonic lines [16,60,61].

The micro-PLE setups are based on the experimental arrangements presented
before (for measurements of micro-PL spectra: the details described in Section
4.1). The main difference is related to the basis of the PLE experiment, which is
to detect changes of the intensity of the studied signal (excitonic emission line)
as a function of the excitation energy. To measure and control the wavelength and
the intensity of the laser light, the wavemeter, the noise eater and the motorized
micrometer stepper were added to the setup. The injection of a few percent of
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the excitation light to the wavemeter, combined with the software, allowed us
automatically measure the micro-PLE spectra. The noise eater, known also as
the laser intensity stabilizer, provided a stable excitation intensity when the laser
wavelength is tuned.

It is more difficult to measure and control the polarization of the excitation
light than the polarization of the PL signal (see Section 4.1.2). One of the reasons
is the expected splitting of the excited state into two components in a magnetic
field. The splitting is similar to the one observed in the case of the X state, both
those states are related to the specific spin projection of the excitonic state onto
the axis given by the magnetic field (+1 or -1). This means that they are reso-
nantly coupled to oppositely (circularly) polarized light in Faraday configuration.
Therefore, the energy of the resonant excitation is strictly related to the circular
polarization of light due to the fact that Faraday effect is wavelength dependent.

Of great importance for the quality of studies of the excited states in single
QDs is the accurate determination of the laser wavelength. The available states
in dots exist only at discrete energies (can be represented by delta functions).
Therefore, the excitation laser wavelength should be changed with very small
steps (in the case of the present study the minimum step was 0.01 nm~21 peV
at A=760 nm). It was observed, that the laser light wavelengths as measured
by the wavemeter were encumbered with errors. During measurements, when
the laser wavelength was tuned, the intensity variation of the laser light was no-
ticed. The small intensity of the laser light, injected to the wavemeter, affects
on the accuracy of the measured wavelength by the wavemeter. The additional
fitting procedure was carried out to obtain the proper laser wavelength (the Gaus-
sian function was fitted to the each laser peak, which was detected in the same
spectrum window as the micro-PL signal).

4.3 Single photon correlation

Measurement of single photon correlations is a very powerful technique which
allows investigation of time-dependent phenomena occurring in light emitting
structures. In the case of QDs, it has been successfully used to study the cas-
cade pathways (e.g. photons emitted in a biexciton-exciton cascade) and attribute
the observed emission lines to excitonic states [62-65].

The correlation measurements were performed in a Hanbury-Brown and Twiss
configuration type setup with additional spectral filtering [66,67]. The excitation
part of the setup is described in Section 4.1. The micro-PL signal was sepa-
rated into two beams by a 50/50 beamsplitter. Each beam was sent through
a 0.5 m monochromator and either detected by a CCD camera in case of micro-
PL or by an avalanche photodiode (APD) after selection of the line of interest.
APDs were triggering a "Start"-"Stop" measurement, and were coupled to a time-



26 CHAPTER 4. EXPERIMENTAL TECHNIQUES

L
=
o
23
£  avalanche photodiode 2 N 3
o o
STOP < < START 53
o]
CCD  Monochromator CCD  Monochromator g
17 lens 17 lens
%
mirror < \ BS mirror. < mirror
variable
ND filter
mirror < I BS

w
microscope objective L. cryostat
sample ﬁ V4 i .
X-y motorised positioners

Figure 4.3: Scheme of the photon correlation experimental setup.

correlated coincidence counter (PigoQuant TimeHarp 300). The overall temporal
resolution of this system was equal to about 250 ps. A schematic diagram of such
experimental setup is shown in Figure 4.3.

The correlation system generates histograms of correlated photon detection
events versus the delay-time between detected photons. The use of a delay line,
made of a long coaxial cable, at "Stop" input of the correlation electronics allowed
to record events with a negative delay between photons, i.e., the events when
the photon at "Stop" detector arrived before the photon arrival at the "Start"
one.

After normalization, the recorded histograms are equivalent to the normalized
second-order correlation function:

oy _ IO+ 1)
IO

where (...) denotes the time average and I(t) is the light intensity at time t¢.

(4.1)

g (1) gives the probability of detecting a second photon at time 7, under the con-
dition that a photon has been already detected at time ¢=0.

The polarization-resolved correlation experiments were implemented using
a motorized rotating half-wave plate combined with a fixed linear polarizer in
front of the monochromators - see Section 4.1.



Chapter 5

Optical response of the
investigated structure - overall
characteristic

The possibility to optically generate cold, tunable-density, two-dimensional
electron-hole gas has stimulated studies of double quantum well structures,
such as the type-1I GaAs/AlAs QW investigated here. The PL spectra of such
systems are known to exhibit a number of properties which have been interpreted
as the observation of a precursor of the Bose condensate of excitons [68] or alter-
natively are assigned to effects of trapping carriers in the potential fluctuations
caused by the interface roughness, named natural QDs [31].

In this Chapter, main optical properties of the investigated sample are pre-
sented and discussed. Emerging broad features attributed to the transition in the
type-1I GaAs/AlAs QW are described and the effect of the excitation regimes
are explained. Most of all, however, the general optical properties of single
QDs present in our sample are discussed. Excitonic shells, the identification and
changes of the charge state of excitonic lines are presented.

5.1 PL spectrum of the studied sample

At first glance, the photoluminescence spectrum of our structure (Fig. 5.1) dis-
plays six, well pronounced, but rather broad emission peaks. The appearance of
these peaks ("QW-like") is accounted by the nominal design of our sample, as a
type 1I double quantum well. The peak at Ep_p ~1.743 eV corresponds to the
direct I" — I" transition in GaAs QW. The next two peaks Ex,_p ~1.726 €V,
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Figure 5.1: The PL spectrum of a 1 mm size area of the investigated sample
measured at T=4.2 K.

Exyy—r ~1.719 eV are related to a detect allowed indirect recombination of the
e-h pair between the X-symmetry state in the conduction band and the I state
in the valence band. Moreover, three phonon replicas TA(X)gaas, LO(X)Gaas,
and LO(X) 145 are seen in the spectrum [46,49-52,69].

Apart the broad, "QW-like" emission peaks, the PL spectrum of our sam-
ple shows a large ensemble of sharp emission line. As shown in Fig. 5.1, these
sharp emission lines appear in a wide spectral range between 1.56 eV and 1.72 eV)
[49,52]. At first sight, the appearance of sharp emission lines in PL spectra of
(narrow) QWs might be not surprising. Such narrow lines are usually attributed
to well width fluctuations leading to the formation of potential traps in lateral
direction, which can be seen as shallow QDs [31,70]. Typical localization en-
ergies related to well width fluctuations are however of the order of few meV,
only [31,32]. Well width fluctuations can account for the appearance of narrow
lines in our sample but only in the high energy range, in a vicinity of "QW-like"
emission peaks. The presence of sharp emission lines in a very broad (160 meV)
energy range must imply the presence of another type of trapping centres in our
structures. Those "new" traps are assumed to be the result of growth imperfec-
tion, (Ga droplets and/or Ga diffusion [71-73]) which results in Ga-rich islands
(Gaj_zAl;As, x < 0.33) which replace the original GaAs/AlAs double layer (for
a details see Chapter 3.2). Notably, the lowest possible emission energy among
such objects would correspond to the case when GaAs/AlAs double layer is en-
tirely replaced by a pure GaAs layer. This is in agreement with the observation
of a clear low energy onset, at 1.56 eV, for the appearance of narrow lines in the
investigated structure. The recombination processes related to the objects raising
sharp emission lines are studied in this work.
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5.2 Above-barrier versus quasi-resonant exci-

tation

The issue of excitation mechanism at the level of a single QD has been studied for
many years, e.g., in Ref. 67,74. The observed effects are related to the excitation
energy with respect to the energy of the barrier confining the captured carriers in
the QD [75-77]. The measured micro-PL spectra of our sample related to the s-
and p-shell of a single QD as a function of the excitation power for both excitation

regimes are presented in part (a) and (b) of Fig. 5.2.
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Figure 5.2: The micro-PL spectra of a single GaAlAs/AlAs QD as a function
of the excitation power at (a) the above-barrier (E¢,.=1.759 €V) and (b) the

quasi-resonant excitation regime (E.;.=1.71 eV).
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The above-barrier excitation regime (the excitation energy is above the barrier
band-gap) provides the simplest way to excite single QDs. The e-h pairs are
created in the indirect quantum well and, subsequently, carriers (electrons and
holes) are preferentially independently captured in the QD. In this excitation
regime, due to, e.g., the difference in the depth of the confinement potential of
the QD and the relaxation time of electrons (holes) in the conduction (valence)
there is no preference for capturing the neutral or charged states. The second
excitation regime is called (quasi-)resonant (depending on the energetic distance
between the exciting laser light energy and the ground state of the dot). In
this regime, the laser energy is tuned below the barrier energy and carriers are
preferentially captured in pairs (electron-hole) directly in the QD, favouring the
formation of neutral states. Notably, the energy realised to the lattice (number
of emitted phonons) is larger in the case of high energy (above-barrier) excitation
than in the case of the quasi-resonant excitation. The difference between the
excitation mechanisms are reflected in the micro-PL spectral shape, as it is shown
in Fig. 5.2. In the above-barrier regime, a set of sharp lines is observed only at
moderate excitation powers of the laser. At higher laser intensities, when the
emission related to the p-shell emerges, only a broad emission attributed to the
multiexcitons appears (no discrete lines are observed). On the other hand, in
the quasi-resonant regime, the micro-PL spectra have a more complex structure
of sharp lines (the line of the highest intensity is related to the transition of
the neutral exciton). For higher excitation powers the excitonic lines related to
the charged states can also be detected [55,78]. Clearly, however, larger charge
fluctuation effects and high carrier/lattice temperature are characteristic of above-
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Figure 5.3: a) Color plot of the micro-PL spectra recorded as a function of the
excitation energy while keeping the excitation power at approximately constant
level. Dashed horizontal lines indicate the energies of the I' — I' (red), Xz — I
(orange), Xxy — I" (pink) transitions in the QW; (b)-(d) Three micro-PL spectra
excited at energies equal to 1.75 eV, 1.73 eV and 1.71 eV, respectively.
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barrier excitation regime.

It is worth noticing, that there is a three orders of magnitude difference be-
tween the emission line intensities excited with the same laser power in the two
excitation regimes (see 5.4) - Fig. 5.2. The above-barrier excitation (see Fig. 5.1)
leads to the creation of long lifetime carriers in the QW structure and efficiently
supply QDs with the carriers [49,52]. On the other hand, in the quasi-resonant
regime, the e-h pairs are directly created in the dot, and the overlap between the
dot and the excitation spot is crucial. The diameter of the laser spot is around
1 um whereas the spatial extend of the QDs is estimated to be 50 nm (see Chap-
ter 3 and 4). The ratio of these areas amounts approx. 400, which agrees well
with the proportion of the used excitation powers. This proportion might be
additionally affected by different strength of the absorption.

The progressive decrease of the excitation energy leads to the significant
change in the micro-PL spectra related to the s-shell of the single QD - see Fig.
5.3. As long as the excitation energy is above the I' — I' transition, a broad spec-
trum of the highly excited s-shell (Fig. 5.3(a)) is observed. Below this transition,
the QD is less efficiently populated by carriers from the QW and the spectra com-
prise a set of discrete lines (Fig. 5.3(b)). The comparison of the Fig. 5.3(c) and
(d) shows smaller number and the intensity change of the excitonic lines. The
results presented in Fig. 5.3 confirm facts discussed in paragraphs above.

5.3 Excitonic shells

Single particle levels and interactions between carriers in a QD can be effectively
modified using a magnetic field. The magnetic field lifts the spin degeneracy
and the orbital degeneracy of single-particle levels. This results in the excitonic
Fock-Darwin spectrum of multiexcitonic emission observed, e.g., in self-assembled
InAs/GaAs QDs [10,33]. The excitonic shell structure (the s, p, d,...shells) has
been presented [9, 10], in such QDs. The magneto-spectroscopic measurement of
single QDs in the investigated structure were performed and a typical ensemble
of micro-magneto-PL spectra are presented in Fig. 5.4. The spectra were excited
quasi-resonantly. Such measurements represent a significant challenge. The dif-
ficulty, intrinsic of quasi-resonant excitation regime, is due to a large input laser
power as compared to relatively low emission intensities. Then, the extra emis-
sion of optical fibers (partially kept at low temperatures) appears as a relevant
background. The micro-PL signal of the QD appears on the top of the PL of
the fibers and an additional procedure must be carried out to extract the clean
micro-PL spectra of the single dot.

The evolution, with the magnetic field, of the multiexcitonic spectra of highly
excited GaAlAs/AlAs QD can be compared to the similar dependence previously
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Figure 5.4: The evolution of the micro-PL spectrum of the highly excited
GaAlAs/AlAs QD (Egz=1.71 eV) in the magnetic field up to 28 T. The back-
ground intensity variation is an artifact resulting from the procedure described at
the beginning of this Section.

observed in InGaAs/GaAs QDs (see Fig. 2.5) The analysis leads to the following
conclusions:

e The set of lines ~1.595 eV can be eagily ascribed to the emission from the

ground state, the s-shell by analogy with the InGaAs dot (compare Fig.
2.5 and 5.4).

The attribution of the two next groups of lines (around 1.61 eV and 1.62 V)
requires more precise analysis - see Fig. 5.4. In the case of QDs with
an in-plane isotropy and neglecting the electron-electron interactions, the
two p-like-levels, the p, and p, states are degenerate. The SP p-level is
characterized by p_ = p; + ip, and p; = p, — ip, states which have the
same spatial function differing only by a phase factor [8,26,27|. In the
presence of an in-plane anisotropy, the degeneracy between the SP p_ and
py states is lifted. The magnitude of the observed splitting between the
p-like-levels is of the order of a few meV. Because of the two set of lines are
related to the p, (~1.61 eV) and p, (~1.62 V) states, which are labelled as
the p_ and p; states (to make it easier with reference to the Fock-Darwin
diagram). It is important to mention that the splitting of the excitonic
states, e.g. the neutral exciton, as a result of the eh exchange interaction in
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the in-plane anisotropy is of the order of tens of peV (refer to Section 6.2.1
for more information).

e The additional argument, which supports our description of the p_ and
p states (Fig. 5.4) is a sudden change of the magnetic shift slope of the
py state at approx. 5 T. This effect is related to previously presented
anticrossing of the p; and d_ states in the magnetic field [10,33].

e The Zeeman splitting of the excitonic lines is evidently observed, which sug-
gests larger value of the effective g* factors than in the case of the InGaAs
dots (see Section 2.2.1.2). This effect is analysed in details in Chapter 6.3
and 7.2 for emission lines attributed to the neutral and positively charged
states.

Despite the fact that our dots are not fabricated in a well-controlled process
and that their characteristic emissions are spread in a broad spectral, each single
dot show very similar pattern of the recombination lines. This we illustrate in
Fig. 5.5, with emission spectra measured for a selection of 10 different (single)
dots. For each spectrum, the excitation was chosen below the dot barriers, and
the laser power was kept at the same, moderate level, to reassure the observation
of (sharp) emission lines related to both s- and p-shells. The emission lines related
to the s-shell emission are horizontally scaled with respect to the neutral exciton
X line and all p-shell emission lines are scaled with respect to the triexciton 3X
line (associated to the p-shell). The assignment of X and 3X lines is discussed in
the Chapter 6. Similar arrangement of emission lines can be seen in each of ten
spectra presented in Fig. 5.5, though the energy spacing between the emission
lines is different for each dot. In particular, the energy difference between the 3X
and X lines varies from dot to dot, in the range from ~10 to 20 meV (see also
Fig. 5.6). In a rough approximation, this energy difference is taken as a measure
of the inter shell (s- and p-) separation of SP states in the dot:

Ay, = Esx — Ex (5.1)

It is worth noticing that all attempts to correlate the amplitude of A, with
the apparent energy of neutral exciton X, representative of the characteristic spec-
tral range of the emitting dot, have failed. This likely implies that the spectral
range characteristic of each individual dot is primarily determined by Al composi-
tion of the GaAlAs island forming the dot, whereas the amplitude of Ay, reflects
the apparent lateral extension of this island.

A histogram of A, for a large number of the investigated individual dots
is presented in Fig. 5.6. The amplitude of A, spreads in the range of 10 to
20 meV, and the most frequent values for the estimation of the s-p inter shell
separation in our dots are concentrated around 13.5 meV. Notably, this value is of
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Figure 5.5: The micro-PL spectra of different single QDs excited with about the
same excitation power. The spectra are normalized to the most intense emission
lines and vertically shifted for clarity purpose.

about three times smaller as compared to the representative case of self-assembled
InGaAs/GaAs QDs (Ag, ~ 30 meV). Since the strength of Coulomb interactions
in both systems (investigated here and in InGaAs/GaAs dots) are expected to
be similar (binding energies of 2D, QW excitons of the order of ~ 10 meV), the
optical properties of InGaAs/GaAs dots may quantitatively follow the rules of
SP approach (SP spacing exceeds the Coulomb binding). On the other hand,
the effects of spatial confinement and Coulomb interactions are of the same mag-
nitude in our dots, what implies a more complex description of multiexcitonic
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Figure 5.6: The histogram of the A,., value for the series of QDs.

states in the present case. In contrast to the case of InGaAs/GaAs dots, the pro-
nounced interplay between the spatial confinement and the Coulomb interaction
effects is likely at the origin of the significant departure of the magneto-PI spectra
of our dots from the models which refer to simple Fock-Darwin diagrams of SP
states. Moreover, the effects of the shape anisotropy may be another source of
the complexity. Indeed all our attempts in this direction were not successful. In
particular, the set of magneto-PL spectra presented in Fig. 5.4 cannot be consis-
tently modelled with a simple Fock-Darwin diagram (compare Fig. 2.5 and 5.4).
Firm description of our magneto-Pl diagrams requires thorough theoretical stud-
ies, which are beyond the scope of this work. Nevertheless some efforts towards
understanding of our magneto-PL spectra (particular lines) are presented in the
next Sections of this manuscript.

5.4 Description of the excitonic families

Multitude of emission lines, which exhibit single semiconductor QDs including
those studied in this work, is a known experimental fact [34,61,79]. Identifica-
tion/assignment of these lines is, in general, not an easy task. Semiconductor
dots, in contrast to atoms, are embedded into solid state environment which, in
particular, is sensitive to electric charge fluctuation effects. The dot can be neu-
tral (in particular empty) or can be negatively or positive charged, i.e., filled with
(additional) electrons or holes, respectively. The presence of a charged carrier in
the dot (predominantly a single electron or hole in nominally undoped structures)
may fluctuate (typical time scale of ~ 10 ns) whereas a typical emission spectrum
is averaged over ~ 1 s time interval. The charge state of the dot may also vary
with respect to optical excitation regime - as a function of the laser power and/or
depending whether the laser excitation is set above or below the barrier of the
dot (photo-created electron and holes captured separately or, preferentially, in
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pairs). Obviously, all, neutral and charge dots may be optically filled with one,
two, three, etc., e-h pairs, each complex rising distinct emission lines - this finally
accounts for the complexity of emission spectra of single dots.

Despite their large complexity, a number of emission lines of our dots can
be identified and markedly classified into three characteristic families of lines,
representative of neutral, positively charged, and negatively charged QDs. This
classification and identification is based on the analysis of the results of different
measurements and the following argumentation:

(a) Comparison of spectra measured with above-barrier and quasi-resonant exci-
tations [55,78,80]. Emission due to charged dots is favoured in the spectra
measured with above-barrier excitations, since in this case the photoexcited
electrons and holes are, preferentially, separately trapped in the dot.

(b) Emission as a function of the excitation power [64,65,81]. Obviously, neutral
excitons and/or charge excitons are observed at low excitation powers, higher
complexes, biexcitons, triexcitons, appear at higher excitation power

(¢) Analysis of the fine structure splitting (splitting of emission lines in polariza-
tion experiments at zero magnetic field) [11,34,38,79|. This splitting, due
to the anisotropic eh exchange interaction, is primary characteristic of spin-
paired, i.e., neutral exciton, and absent in case of spin-singlet state of singly
charged excitons.

(d) Photon correlation measurements and analysis of the shape of correlation
diagrams, for different lines and different pairs of lines [65,81]. This is one of
the central methods in identification of emission lines of single QDs, discussed
more in details for our dots in this Section.

Our ultimate assignment of a number of emission lines with their characteris-
tic grouping into three ("blue", "green" and "red") distinct excitonic families is
shown in Fig. 5.7, for our representative dot (largely studied with photon corre-
lation measurements). The sets of lines recognized are related to various charge
states of the QD in a following manner:

o neutral - the excitonic states are occupied by equal number of electrons
and holes. Four emission lines belonging to this collection are: X, 2X, 3X
and 4X.

o positively charged - a given number of e-h pairs and an extra hole are
captured in the QD. Five emission lines: the X+, X** 2XT PX*™* and
P2XT* are ascribed to the recombination of excitonic complexes belonging
to this group.
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Figure 5.7: The micro-PL spectra of a single GaAlAs/AlAs QD, excited quasi-
resonantly at E.,.=1.71 eV and measured at T'= 4.2 K for two different excitation
powers: Pp=200 pW and 2.5*Py. The spectra are normalized to the intensity of
the X emission line and vertically shifted for clarity purpose.

o negatively charged - a specific number of e-h pairs and an extra electron
are confined in the dot. This family comprises only two emission lines - the
X~ and X?~.

Please, note that other dots display similar pattern of emission lines (see Fig.
5.5), thus the assigned peaks can be easily recognized in any other single QD
characteristic of the present structure.

The assignment of emission peaks presented in Fig. 5.7 follows the ensemble of
experiments and arguments, (a) to (d), which are listed above. Experiments and
arguments pointed out in (b) to (d) are discussed in separate Chapters devoted
to each characteristic excitonic family of emission lines.

Here we focus on arguments supporting our peak assignments, which follow
from photon correlation experiments. Typical shapes of correlation diagrams
which can be found for our dots are presented in Fig. 5.8 (see also Fig. 5.9).
Majority of them (all four in Fig. 5.8) display the processes characteristic of
rather long time scale, of the order of 10 - 20 ns, on the top of which the short
scale (<1 ns) processes are seen in some configurations (see, e.g., Fig. 5.8 (a)
and (b). The long-scale processes reflect the charge fluctuation effects in the QD
excited quasi-resonantly [55,78,80]. On the other hand, no signatures of such
effects are observed for the above-barrier mode of QDs excitation [67,82-84]. It is
related to different mechanisms of carriers trapping in the dot which are specific
to a given regime of excitation (see Section 5.2 for details). Accordingly, these
long time scale processes appear as bunching peaks within the same family of
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Figure 5.8: A set of correlation histograms: (a) an auto-correlation on the X
emission line, (b)-(d) cross-correlations between the 2X and X, the X and X,
and the X~ and X emission lines, respectively. The histograms (a) and (c) were
measured at Pey.=50 pW whereas (b) and (d) at Pez=500 pW.

the emission lines (see, e.g., Fig. 5.8 (a) and (b)), but as the anti-bunching
peaks in crossed-correlation diagrams of different families members (see, e.g.,
Fig. 5.8 (c) and (d)). Sharp peaks around zero delay time (characteristic of
processes on the scale of the radiative recombination time) reflect the single-
photon-source character of our QDs [4,85,86|. Sharp antibunching peaks are
seen in autocorrelation diagrams (see, e.g., Fig. 5.8 (a)). Positive, sharp peaks
are signatures of the sequential (cascaded), one after another, photon emission
processes. Accordingly, this cascaded emission is seen in the cross-correlation
diagrams, for pairs of members of the same family (see, e.g., Fig. 5.8 (b)). An
ensemble of correlation histograms, all measured for the same dot (the spectra
of which are presented in Fig. 5.7) is shown in Fig. 5.9. Inspection of this
figure, in reference to the above discussion of the characteristic features of the
correlation histograms, provides a key support in the identification of the emission
lines characteristic of our QDs.

The above discussion of photon correlations histograms characteristic of our
dots is definitely not complete, though accounts for the main features relevant
for the identification of our emission lines. More on our photon correlation ex-
periments can be found in other Sections of this work, though some additional
comments may appear appropriate at this point. The shape of a typical cross-
correlation histogram between photons associated with two emission lines, which
are emitted one after another, e.g. a 2X-X cascade, displays a particular asym-
metry around zero delay time, the antibunching and bunching peaks occur [14].
As it is presented in Ref. 14, the intensity of both peaks is comparable. In the
case of studied dots, however, the bunching peak is large an the antibunching
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peak is hardly seen (see Fig. 5.8(b)). The effect, the asymmetry in the intensity
of the bunching ans antibunching peaks, has been previously observed in the case
of the cross-correlation between the 2X and X emission lines [55,78,83]. The
highly pronounced bunching peak for small positive times in the 2X-X correlation
reflects the expected higher probability of X photon emission directly after 2X
photon emission. The observation of the antibunching peak for small negative
delay times occurs because the QD needs to be repopulated with two electrons
and two holes and the time has to pass after emission of the X photon before
the 2X photon can be emitted. The similar effect appears in all cross-correlation
histograms for which the sharp bunching peak is observed (sse Fig. 5.9) and the
analogous line of reasoning can be applied.
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5.5 Changes of the QD charge

The subtle issue of the identification of emission lines is their assignment to a spe-
cific charge state of a QD: negative or positive). The charge state of a dot can not
be determined with the aid of the polarization-resolved micro-PL measurements
because the eh exchange interaction influences neither the initial (in which the
two carriers form the spin-singlet state) nor the final state (only one carrier left) of
the emission line ascribed to the recombination of the singlet-state of the charged
excitons. An external electric field is typically used to create extra electrons or
holes inside the QD in a controllable way [87]. However, in order to apply this
method, a sample needs to contain a doped layer with electrical contacts [87, 88|
or has to be prepared in a form of a Schottky diode [89,90]. Since in the case
of the present work there was no possibility to performing the measurements on
such type of structures, our attribution of the sign, "+" or "-" | for two distinct
families of charged excitons, is, to this end, at the speculative level. Notably, how-
ever, inverting the attribution of the sign for those two families does not influence
any relevant conclusions of this work. The logic and arguments which favour our
specification of "4+" and "-" families are as follows:

e The doping background in very likely p-type in our sample. Other, in-
tentionally undoped GaAs/GaAlAs samples grown with the same MBE
machine were showing the same feature. We presume this is due an unin-
tentional contamination of the MBE growth with carbon impurities, indeed
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Figure 5.10: The excitation-power evolution of the micro-PL spectra of a sin-
gle GaAlAs/AlAs QD measured at T= 4.2 K. The spectra are excited quasi-
resonantly (Ec;.=1.71 eV). Pp=10 pW and indicates the excitation power. The
spectra are normalized to the intensity of the X emission line and vertically shifted
for clarity purpose.
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often polluting the MBE growth of I11/V compounds (Ref. 91). The growth
process of our structure implied a number of stop events for the deposition
of III/V elements sources (to smooth the interface) what likely resulted in
the accumulation of carbon impurities, acting as acceptors in our sample.

With the above supposition, we expect that our dots may be positively
charged even in the absence of optical excitation, whereas negatively charged
dots appear as a consequence of trapping of optically pumped electrons,
which are usually more mobile than holes and effectively diffuse to the
dots.

number of experimental trends are in accordance with the above assump-

Under quasi-resonant excitation, and in the limit of low excitation power,
the X* emission line dominates the X~ one. This is because optically
excited carriers are preferentially trapped in pairs (electron-hole) but posi-
tively charged dots exist even without optical excitation.

The observation of X~ emission line is favoured in the regime of the above-
barrier excitation [49]. And in any case X~ intensity is sub-linear with the
excitation power, whereas, at the same time the relative decrease of the X+
intensity is usually observed. Indeed, negatively charged dots appear as a
result of trapping of photoexcited electrons which easily diffuse to the dots.
This process can also neutralize the positively charge dots, what partially
accounts for the relative decrease of X intensity. In the extreme case, but
under above barrier excitation, some dots do not show the X+ emission line
at all (see Section 6.2.1) [69].

The micro-PLE spectra detected on the X~ and XT emission lines, which
are the subject of discussion in Sections 7.3 and 8.2, look extremely dif-
ferent. Notably, the micro-PLE spectrum measured at the energy of the
recombination of the negatively charged exciton, because the related emis-
sion line is absent in the used range of excitation powers, does not exhibit
any resonant peak (see Fig. 7.8) while in the micro-PLE spectrum of the
positively charged excitons a number of resonant peaks is observed (see
Fig. 8.3). These results imply that each of the charged excitonic complexes
mentioned above has a different origin.

Based on the arguments presented above, one can conclude that the emission

lines,

labelled X* and X~ in Fig. 5.10, are ascribed to the recombination of

the singly positively and negatively charged excitons, respectively. Although the

logical structure of this reasoning cannot be questioned, it also has some weak

points (for instance, typically the emission energy of the positively charged exciton
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Figure 5.11: The excitation-power dependence of the integrated intensity (a) and
the relative energy (b) of three main emission lines: X, X, and X*. The plots
are drawn in the log-log and the semi-log scale, respectively.

is bigger than the negatively charged one [11,38,58,92]). Therefore, the opposite
attribution of the emission lines cannot be absolutely rejected.

Fig. 5.11 displays the excitation-power dependence of the integrated inten-
sity and the relative energy of three main emission lines: X, X™, and X*. The
intensities of these lines, depicted in Fig. 5.11 (a), exhibit a super-linearity. In
particular, the intensity of the X emission line changes the slope when the X~
emission emerges. Moreover, the relative energies of those lines increase and/or
decrease with the increase in the excitation power (see Fig. 5.11 (b)). Similar
effects has already been observed in the past and are related either to the presence
of background impurities [77,93] or to the band-gap renormalization [49,94,95].

As is discussed above, GaAs layers exhibit a p-type background doping (the
most likely impurity is carbon). This means that acceptor centres may be located
near and/or within the QDs. In the low excitation power range, most of the
residual impurities are ionized. Due to the presence of an acceptor centre, the
ionized atom will give rise to an electric field and hence to the Stark shifts in
emission energies for the exciton states [77,93]. Under higher excitation power,
such a charged impurity starts to be neutralized by the photogenerated carriers,
thereby eliminating the Stark shifts. It leads to the blue-shift in the energies of
the X and X' emission lines and the recombination of the negatively charged
exciton (X~ line) occurs (see Fig. 5.11 (b)). Therefore, when the excitation
power goes across ~1 pW, the direction of the shift in the X energy becomes
opposite (it changes from the blue- to the red-shift). The energies of two other
emission lines, X~ and X, are affected as well, but the slopes of shifts are different
in every case. In this range of the excitation power, the effects related to the
exchange-correlation interaction in a highly excited QD, known as the band-gap
renormalization, are activated. [49,94,95].
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5.6 Conclusions

In this Chapter, a brief introduction to the optical properties of the investigated
GaAlAs/AlAs QDs is presented. The most probable origin and the morphology of
the dots is shortly described. Two excitation regimes, the above-barrier and the
quasi-resonant, are identified and the respective mechanisms of carrier trapping
active in both of them are discussed. The effect of the excitation regime on the
lineshape of the micro-PL spectra of a single QD is also shown. The magnetic-field
dispersion of the multiexcitonic emission from a highly excited QD is analysed in
terms of the Fock-Darwin model. Despite the fact that the shells emission does
not follow a typical Fock-Darwin-like evolution in a magnetic field, three groups
of emission lines are attributed to the s-, p_-, and pi-shell in the QD. Three
families of excitonic lines (the neutral, positively and negatively charged ones)
are identified on the basis of respective charge states of a QD. The number of
electrons and holes confined in the dot in a particular configuration was found
using the single photon correlation experiment. The attribution of the X' and
X~ emission lines to the recombination of the singly positively and negatively
charged excitons is discussed. Moreover, a non-typical behaviour of the intensity
and the energy of three basic emission lines, X, X and X, as a function of
the excitation power is ascribed to the presence of the p-type impurities in the
vicinity or even within the QDs.



Chapter 6

Neutral excitonic states

The best-known example of a confined neutral state in a QD, is a single e-h
pair, called a neutral exciton [8,9,34]. The trapping of one additional e-h
pair in a dot leads to the formation of a complex of two e-h pairs, referred to
as a biexciton. The photons are emitted consecutively by these two excitonic
complexes in a cascade process. The biexciton-exciton cascade has been consid-
ered as a promising source of entangled photon pairs [13,62,63] for the quantum
cryptography [96] and teleportation [97]. However, its practical applications are
limited by the fine structure of the intermediate bright exciton state, which is due
to the anisotropic eh exchange interaction [34,98-101]. Moreover, the possibility
of the multiexciton formation in single QDs significantly increase the probability
of the observation of correlated photons. In particular, it has been presented, that
the emissions of the quadexciton and triexciton (four and three e-h pairs confined
in a dot, respectively) are also correlated and can be considered as an equivalent
to the biexciton-exciton cascade [65]. It should be noted that while the latter
process involves the carriers from the s-shell levels, the former cascade is related
to the transitions of carriers between the p-shell levels.

In this Chapter, the properties of four emission lines attributed to the re-
combination process of the neutral charge states between the s- and p-shell lev-
els are discussed. Especially, the fine structure splitting, the diamagnetic shift
and the Zeeman splitting of these lines are studied. Moreover, the magnetic-
field-dependent photoluminescence excitation spectra of the neutral exciton are
presented and analysed.

45
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6.1 Micro-PL spectra vs the excitation power

The micro-PL spectra of the single dot, excited quasi-resonantly (see Section
5.2) and measured as a function of the excitation power are shown in Fig. 6.1.
At low excitation powers (below Po=10 pW), a single emission line, labelled X,
is dominant. This line is attributed to the recombination of a single e-h pair -
the neutral exciton. At higher excitation power, several peaks appear on the low
energy side of X. They are related to the emission of the multiexcitons in the QD.
Among those peaks, the 2X line occurs which is identified as originating from
the emission of two e-h pairs forming a spin-singlet state, i.e., the biexciton.
A broad group of features, which include X and 2X emission lines, is associated
with the recombination of e-h pairs occupying the s-shell levels.

A further increase of the excitation power leads to emergence of another set
of lines at higher energies (~12 meV above the energy of the X line), ascribed to
the emission that takes place within the p-shell (see Fig. 6.1). Two emission lines
denoted by 3X and 4X occur in this energy range and are recognized as resulting
from the recombination of a triexciton (a complex consisting of three e-h pairs)
and a quadexciton (a complex formed by four e-h pairs), respectively.

The attribution of these four lines to the recombination of a given exci-
tonic complex has been confirmed by the polarization-resolved measurements and
the photon correlation experiments [34], and is the subject of detailed discussion
in what follows. The emission lines which are not labelled in Fig. 6.1 are linked
to either positively or negatively charged states and will be analysed to a larger
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Figure 6.1: The excitation-power evolution of the micro-PL spectra of a sin-
gle GaAlAs/AlAs QD measured at T= 4.2 K. The spectra are excited quasi-
resonantly (E¢p.=1.71 eV). Pg=10 pW indicates the excitation power. The spec-
tra are normalized to the intensity of the X emission line and vertically shifted
for clarity purpose.
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extent in Chapters 7 and 8.

6.2 Fine structure splitting

Polarization-resolved p-PL measurements have been performed to study the fine
structure of excitonic states, involved in the emission lines, whose identification
was the subject of the previous Section. The p-PL spectra measured in two per-
pendicular polarizations with respect to the [110] crystallographic direction are
presented in Fig. 6.2. As can be seen, all investigated lines related to the s-
and p-shell emission are split and the splitting components exhibit the linear po-
larizations in mutually perpendicular directions. The energy separation between
them is of the order of tens peV. As mentioned in the introductory part of this
manuscript, the phenomenon that underlies the emergence of the above compo-
nents is the fine structure splitting of excitonic states, which will be analysed in
detail in what it follows.

The FSS is a result of the eh exchange interaction and it has intensively
been studied in the literature [34]. The origin of the fine structure of a neu-
tral exciton is precisely described in Section 2.2.1.1. In this case, the FSS arises
from the anisotropic part of the exchange interaction between an electron and

Energy (eV)  Energy (eV)
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1.6261  1.6264 1.6232 1.6235
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Figure 6.2: High-resolution polarization-resolved micro-PL spectra of the emission
lines attributed to neutral exciton (a), biexciton (b), triexciton (c¢) and quadexci-
ton (d) in a single GaAlAs QD measured in two polarizations: parallel (red) and
perpendicular (blue) to the [110] crystallographic direction. The open circles and
closed squares indicate the experimental data. The curves drawn with solid and
dashed lines represent the results of fitting the data with the Gaussian function.
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a hole forming the neutral exciton. The magnitude of FSS can be defined as
o1 = |BEx, — BEx, | [34,99-101]. The splitting observed between polarised com-
ponents of the X emission line provides the value of §;. The biexciton state is
spin-degenerate, as a consequence of the spin-singlet state of the e-h pairs it is
composed of. The splitting of the 2X emission line is therefore related to the FSS
of the neutral exciton. This in turn means that the splitting of the 2X and X
emission lines have the same magnitude but different polarization axes which
extend over mutually perpendicular directions [63] (see Fig. 6.2(a) and 6.2(b)).
The anisotropy axis can be defined as an angle of a polarization analyser at which
the intensity of the low-energy component of the X emission line is maximized
while its high-energy component of it disappears. This angle can easily be as-
cribed to the crystallographic direction of studied sample. The FSS magnitude
and the anisotropy axis of the neutral exciton state are discussed in detail in Sec-
tion 6.2.1. It is worth noting that the anisotropy axis of the neutral exciton state
is preferentially oriented along the [110] crystallographic direction [69].

The emission lines associated with the p-shell, the 3X and the 4X, are also
split into two linearly polarized components, as it is shown in Fig. 6.2(c) and
6.2(d). The magnitudes of the FSS measured for those lines are equal and their
polarization axes are oriented along mutually perpendicular directions. Moreover,
the polarization axes of the neutral exciton and triexciton as well as of biexciton
and quadexciton states are parallel, respectively. It means that the triexciton
state has a non-zero FSS similarly like the neutral exciton state. On the other
hand, the quadexciton state does not exhibit the FSS similarly to the case of
the biexciton state. In consequence, the FSS of the triexciton state can be defined
as 0F = |Esx, — Esx |- Nevertheless, it must be taken into account that the fine
structure of the triexciton states is related to the exchange interaction between
the electron and the hole occupying the p-shell levels in a QD with the anisotropy
of the confining potential.

A theoretical description of the triexciton state is more complex than for
the neutral exciton state due to a difference between the p- and s-shell levels.
In QDs with symmetrical confining potential, there are two degenerate SP states
with a p-like envelope function: a p; and a p_. This leads to the formation of four
(lowest-energy optically active excitonic configurations of the triexciton) excitonic
configurations of the triexciton which posses the lowest energy and are optically
active [8]. The electron-hole Coulomb interaction splits them into two configura-
tions: an optically active (bright) and an inactive (dark), similarly to the neutral
exciton (for details see Section 2.2.1.1). The asymmetry of the confining po-
tential affects the two degenerate bright states of the triexciton and splits them
into two linearly polarized components, as it has been predicted on a theoretical
ground [102| and experimentally demonstrated [103]. In the case of the quadex-
citon, there are two configurations regarding the spin of carriers: the spin-singlet
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Figure 6.3: Fine structure splitting 1 (87) as a function of the X (3X) emission
energy for a series of single QDs, respectively. Dashed lines are a guide to the eye.

states (with a total spin for electrons and holes: S, = Sj, = 0) and the spin-triplet
states (with a total spin for electrons and holes: S, = S = 1) [8]. In the former
case, the anisotropy of the confining potential increases the number of bright ex-
citonic states from two to five, while in the latter case the basis set consists of one
configuration only, in which there are two spin-parallel electrons and two spin-
parallel holes distributed on two p-shell levels and there is no qualitative difference
between the isotropic and anisotropic confinement [102]|. Due to large splitting be-
tween the p;- and p_-shells levels observed in the dots under investigation at zero
magnetic field (see Section 5.3), the description of the quadexciton state becomes
more complex than discussed above. In spite of that, based on the polarization
pattern of the 4X emission line, it can be concluded that the quadexciton state is
not split in the studied case.

The FSS of the neutral exciton and triexciton states has been measured for
a number of single QDs (more than 20) and it is presented in Fig. 6.3. The 01,
which describes the FSS of the neutral exciton, varies from 5 peV up to 50 peV
(10 times in the whole energy range). In the case of triexciton, 6] changes (2 times)
by a factor of 2 in the whole energy range (from 35 peV up to 95 peV). The 67
always exceeds the d;. Fig. 6.4 displays a 7 /d; ratio as a function of the energy
separation between the s- and p-shell levels, Ay, (see Eq. 5.1). This ratio changes
monotonically from ~1 for A; ,=9 meV up to ~9 for A, ,=17 meV. In our opinion,
this relationship can be understood in terms of different spatial extent of the s-
and p-shell orbitals, but additional theoretical studies are necessary to support
such a supposition.

The polarization properties of the investigated emission lines can be explained
within a simple model of the ladder of neutral excitonic states in an asymmetric
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Figure 6.4: The ratio 6,7 /01 as a function of the energy separation AEs_p.
Dashed line is a guide to the eye.

confining potential of a QD, presented in Fig. 6.5. Two steps in the quadexciton
recombination can be distinguished. The polarizations of photons of the 4X — 2X
and the 2X — 0 cascade are preserved within each of them but no correlation
effects can be observed (a random choose of the recombination pathway resulting
from the spin-degenerate state of a biexciton).

To verify the proposed model, which is schematically depicted in Fig. 6.5,
the polarization-resolved single photon correlation experiment has been performed.
The histograms of all the possible photon correlation measurements between the
emission lines ascribed to the neutral excitonic states are shown in Fig. 6.6 (a)-(f).

Figure 6.5: Schematic diagram of the cascade decay of a quadexciton in a single
QD. The solid blue (red) arrows denote the radiative transitions in two perpen-
dicular polarizations. The 7 and 7, are the parallel and perpendicular linear
polarizations with respect to [110] crystallographic direction, respectively.
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Figure 6.6: The histograms of all the possible photon correlation measurements
between the X, 2X, 3X and 4X emission lines. The red and blue curves corre-
spond to the m-m (co-polarized) and m-m (cross-polarized) configurations of
the experiment, respectively. m (71) stands for the linear polarization that is
parallel (perpendicular) to the [110] crystallographic direction. The black curves
represent the data obtained without the polarization resolution. A zero delay
time between the start and stop beam is indicated in each panel with a black
dashed line.

All measurements were carried out with the use of the same excitation power.
Each cross-correlation histogram reflects the relation between photons of anal-
ysed emission lines (in other words, the relation between the photons of the start
and stop beams - refer to Section 4.3 for details). During the experiment, the po-
larization of each beam was adjusted individually.

It is shown in Section 5.4 that a histogram of the X autocorrelation exhibits
a sharp antibunching peak, which proves the single-photon character of light emit-
ted from the investigated dots. The co-polarized cross-correlation measurements
(m-m)) of the 2X and X photons display a bunching peak around a zero delay time
(see Fig. 6.6(a)). This peak is slightly shifted towards positive delay times what
confirms that the emission of 2X-photon always precedes the X-photon emission.
In the case of the cross-polarized configuration, a very weak antibunching peak
appears around the zero delay time. This result can be interpreted in terms of
the excitonic ladder presented in Fig. 6.5. Due to the fine structure of the neutral
exciton state, the emission of the X-photon can only occur after the 2X-photon in
the co-polarized configuration and the emission of photons in the 2X-X cascade
shows an antibunching peak in the cross-polarized configuration [104].
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The cross-correlation measurement between the 3X- and 2X-photons displays
a different effect (see Fig. 6.6 (b)). The obtained results are independent of
the polarization configuration. It is a consequence of the spin-degenerate state
of a biexciton which causes the polarization of the 2X-photon to be chosen ran-
domly (with the probability around 50%) when the biexciton state is reached after
the emission of the 3X-photon.

In the case of a quadexciton (see Fig. 6.6 (c)), the polarizations of the 4X-
and 3X-photons are correlated similarly like in the 2X-X cascade. The results of
photon correlation experiment combined with the polarization-resolved micro-PL
measurements imply that the 4X-3X cascade can also be a good candidate for
a source of entangled photon pairs, if the F'SS of the triexciton state is substan-
tially reduced.

A combination of other correlation histograms recorded without a polarization
resolution (Fig. 6.6 (d)-(f)) with the polarization-resolved correlation histograms
(Fig. 6.6 (a)-(c)), fully supports the ladder of the neutral excitonic states shown
in Fig. 6.5.

6.2.1 FSS of the X emission

This Section is devoted to meticulous studies of the fine structure of the neutral
exciton state in single GaAlAs/AlAs QDs, based on the micro-PL experiment
performed as a function of the excitation power and with the polarization resolu-
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Figure 6.7: (a) The excitation-power evolution of the micro-PL spectra of a single
GaAlAs QD measured at T= 4.2 K. The spectra are excited above the barrier
(Eeze=2.54 V). Pop=1 pW and indicates the excitation power. The spectra are
normalized to the intensity of the X emission line and vertically shifted for clarity
purpose. (b) The dependence of the X, X, and X2~ intensities on the excitation
power. The dashed lines indicate the linear and quadratic behaviours as guides
to the eye. (c) The energy of the X, X~, and X2~ lines as a function of the angle
of a polarization analyser (points). The FSS of the X and X?~ emission lines is
determined by means of fitting the cosine-squared function (solid curves).
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tion.

The micro-PL spectra of a single dot, excited above the barrier (see Section
5.2), as a function of the excitation power are shown in Fig. 6.7(a). In the lowest
excitation power range only one emission line, labelled with X, is observed. It is
attributed to the recombination of the neutral exciton state. The increase in
the excitation power results in the occurrence of two emission lines, the X~ and
X2~ on the lower side of the X line. These lines are ascribed to the emission
of negatively charged excitons (see Chapters 5 and 8 for detailed information).
The intensities of the emission lines are the linear (for X) and quadratic (for
X~ and X?7) functions of the excitation power (Fig. 6.7(b)). At the highest
excitation power, a broad emission band, denoted by MX in Fig. 6.7(a) emerges
in the lowest energy range, which is attributed to the emission of multiexcitons
confined in a single dot.

In order to identify the observed emission lines, the polarization-resolved
micro-PL experiment was performed. The FSS of the X and X2~ lines were
determined by means of fitting the experimental data plotted as a function of
the polarization angle with the Gaussian curve (see Fig. 6.7(c)). It can be seen
that both X and X?~ lines comprise two linearly polarized components. Their
polarization axes are equal within the experimental error and the respective FSS
of the X and X2~ lines can be considered as equal too. The X~ emission line is not
split. The X line is ascribed to the recombination of the neutral exciton (the fine
structure of it is described in detail above). The X~ emission line is attributed
to the singly negatively charged exciton since the eh exchange interaction influ-
ences neither the initial (in which the two electrons form the spin-singlet state)
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Figure 6.8: The 6x as a function of the X emission energy for a series of single
QDs, measured in a broad energy range. Blue (dash) dashed line is a guide to
the eye.
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nor the final state (only one electron left). The X2~ emission line is tentatively
identified as originating from the recombination of a doubly negatively charged
exciton.

The FSS of the neutral exciton was measured for a number of single dots
(Fig. 6.8). The X energy ranges from 1.57 eV to 1.69 eV, which suggests a sub-
stantial dispersion of QDs size and /or the Ga composition inside them. Moreover,
the magnitude of the FSS of the neutral excitons confined in the QDs is distributed
over a very broad range (from about 10 peV to 100 peV).

In the case of III-V QDs, e.g. InAs/GaAs, the FSS of the neutral exciton
state usually decreases as a function of the X emission energy (when the size of
QDs is connected with the energy of the X line, the FSS of this state is smaller
for larger dots). This effect is a result of the piezoelectric field and has already
been discussed in Ref. 105. The trend observed in the QQDs investigated within
the framework of the present thesis is opposite (the FSS increases with the in-
creasing energy of the X line), and it can be related to the effect of the elongation
of the QD shape [106].
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Figure 6.9: (a) The anisotropy axis, fx, of the neutral exciton state as a function
of its energy. (b) A histogram of the fx obtained for a number of single dots
under investigation. 0° indicates the [110] crystallographic direction.

The anisotropy axis of the neutral exciton state (defined in the previous Sec-
tion) measured for a number of single dots is presented in Fig. 6.9. It can be seen
that for most of the dots under study, the anisotropy axis is preferentially oriented
along the [110] crystallographic direction. The orientation of the anisotropy axis
of the fine structure along the [110] crystallographic axis of the substrate sug-
gests that the origin of the anisotropy is mainly due to the elongated shape of
the dots. Such an elongation most likely results from different diffusion rates

of Al atoms along the direction parallel and perpendicular to atomic steps at
the GaAlAs/AlAs interface.
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6.3 Magnetic field effects

The application of an external magnetic field to the system consisting of QDs
has two effects on the energy structure of the multiexcitons. The first one is
the diamagnetic shift, which introduces an inter-play between the spatially and
magnetically induced confinement. The second one is the Zeeman splitting related
to the spin of electrons and holes.
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Figure 6.10: The energy evolution of the X (solid squares) and 3X (solid cir-
cles) emission lines highlighted on the gray-scale map of the QD emission in
the magnetic field up to 19 T. The green and blue points illustrate the o4 and
o_ polarizations, respectively.

In this Section, the magnetic field evolution of the X and 3X emission lines
associated with the s- and p-shell and presented in Fig. 6.10 with the blue- and
green-coloured points, is studied. In the next two Sections, the effect of both
the diamagnetic shift and the Zeeman splitting are analysed in detail.

6.3.1 Diamagnetic shift

The diamagnetic shift describes the effect of the magnetic field on the carriers
SP levels and on the Coulomb interaction between those carriers. It results from
an additional confinement they experience due to the presence of the external
magnetic field. In the case of the neutral exciton state, an e-h pair occupies
the ground s-shell levels. These levels are characterised by zero angular mo-
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mentum (see Chapter 2 for details). As a consequence, the magnetic moment is
induced in a direction opposite to the external magnetic field direction. This phe-
nomenon is called diamagnetism. Based on Eq. 2.18, describing the evolution
of the neutral exciton state in the magnetic field, the diamagnetic shift can be
defined as AE; = (E(04) + E(0-))/2. It represents a quadratic function of the
magnetic field and is characterized by a single coefficient . The triexciton con-
sists of three e-h pairs, out of which two form a spin-singlet state on the s-shell
and only the third one occupying the p-shell can be affected by the magnetic field.
However, the angular momentum of the p-shell levels is non-zero (1) what means
that they should experience the energy shift which is a linear function of the mag-
netic field. Although the origin of this shift is not related to the diamagnetism,
it is also called diamagnetic in what follows.

Fig. 6.11 displays the evolution of the diamagnetic shift (AFEy) of the X
and 3X emission lines in the magnetic field. In accordance with Eq. 2.18 and
the discussion presented above, it can be written as:

AE; = Ey + vB? (6.1)

In the case of the X emission line, a simple description relying on a single-
valued v coefficient equal to ~11.5 peV/ T2 nicely reproduces the experimental
data up to ~14 T (refer to the black solid curve in Fig. 6.11). At higher magnetic
fields, due to an additional confinement induced by the external field, the evolution
of the diamagnetic shift of the X emission line differs from the quadratic behaviour
resulting from Eq. 6.1 and becomes a linear function of the field strength (follows
the first Landau level - see Sections 2.1 and 2.2.1.2 for details).

The magnetic-field evolution of the diamagnetic shift of the 3X line is more
complex, due to the non-zero angular momentum. The effect of Coulomb inter-
action between the carriers modifies the predicted linear dependence [107] and
in the small magnetic field range (up to ~8 T), this evolution can also be de-
scribed by Eq. 6.1. The ~ coefficient equals ~-12.3 pe\//T2 in this case. It is
worth pointing out that the absolute values of + are nearly the same for the X
and 3X lines, but differ in respect of the sign. At B ~14 T, the slope of the dia-
magnetic shift changes (see Fig. 6.11). It means, that at higher magnetic fields,
the magnetic-field induced confinement becomes larger than the lateral confine-
ment of the dot and, as a result, the evolution of the diamagnetic shift of the 3X
line also approaches the first Landau level (further details can be found in 2.2.1.2).

6.3.2 Zeeman splitting

Based on a simple theory for the neutral exciton (Section 2.2.1.2), the Zeeman
splitting, defined as AE; = F(oy+) — E(0_), is a linear function of the magnetic
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Figure 6.11: The evolution of the diamagnetic shift of the X (blue squares) and
3X (green circles) emission lines in the magnetic field up to 19 T. The solid and
dashed black curves result from fitting the experimental data with Eq. 6.1.

field with the magnitude determined by the effective Landé factor g*. When
including the effect of F'SS splitting, it can be expressed as:

AEz =\/67 + g*upB? (6.2)

The measured Zeeman splitting of the X and 3X emission lines in the magnetic
field is presented in Fig. 6.12. As can be seen, its evolution for both lines is highly
non-linear. In spite of this non-linearity, Eq. 6.2 can sufficiently well describe the
experimental results in the low-magnetic-field range (up to ~8 T'). As shown with
straight lines draw in Fig. 6.12, the approximate values of g* parameter are then
g*=1.12 and 3.28,correspondingly for the X and 3X emission lines. The fact that
the Zeeman splitting of the 3X emission line is ~3 times bigger as compared to
the X line is unexpected. As mentioned at the beginning of Section 6.3.1, only
one e-h pair forming the triexciton and occupying the p-shell level, has a non-zero
momentum. Thus, the splitting of the triexciton and the neutral exciton states
should be similar. The observed effect can be explained in terms of the HH-LH
mixing induced by the magnetic field (see Section 2.2.1) [10,108,109|, which is
discussed below. It is important to stress that the attribution of the electron and
hole Landé factors in the effective g* factor is a difficult task due to unknown
percentage of the Al atoms in the whole GaAlAs QDs. The electron g, factors
in a GaAlAs alloy are relatively small and vary from -0.4 to 0.4 depending on
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Table 6.1: The z projections (my, ) of the envelope angular momentum and the
charge density weights associated with each Jj, . component of the three lowest-
lying SP hole states at B=0. Only the states with positive Fj, , are shown. States
with negative F}, , have reversed order of weights and my, ,, as well as the opposite
sign of my, ,. All the values collected in the table are taken from Ref. 111.

Jh,z = 3/2 Jh,z = ]_/2 J}L,z = —1/2 Jh,z — _3/2

Fh.=3/2 mn. 0 1 2 3
weight  0.975 0.018 0.006 0.001

Fh.=1/2  myp. 1 0 1 2
weight  0.868 0.047 0.072 0.013

Fh.=5/2 mp. 1 2 3 4
weight  0.928 0.041 0.029 0.002

the alloy composition [110]. Therefore, the effective excitonic Landé factor in
the investigated dots mostly depends on the hole g; factor. Big amplitudes and
pronounced nonlinearities in the observed excitonic Zeeman splittings point out
towards relevant effects of the heavy and light hole mixing for the valence band
levels of our dots [10,108,109]. On the qualitative level, this can be accounted by
the following arguments.

As aresult of the HH-LH mixing, the J, and my, are no longer proper quantum
numbers for holes. Owing to this fact, it is necessary to define a new quantum
number - the total angular momentum Fj = Jp+my,, which is the sum of the Bloch
angular momentum Jj, (Jp, ,=%3/2 and £1/2 for the heavy and light holes, respec-
tively) and the envelope angular momentum my, (mp ,=0,£1,4£2,...) [111-113].
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Figure 6.12: Zeeman splitting of X (blue squares) and 3X (green circles) emission
lines in the magnetic field up to 19 T. The solid and dashed black curves result
from fitting the experimental data with Eq. 6.2 in the range 0<B<8 T.
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The z projection of F}, reads F}, , = Jy . + my .. For each Fj, ., various combi-
nations of Jj , and my, , are possible. For the ground s-like hole level, a predom-
inant component of the F;=3/2 state at zero magnetic field is that of J;, =3/2
(about 97.5% of the charge density in the case of the InGaAs QDs presented in
Tab. 6.1 [111]), which corresponds to mp=0. The p-like hole levels, labelled with
Fp,=1/2 and 5/2, split up in the presence of the magnetic field, leading to a char-
acteristic emission pattern that stems from the optical selection rules: Am,=0
and the spin conservation S, . + Jj ., = £1. To determine the allowed transitions,
only the dominant m, contribution to each F, level is used. The diagram of
the three lowest-lying SP hole states of the InGaAs dots from Ref. 112 is shown
in Fig. 6.13.

The analysis of Fig. 6.13 leads to the conclusion that the p-like levels
(e.g. F,=1/2 and 5/2) have much bigger Zeeman splitting than the s-like lev-
els (e.g. F;,=3/2), what results from the HH-LH mixing. This effect explains the
huge Zeeman splitting observed in this work for the 3X emission line, which is
~3 times bigger than the splitting of the X line, as mentioned at the beginning
of the present section.

The Zeeman splitting of the X emission line displays a quadratic oc B? contri-
bution. This effect has also been explained on the basis of the HH-LH mixing by
redefining the hole g, factor [L09]. The hole Landé factor is described as the sum
of the linear (gy,) and the quadratic components. The second one appears due to
the HH-LH mixing in the valence band.

At high magnetic fields, the Zeeman splitting of the 3X emission line exhibits
a nonlinear behaviour and becomes proportional to v/B. The origin of this effect
is not entirely understood but it can be related to the change of the hole level

0 5 10 15 2‘0 2‘5 30
Magnetic field (T)

Figure 6.13: The magnetic field evolution of the single-particle hole energy levels
as obtained from the photoluminescence experiment. The diagram adapted from

Ref. 112..
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by a given hole (forming a e-h pair, which occupies the p-shell), as a result of
the anticrossing they experience in the high magnetic field range [10, 30].

6.4 Photoluminescence excitation

The photoluminescence excitation spectroscopy is often used to study the excita-
tion spectra of various excitonic complexes confined in a QD [11,16,60,61, 114
116]. As a consequence this method has been carried out on several dots. We refer
to those dots according to the energy distance Ay, between their characteristic
X (s-shell) and 3X (p-shell) emission lines. Dots with Ag,=12.24, 14.30 and
16.97 meV have been measured in magnetic fields. Mostly discussed are the re-
sults obtained for the dot with 14.30 meV. The PLE spectroscopy and magneto-
spectroscopy of single dot excitons is one of the relevant themes of this work.
First to be inspected are the PLE spectra of the basic excitonic state: neutral
exciton. micro-PLE spectra are represented here as a function of the energy dis-
tance between the detection energy fixed at the X position and the actual energy
of the laser excitation. Mostly explored is the range of excitation energies which
extends from 10 meV to 20 meV (above the X emission line). This range covers
the expected resonance energies of the excited, p-shell related states. A possi-
bility to observe in this range the resonant peaks due to transitions involving
the s-shell of the conduction band and a sequence of different levels in the valence
band should be also considered [11,16]. It results from the symmetry breaking,
possibly related to mixing with other bands [61,114].

The analysis begins with presentation of the characteristic micro-PLE spectra

micro-PLE (arb. units)

20 40 60 80 100 120 140

E-E, (meV)

Figure 6.14: Micro-PLE spectrum of a single dot detected on the X emission line
(dot with A,,=12.63 meV). The scale of the horizontal axis is set by the energy
relative to the X emission line.
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of the neutral exciton, measured in a relatively broad spectra range
(~10 - 150 meV, above the X emission line) - see Fig. 6.14. Perhaps to some
surprise, this spectrum is pretty complex, consist of huge amount of sharp lines
which appear together with some broader bands. A broad feature of the highest
intensity, seen in this spectrum around 110 meV, is related to the crossover be-
tween the quasi-resonant and the above the barrier excitation regimes. Reduction
of the PLE intensity above 120 meV is due to substantial change in the shape
of PI spectra when keeping the same excitation power but fixing the excitation
energy well above the dot barrier (see Fig. 5.2). At energies below 90 meV,
one may recognized some modulated structure in this spectrum, appearance of
four bands centred, correspondingly at ~26, ~39, ~57, ~76 meV. We speculate
that those bands may be related to the excited states of the neutral exciton, involv-
ing the subsequent, electronic shells of the dot, but each band involving a number
of hole levels. Notably, those absorption bands appear at energies which are con-
siderable higher than those of the corresponding sequence of bands observed in
emission spectra. This underlines the essential difference between the excitation
spectra of the neutral exciton and the emission spectra due to multiexcitons (in-
volving Coulomb binding of additional carriers). The micro-PLE spectrum, such
as shown in Fig. 6.14, is however very difficult to be accurately interpreted in its
whole, broad energy range.

In what follows, the studies are focused on the low energy parts
(~10 — ~30 meV) of the micro-PLE spectra, where the resonant peaks appear
as better resolved. An example of such a spectrum is shown in Fig. 6.15, for
the dot with A,.,=14.30 meV. We suspect that the strongest resonant peak ob-
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Figure 6.15: Micro-PLE spectrum of a single GaAlAs QD detected on the X
emission line (dot with A, ,=14.30 meV). The scale of the horizontal axis is set
by the energy relative to the X emission line.
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Figure 6.16: Micro-PLE spectra detected on the X emission line, measured for a
series of (QDs characterized by different amplitude of A . The scale of the hor-
izontal axis is set by the energy relative to the X emission line. The spectra are
normalized to the most intense peaks and vertically shifted for clarity purpose.

served in this spectrum at ~26 meV is related to the onset of absorption involving
the electronic p-shell.

Now, we concentrate on peaks at lower energies, and show that they appear
due to absorption process to the electronic s-shell but from different confined
hole levels of the dot. Low energy (10 — 20 meV) micro-PLE spectra detected on
the X emission line for a series of dots (characterized by different A, splitting)
are shown in Fig. 6.16. It is also important to remember, that the spectral
width of the resonant peaks is extremely small (the "atomic" nature of QDs) and,
as a result, the micro-PLE spectra need to be measured with a high resolution
(steps on the level of ~5-10 peV) of the excitation energy (see Fig. 6.15 and
6.16). As can be seen, a general sequence of the resonant peaks associated with
the neutral exciton is similar for each single dot and corresponds to the specific
pattern of the micro-PL spectra of different QDs (see Fig. 5.5). It means that
the position of a given excitonic state changes with A,_,, but the ladder of levels is,
to some extend, preserved. Notably, no systematic relationship between the shift
of the resonant peaks and the value of Ay, can be established.

The energy separation between individual peaks is rather small and varies
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Figure 6.17: The excitation-power evolution of micro-PLE spectra detected on
the X emission lines (dot with Ay,=12.63 meV). The scale of the horizontal axis
is set by the energy relative to the X emission line. The spectra are normalized
to the most intense peaks and vertically shifted for clarity purpose.

from 0.5 meV to 2.5 meV. Such a small energy separation can only be found in
the valence band, where the distance between the hole levels has been previously
postulated to fall within a similar range [49]. Due to the HH-LH mixing, an ab-
sorption process from the excited hole levels, the p-, d-, ... shells, to the ground
electron level, the s-shell, is allowed [11,16] and can be responsible for the resonant
peaks.

Fig. 6.17 displays the micro-PLE spectra of the neutral exciton as a function
of the excitation power. A little effect of the excitation power on the lineshape
of the micro-PLE spectra can be seen. This suggests that the resonant peaks in
the spectra can be ascribed to the absorption of a single e-h pair in an empty
QD. It is worth noticing that in a more complex case, e.g. an e-h pair excited in
the presence of another e-h pair in a dot, the intensity of resonant peaks should
be more affected by the excitation power to much larger extent, similarly like for
the emission lines attributed to the recombination of the multiexcitons (the 2X
emission line shows the power dependence with the exponent above one) [116,117].

A number of discrete and energetically resolved resonant peaks has been ob-
served in the micro-PLE spectra of the neutral exciton. The energy separation
between them is on the order of a few meV, suggesting the transitions between
the levels of different symmetries, e.g. the s- and p-like. Since attributing the res-
onant peaks to the specific transitions is a challenging task, the measurements of
the micro-PLE spectra in the presence of an external magnetic field have been per-
formed. The results of those experiments are presented and discussed in the next
Sectiomn.
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6.4.1 PLE spectra in a magnetic field

Fig. 6.18 shows the magnetic field evolution of the micro-PLE spectra of the
neutral exciton measured in the excitation energy range between ~10 to 30 meV
above the X-emission energy. At high energies, in the range above ~21 meV,
the observed pattern of resonance peaks is extremely complex and the resonances
can be hardly followed with the magnetic field. Nevertheless in this energy range,
some of the observed resonances may be presumed to lower their energies with the
magnetic field, see e.g., the evolution of peaks originating from structures around
~26 meV at B=0. This characteristic behaviour confirm our previous conjecture
that the resonant peak around ~26 meV is indeed due to the excited states of
the neutral exciton involving the electrons from the p-like conduction band levels.

The transitions observed at lower energies, below ~21 meV can be anal-
ysed more accurately. The magnetic-field evolution of the micro-PLE spectra
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Figure 6.18: The magnetic-field evolution of micro-PLE spectra detected on the
X emission line (dot with A, ,=14.30 meV). The scale of the horizontal axis is
set by the energy relative to the X emission line. The spectra are normalized to
the most intense peaks and shifted for clarity purpose.
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of the neutral exciton is presented in Figs 6.20, 6.19 and 6.21 for three single
QDs.

(b)

detected on a component: c,, (o}

0 2 4 6 8 10 12 14
Magnetic field (T)

Figure 6.19: The magnetic-field evolution of micro-PLE spectra detected on the
X emission line (dot with A, ,=14.30 meV). The scale of the horizontal axis is
set by the energy relative to the X emission line. The spectra are normalized to
the most intense peaks and shifted for clarity purpose.
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Figure 6.20: The magnetic-field evolution of micro-PLE spectra detected on the
X emission line (dot with A, ,=12.24 meV). The scale of the horizontal axis is
set by the energy relative to the X emission line. The spectra are normalized to
the most intense peaks and shifted for clarity purpose.
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Figure 6.21: The magnetic-field evolution of micro-PLE spectra detected on the
X emission line (dot with A, ,=16.97 meV). The scale of the horizontal axis is
set by the energy relative to the X emission line. The spectra are normalized to
the most intense peaks and shifted for clarity purpose.
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The comparison between these three set of spectra leads to the following
conclusions:

e The patterns of resonant peaks detected on the X emission lines and mea-
sured on three different dots are very similar. All resonant peaks depicted
in Fig. 6.19 exhibit the same type of the magnetic-field evolution. This type
of dependence is typical for emission lines associated with the recombina-
tion of multiexcitons from the s-shell (see Fig. 5.4). The main difference
manifests itself in the energy position of the resonant peaks. As a result of
striking similarities between the patterns observed for various micro-PLE
spectra, the resonant peaks can be organized into two groups:

o The first group consists of three well-separated resonant peaks that
for zero magnetic field occur at ~11 meV, ~12.3 meV and ~14.1 meV
(see Fig. 6.19). Those peaks are labelled R;, Ry and R3 in ascending
order of their central energy.

o The second group includes two pairs of "interacting" resonant peaks
(note the crossings and anticrossings between them that develop with
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Figure 6.22: A fan chart of the magneto-absorption transitions of the neutral ex-
citon (dot with Ay ,=14.30 meV). The relative energy is calculated with reference
to the energy of the X emission line at zero magnetic field. The diamagnetic shift
of this line is not corrected in panel (a) and extracted from the data in panel (b).
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the increasing magnetic field), which for zero magnetic field occur at
~15.6 meV, ~16.5 meV and slightly below and above ~18 meV (see
Fig. 6.19). Those peaks are labelled Ry, Rs, Rg and Ry, respectively.

Fig. 6.22 displays the fan chart of the magneto-absorption transitions of
the neutral exciton, labelled above with R, Ro, R3, ... and measured on the
dot for which the micro-PLE spectra are presented in Fig. 6.19. The division
of the resonant peaks into two groups is observed. It has to be mentioned that
the zero-field splitting between the Rj, Ro and Rj lines is substantially above
1 meV (typically 2 meV), when in the case of the "interacting" peaks it falls
below 1 meV. The presence of (anti)crossings between the peaks belonging to
the first group can not be definitively excluded and they probably do appear at
higher magnetic fields. The (anti)crossings of emission lines are likely related to
the anticrossings of levels, that result from the interaction induced by the HH-LH
mixing of the valence band levels of the investigated QDs.

The diamagnetic shift and the Zeeman splitting of the first group of resonant
peaks (R1, Ro, R3) is presented in Fig. 6.23(a) and (b). As can be seen, for all
the lines the magnitude of the diamagnetic shift is essentially the same (small
red-shifts appear in the low-magnetic-field evolution of the R; and Ry peaks).
The Zeeman splitting looks very similar for all the resonant peaks, but is about two
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Figure 6.23: (a) The diamagnetic shift and (b) the Zeeman splitting of three
resonant peaks: Ry, Ro, R3 and the X emission line (dot with A, ,=14.30 meV).
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times smaller than for the X emission line. It suggests a significant difference of
Zeeman splitting between the electron and/or (holes) hole levels that are involved
in the transitions under study.

Based on the results and the discussion presented above, the origin and
the properties of the resonant peaks are studied in what follows.

6.4.2 Origin of PLE peaks

The identification of the resonant peaks observed in the micro-PLE spectra of the
neutral exciton (see Fig. 6.19) is not a trivial task because of, e.g., the number of
peaks that occur in the spectra. First of all, it has to be clearly said that the struc-
ture of levels in the conduction and valence bands of the studied GaAlAs/AlAs
QDs is more complex than in the case of the InAs/GaAs dots and can not be
characterized in terms of the Fock-Darwin diagram (compare Fig. 2.5 and 5.4).
Further remarks about the structure of levels in both bands are as follows:

e The structure of the conduction band levels of the QDs investigated within
the framework of this PhD thesis is not much different from the structure
established for the InAs dots. The SP levels attributed to the s- and p-shells
can be distinguished. Nonetheless, as a consequence of the presence of an
in-plane anisotropy and due to the electron-electron interactions, the de-
generacy between the p_ and p4 states is lifted. It results in the emergence
of both the p, and p, states, which evolve into the p_ and p, states at high
magnetic fields (refer to Section 5.3 for more information). Previously in
this work, the two lowest-lying energy levels in the conduction band have
been called the s- and p-shells in accordance with a popularly used nomen-
clature. Due to the splitting of the p-subshells, however, the energetically
lower one of them should be identified from now on as a p_-shell.

e Due to the occurrence of the heavy and light hole mixing, as it has been
discussed in Section 6.3, the Jp and myj are no longer proper quantum
numbers for the hole levels. In consequence, new quantum numbers: the
total angular momentum - Fj, = J, + my, and its z projection - Fj, . =
Jh,» + mp,, have been defined. A state characterized by a given value of
F}, . consists of all the possible combinations of Jj, , and my, », but the main
contribution comes from the heavy holes (Jj, = £3/2) and the orbital
momentum (my, = 0,£1,£2,...) corresponding to the consecutive hole
shells (s-, p-, d-,...shell). The effect of the in-plane anisotropy on the hole
levels is omitted.

Fig. 6.24 displays the presumed ladders of levels in the conduction and valence
bands of the studied dots and the possible absorption transitions of a single e-h
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Figure 6.24: Black horizontal lines illustrate the ladders of levels in the conduc-
tion and valence bands. The blue (red) arrows indicate the possible absorption
transitions between the valence band levels and the s-shell (p_-shell), respectively.

(pairs) pair between them. Due to the symmetry breaking, resulting from the HH-
LH mixing, the absorption transitions between levels of the different symmetry,
e.g. the s- and p-shells, are also allowed [11,16,61,114].

The s-shell-like resonant peaks of the neutral exciton are related to the transi-
tions between the consecutive levels in the valence band and the s-shell level in the
conduction band - see the transitions marked in red in Fig. 6.24. This behaviour
of peaks can be explained as a result of the magnetic field effect on the spatial
confinement. It is expected that the ladder of electrons in the conduction band
should be affected by such a phenomenon to a larger extent than the ladder of
holes in the valence band [49]. Based on the presented origin of the resonant
peaks, the energetic separation between the hole levels is estimated to be on
the order of 1-2 meV. Unfortunately, such a small energetic distance makes it im-
possible to register the transitions associated with the lowest-lying energy levels,
such as: Fj,, = +3/2 > me. =0, Fj, =+1/2 = m,, =0, ... [11,16]. This in
turn disables the attribution of the resonant peaks to a specific transition (the
laser could not be tuned closer to the detection range, for the sake of available
long-pass filter that was placed in front of the monochromator when performing
the experiments).
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We expect that resonant peaks due to the process involving the p-shell-like
electron should appear in the high-energy part of the micro-PLE spectrum (above
~21 meV in Fig. 6.18). However, in this energy range a big number of resonant
peaks emerges, out of which only one around 26 meV exhibits a p-shell-like evolu-
tion in the magnetic field. The high intensity of this peak suggests that it is asso-
ciated with a transition between levels of similar symmetries. The most probable
transition is the excitation of an electron from the "p-shell" level of the valence
band (Fj, , = £1/2) to the p_-shell levels in the conduction band (me . = —1).

The presented results shed some new light on the issue of both ladders of
the electron and hole levels in the QDs. In particular, the ladder of hole levels in
the valence band is more complex as a result of the HH-LH mixing and can not
be discussed in terms of the Fock-Darwin diagram (s-, p-, ... shells), as it has
been done so far in the literature [11,16].



6.5. CONCLUSIONS 73

6.5 Conclusions

In conclusion, the properties of four emission lines from the s- and p-shell that
are attributed to the transitions within the neutral charge states, such as: X,
2X, 3X, and 4X are presented and discussed. The fine structure splitting of
the X and 3X excitonic states is analysed and the diagram of the cascade decay
of the quadexciton in the single QDs is postulated. Moreover, the two effects
on the X and 3X emission lines induced by an external magnetic field: the dia-
magnetic shift and the Zeeman splitting, are described. Due to the non-linearity
observed for the Zeeman splitting of the X emission line and the large Zeeman
splitting of the 3X emission line, the effect of the HH-LH mixing is considered.
The magnetic-field-dependent photoluminescence excitation spectra detected on
the X emission line are also presented and the origin of the resonant peaks is
discussed. In general, the resonant peaks follow one type of evolution in the mag-
netic field, the s-shell-like. The s-shell-related resonant peaks are attributed to
the transition between the excited hole levels in the valence band and the ground
s-shell level in the conduction band. As compared to a typical model of the hole
shells known in the literature, the hole ladder in the valence band is described
in the present thesis within a more complex framework, which takes into account
also the HH-LH mixing.






Chapter 7

Positively charged excitonic
states

There are significant differences in the spin states of charged excitonic com-
plexes as compared to neutral ones. As charged complexes have total spins
of half-integer values, a double degeneracy remains in the absence of magnetic field
in accordance with the Kramer theorem [34]. In addition, the exchange interac-
tion between the inter-sublevel spins becomes pronounced due to the presence of
an excess carrier. As a result, several split peaks that originate from the recombi-
nation of charged excitonic complexes have been observed so far in the micro-PL
spectra [38,118,119].

In this Chapter, the properties of five emission lines attributed to the recom-
bination process of the positively charged states between the s- and p-shell levels
are discussed. Especially, the fine structure splitting, the diamagnetic shift and
the Zeeman splitting of these lines are studied. Moreover, the magnetic-field-
dependent photoluminescence excitation spectra of the singly charged excitons
are presented and analysed.

7.1 Optical recombination of the positively cha-
rged excitons

The micro-PL spectra of a single dot, excited quasi-resonantly (see Section 5.2)
and measured as a function of the excitation power are shown in Fig. 6.1.
In the low excitation power range (below Py=10 uW), a single emission line,
labelled X, is observed. This line is attributed to the recombination of a sin-
gle e-h pair and an additional hole - the positively charged exciton, which forms
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Figure 7.1: The excitation-power evolution of the micro-PL spectra of a sin-
gle GaAlAs/AlAs QD measured at 7= 4.2 K. The spectra are excited quasi-
resonantly (Fe.=1.71 €V). Pp=10 pW and indicates the excitation power.
The spectra are normalized to the intensity of the X emission line and vertically
shifted for clarity purpose.

the spin-singlet state. At higher excitation power, several peaks appear on the low
energy side of X. They are related to the emission of the multiexcitons in the QD.
Among those peaks, the X and 2X* emission lines occur which are identified
as originating from the emission of a singly positively charged exciton (a sin-
gle e-h pair and an additional hole) forming a spin-triplet state and a positively
charged biexciton (two e-h pairs and an additional hole) forming a spin-singlet
state, respectively. A broad group of features, which include the X, X and
2X™T emission lines, is associated with the recombination of e-h pairs occupying
the s-shell levels.

A further increase in the excitation power leads to the emergence of another
set of lines at higher energies (~12 meV above the energy of the X line), ascribed
to the emission that takes place within the p-shell (see Fig. 6.1). Two emission
lines denoted by P2X** and PX** occur in this energy range. The former one is
recognized as resulting from the recombination of a positively charged biexciton
(two e-h pairs and an additional hole) forming a spin-triplet state. The attribution
of the latter one is analysed in the next Section 7.3. Emission lines which are not
labelled in Fig. 6.1 belong to neutral and negatively charged states, and have
been discussed in Chapter 6 and 8.

The emission lines due to the recombination of positively charged multiex-
citons have more complex fine structure than the lines related to the neutral
multiexcitons (to compare see Section 6.2). Fig 7.2(a) shows the effect of the lin-
ear polarization on a typical micro-PL spectrum of the positively charged GaAlAs

QD (as a function with the linear polarization-resolution). Based on results of
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Figure 7.2: (a) The micro-PL spectra of a single GaAlAs QD recorded for two
different linear polarizations: my (violet curve) and my (red curve) oriented along
the crystallographic directions [110] and [110], respectively. (b) Color plot pre-
senting the micro-PL spectra of the same QD measured using different linear
polarizations of detection. The 45 © and 135 © correspond to the crystallographic
directions [110] and [110], respectively.

the correlation experiment one can conclude that pairs of the emission lines: X,
P2XT* and X**, 2X T belong to separate cascade pathways. The cross-correlation
measurements between the PX** and other emission lines exhibit antibunchings,
which make the identification of this line more difficult. This subject will be
addressed in Section 7.3.

The emission lines: XT*, 2X T and 2X** split into doublets, which are partially
linearly polarized along the two principal crystallographic directions: [110] and
[110] (see Fig. 7.2), previously identified for the X emission line and discussed
in Section 6.2.1. In order to analyse the energy structure of the two cascade
pathways involving the singlet and triplet states of charged excitons and biexci-
tons, the many-carrier Hamiltonian equation for QDs given in Ref. 38 is applied.
This equation is used to describe the splitting of levels involved in the cascades
under investigation that is caused by the exchange interaction.

Theoretical description of the fine structure of the investigated states is sche-
matically presented in Fig. 7.3. Two separate cascade pathways for emission
involving the X™* and 2X* lines (Fig. 7.3(a)) and the X* and P2X** lines
(Fig. 7.3(b)) are identified. The fine structure of the emission lines shown in
Fig. 7.2(a), involving the X™* and 2X™* lines are related to the fine structure
of the spin-triplet state of the singly positively charged exciton. The structure
of 2XT emission line results from the splitting of the final state of an s-shell
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Figure 7.3: Theoretical structure (not to scale) of various transitions that can be
observed for a positively charged single QD. Two separate cascade pathways are
shown in parts (a) and (b). The symbols es (hs) and e, (h,) denote the electron
(hole) occupying the s- and p-shell, respectively. The half-integers are the projec-
tions J, = J¢ + J! of the total spins.

electron (es), an s-shell hole (h), and a p-shell hole (hy,). The final state consists
of three interacting carriers: es, hs and h,. The two holes form a spin-singlet
(Jn = 0) and a spin-triplet (J, = 3) states split by the hh exchange energy
Vshsz In addition, the eh exchange interaction splits the triplet states into three
doublets separated by ‘N/f’gp = (Vf? + Vf]}j) /2, which includes the eh exchange
energies between the respective holes and the electron es. It is known, that
the hh (ee) isotropic exchange energy is larger than the eh exchange energy by
one order of magnitude [81,118]. In optical transitions, the lowest-lying triplet
state J, = £7/2 in which the three particles have parallel spins, is forbidden.
In contrast to the case of the 2XT emission, the X** emission line structure
results from the splitting of the initial state (no interaction is present in the
final state due to hp). The anisotropic part of the eh exchange interaction leads
to partial linear polarization of both visible emission lines (2X*, X™*) in this

cascade pathway (see Fig. 7.3(a)).

In the second cascade pathway that is schematically presented in Fig. 7.3(b),
the fine structure of the triplet-spin state of the positively charged biexciton re-
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emission line energy for a series of single QDs.

) as a function of the X* (P2X 1)

lated to the p-shell emission is also analysed. The initial state of the P2X™*
emission line, which is responsible for the observed fine structure, consists of five
carriers: e, €y, 2hs and hy,. The final state related to the P2X™* emission line is
the initial state that underlies the X emission for which no splitting is observed
(see Fig. 7.2). The observed fine structure of the 2X** emission line is similar
to the fine structure occurring in the 2X* — X** cascade pathway. The energy
separation between the singlet-triplet configurations of both states is given by
the ee exchange energy V7). The energy difference between the triplet states is
given by the eh exchange energy Ve — (Vse]}j + 1/;,67’;)/2 for the 2X™* emission

sp,p
line.

Note that the X1T*2X* and P2X™* emission lines which are related to re-
combination of the spin-singlet states (transitions presented in Fig. 7.3(a) with
dashed arrows) have not yet been experimentally observed. These lines should be
shifted with respect to the spin-triplet state recombination due to the ee and hh
exchange interaction.

The analysis of the fine structure splitting of the X and P2X™* emission lines
as a function of their energy has been performed for a series of single GaAlAs QDs.
The results are presented in Fig. 7.4. No dependence of the FSS of the emission
lines on their emission energy can be observed (in Fig. 7.4). This suggests that
the FSS splitting due to the ee and hh interaction is independent on the QD size,
what contrasts with the effect of the eh interaction as it takes place in the X and
3X emission lines - compare Fig. 7.4 and Fig. 6.3. Furthermore, the comparison
between the FSS magnitude of the X** emission line (~131 1eV) and the FSS
of the X emission line (~16 peV) confirms that the hh (ee) isotropic exchange
energy is one magnitude larger than the anisotropic eh exchange energy. This is
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in agreement with the results that have been previously published in Ref. 81,118.

The average value of ‘;;‘f?p equals to 119 peV and is similar to what has already
been reported for GaAs QDs [81]. In the case of f/sep}fp, the average energy splitting
is equal to 57 peV which is nearly 50% lower than the splitting observed for
GaAs dots in the former studies [81]. This lower value could be due to different
confining potentials and alloy composition of the investigated GaAlAs/AlAs QDs
as compared to previously studied GaAs/GaAlAs QDs [81]. The difference most

likely results from the differences in the ladders of excitonic states.

7.2 The effect of magnetic field

As it was discussed earlier in this Chapter, the charged excitonic complexes have
a total spin of half-integer value. This is in contrast to neutral excitonic com-
plexes whose total spin is integer-valued. Because of this, the fine structure of
the former states is more complicated, especially if the carriers form the spin-
triplet state [38,118,119]. The external magnetic field introduces an inter-play
between the spatially and the magnetically induced confinement, and therefore
lifts the spin degeneracy and modifies the energies of the states due to the Zeeman
interaction with the orbital momentum of the carriers involved [58,120].

The magnetic-field evolution of the emission lines corresponding to the posi-
tively charged excitons is presented in Fig. 7.5. A complex behaviour of all these
lines is a consequence of the zero-field splitting they experience due to the eh, ee
and hh exchange interaction (refer to Section 7.1 for details).

In the case of the emission lines attributed to the recombination of the neu-
tral states, two effects of the magnetic field has been noticed (see Section 6.3).
The diamagnetic shift, characteristic for the SP levels of zero orbital momentum
(the s-shell) as well as the energy shift due to the Zeeman interaction between
the magnetic field and the SP states of orbital momentum equal to 1 (the p-
shell) is analysed in detail for the X and 3X emission lines, respectively. No
new information about the positively charged excitons is expected to result from
the diamagnetic shift of the emission lines they give rise to. According to Eq.
2.13, the diamagnetic coefficient reflects the magnetic-field evolution of the size of
the electron and hole wave functions as well as of the magnitude of the eh Coulomb
interaction. Thus, the analysis presented in Section 6.3.1 for the X emission line
can also be applied to the emission lines related to a positively charged dot.

The magnetic-field evolution of the emission lines related to the positively
charged excitons can be summarized as follows:

. - The excitonic effective g* factor results from the g-
factor of the initial state (the s-shell electron) and the g-factor of the final
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Figure 7.5: The energy evolution of the emission lines attributed to the recombina-
tion of the positively charged excitons (dashed lines) superimposed on the colour-
scale map of the QD emission in the magnetic field up to 14 T. The results of
measurements performed with the o4 and o_ polarizations are shown with blue
and red, respectively.

state (the s-shell hole). As a consequence, the splitting of the emission line
should be identical with the splitting of the X emission line.

e X* emission line - The initial triplet configuration is split into three
levels as a result of the eh interaction between the s-shell electron and
the holes occupying the s- and p-shell (see Fig. 7.2 in Section 7.1). Thus
in the presence of the magnetic field, all zero-field levels are split into ad-
ditional two because of lifting the spin degeneracy. In the final state, the
splitting is that of the p-shell hole. Whereas only two transitions are identi-
fied in the absence of magnetic field - Fig. 7.3, four transitions are allowed
when the magnetic field is turned on.

e 2XT* emission line - The origin of the splitting is in this case the same
as for the X** emission line, only the initial and final states have to be
reversed (see above). Therefore, four components of the 2X* emission line
appear in the spectrum.

e P2X T emission line - Due to the eh interaction between the p-shell hole
and the electrons occupying the s- and p-shells, the initial triplet state is
split into three levels. The final state is the initial state of the X+ emission
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line, the splitting of which is given by the s-shell electron. The zero-field
two-component structure is observed (two optically active transitions - see
Fig. 7.3). Furthermore, like in the case of the X™* and 2X™ emission lines,
the presence of magnetic field causes the P2X™* emission line to split into

four components.

e PX** emission line - The origin and the scheme of the energy levels
occupied by carriers confined in the dot and involved in this emission line is
presented and analysed in Section 7.3.3. Based on the results displayed in
Fig. 7.2 and 7.5, the zero-field splitting of the PX™* emission line is present
and only two split components are observed in the magnetic field. As it is
discussed in Section 7.3.3, the PX** emission line split into four components
when the magnetic field is turned on (each circularly polarized branch of
the line consists of two components).

Based on the above analysis, Fig. 7.6 schematically illustrates the theoreti-
cal structure of investigated states and studied transitions. It is shown in Ref.
58,118,120 that the magnetic-field evolution of the 2X~ emission line results from
the two inner spin-split components that approach each other. Moreover, the in-
spection of the circular polarization and the high-magnetic-field behaviour of both
components lead to the prediction of the anticrossing between them. The anti-
crossing that arises from the anisotropic eh exchange interaction [58] is indeed
observed. A corresponding effect is expected for the recombination of the spin-
triplet state of the singly positively charged exciton. The magnetic-field evolution
of emission lines which have at zero-field a double structure as a result of the eh ex-
change interaction, such as: X**, 2XT, P2X™* should also contain anticrossings,
as has been previously observed for the negatively charged QDs [58,118,120].

Unfortunately, the linear polarization cannot be exchanged in the experimen-
tal setup employed which relies on the usage of optical fibers (see Section 4.1.2).
Nevertheless, the anticrossing (a crossing in the case of the applied procedure) for
all the investigated emission lines is clearly observed (the circular polarization is
determined by a specific detection, in which the intensity of one split component
of the X emission line is maximized while at the same time the other component
of this line is minimized). For the X™* and 2X™ emission lines, the anticrossing is
observed around 1.8 T. The analysis of the magnetic-field dispersion of the P2X™*
emission line shows, that the anticrossing appears at extremely low magnetic field
(below 1 T).

The Zeeman splitting, defined as AEy = E(04)— E(o_), of the emission lines
related to the positively charged excitons is shown in Fig. 7.7. The magnitude of
the Zeeman splitting, described by the effective g* factor, is determined for differ-
ent studied emission lines on the basis of transition-specific equations. In partic-
ular, for the X line, an appropriate equation reads: g* = g% + g% (if the HH-LH



7.2. THE EFFECT OF MAGNETIC FIELD 83

(@) (b) /—Cﬂ’z
3 C 2172

eep2nshy +3/2
£3/2 |
2e2hh, | +5/2
2X*
/ X .
L +5/2 |
ehh, +1/2
+7/2
X+* _& £1/2

L eg2hg
_&13/2

y i |
—_— V) e =N —
hy - h

B=0T  B#0T  B=0T  B#0T

Figure 7.6: Theoretical structure (not to scale) of various positively charged tran-
sitions observed in a studied single QD in the presence of external magnetic field.
The parts (a) and (b) describe two separate cascade pathways. The symbols e
(hs) and e, (hy) denote the electron (hole) occupying the s- and p-shell, respec-
tively. The half-integers are the projections .J, = J¢ + J! of the total spins.

mixing is not considered - see Section 6.3.2). The values of AEy for all emission
lines ascribed to the recombination of the positively charged excitons and related
to the s-shell, Xt X™* and 2X*, are similar (only the small changes are observed)
and they are also similar to the g* factor of the neutral exciton - see Fig. 7.7. The
most intriguing effect appears for pairs of components of the X and 2X™ lines.
The values of AEy for both components of the X emission lines are different,
while in the case of 2X™ line they are almost the same (compare the solid and
dashed lines corresponding to each of these transitions in Fig. 7.7). The difference
might be induced by the HH-LH mixing, as a consequence of the same origin of
the Zeeman splitting of both emission lines (see the description above).

The dependence of AEz on the magnetic field for the p-shell related emission
lines, P2X™* and PX™*, is analogous to the one obtained for the 3X emission line
in Section 6.3.2). The slope of the Zeeman splitting changes for each transition.
Moreover, the Zeeman splitting of both the split components of the P2X** emis-
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Figure 7.7: The Zeeman splitting of the emission lines attributed to the recombi-
nation of the positively charged excitons in magnetic field up to 14 T.

sion line associated with the p-shell, exhibits a completely opposite behaviour
when compared to the case of the X and 2X™ emission lines. The difference in
the value of AFEz for both split components is huge. The origin of these effects is
not clear and requires theoretical studies to be fully understood.

7.3 Photoluminescence excitation

X+

micro-PLE (arb. units)

10 15 20 25 30

E-E, (meV)

Figure 7.8: Micro-PLE spectra of a single dot detected on the X and X™* emis-
sion lines (dot with A, ,=14.30 meV). The grey vertical dashed lines indicate the
energy of resonant peaks associated with the X™* line. The scale of the hori-
zontal axis is set by the energy relative to the X emission line. The spectra are
normalized to the most intense peaks and vertically shifted for clarity purpose.
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In order to get insight into the energy structure of the positively charged
excitons, the measurements of the micro-PLE spectra have been performed [11,
61,114,121,122].

The micro-PLE spectra of a single QD detected on the Xt and X™* emission
lines and measured in a broad range of the excitation energy are presented in
Fig. 7.8. Note the energy scale is set by the energy relative to the X line. Several
resonant peaks occur in the spectra. The number of peaks appearing in the micro-
PLE spectra of the singly positively charged exciton is significantly larger when
it forms the spin-singlet state and not the spin-triplet state. The origin of this
difference is not clear at the moment, however, it may result from the complex
character of the PLE processes, which involve the absorption, the relaxation,
and finally the emission. Moreover, it can be seen that the number of observed
resonant peaks per energy unit substantially increases above 23 meV. This value
is consistent with the previously determined energy of 25 meV which corresponds
to the micro-PLE spectra of the neutral exciton (refer to Section 6.4).

In the first step, the micro-PLE spectra presented in Fig. 7.9 and 7.10 have
been measured for a number of single QDs. The spectra are systematised in
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Figure 7.9: Micro-PLE spectra detected on the X and X™* emission lines, mea-
sured for a series of QDs characterized by different amplitude of A, ). The scale of
the horizontal axis is set by the energy relative to the X emission line. The black
dashed lines indicate the evolution of the energy position of the resonant peak
R*. The spectra are normalized to the most intense peaks and vertically shifted
for clarity purpose.
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Figure 7.10: Micro-PLE spectra of different series of QDs detected on the X™*
and X** emission lines, measured for a series of QDs characterized by different
amplitude of Ay,. The scale of the horizontal axis is set by the energy relative
to: (left panel) the arbitrary chosen resonant peak and (right panel) the resonant
peak R*. The black dashed lines indicate the evolution of the energy position of
a given resonant peak. The spectra are normalized to the most intense peaks and
vertically shifted for clarity purpose.

the order of increasing energy separation between the s- and p-shells, previously
defined as the energy difference between the X and 3X emission lines - Ay, (see
Section 5.3). It can be seen that for the X emission line, they all exhibit a similar
pattern of resonant peaks - Fig. 7.9. In Fig. 7.10 the energy scale has been shifted
and set by the energy relative to an arbitrary chosen resonant peak. With this
arrangement, the similarities between various micro-PLE spectra are emphasized.
Based on them, the corresponding resonant peaks in each spectrum are connected
with the black dashed lines. Due to smaller number of resonant peaks in the
micro-PLE spectrum detected on the X line, the pattern of resonances can be
discerned more easily - see Fig. 7.9. The micro-PLE spectra are dominated by the
resonance denoted with R*, which is studied in more detail in Section 7.3.3. The
resonances in the spectra recorded on different dots are connected by black dashed
lines. One can notice that the energy of the peak R* systematically increases
with increasing value of Ay, (Fig. 7.9). This suggests that the p-shell electron
is involved in the initial and/or final state of the transition. Moreover, a few
resonant peaks of smaller intensity, marked with black dashed lines in Fig. 7.10,
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behave in an analogous way, what further supports the conclusion of the p-shell
electron participation in these transitions.
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Figure 7.11: The excitation-power evolution of micro-PLE spectra detected on the
X (red curves) and the X* (violet curves) emission lines (dot with A, ,=12.63
meV). The scale of the horizontal axis is set by the energy relative to the X
emission line. The spectra are normalized to the most intense peaks and vertically
shifted for clarity purpose.

The micro-PLE spectra only slightly depend on the excitation power, what
can be noticed in Fig. 7.11. This behaviour is similar to the dependence observed
for the neutral exciton (compare with Fig. 6.17). It confirms that the resonant
peaks under study are related to elementary excitations, in which a valence-band
electron is excited to the conduction-band and an e-h pair is created in the pres-
ence of an extra hole in the QD (for more information see Section 6.4). It can also
be seen in Fig.7.11, where the previously mentioned resonant peak R* is present
in both the ground (spin-singlet) and the excited (spin-triplet) states of the singly
positively charged exciton, while the ground-state emission can be as well excited
with a different resonance S* of slightly larger energy.

The presence of an extra hole in the singly positively charged exciton makes
the possible configuration of its excited states more complicated than in the case of
the neutral exciton (see Section 6.4). This additional hole may occupy a number
of states in the valence band, out of which the s-shell levels have the highest
probability of occupation. The spin-singlet and spin-triplet states can be formed
by an e-h pair (as it is observed in the micro-PL spectra detected on the X+
and XT* emission lines). The excited state spectrum of the spin-singlet (spin-
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triplet) state of the singly positively charged exciton, which is the initial state of
the X (X**) line should consist of the excited spin-singlet (spin-triplet) states,
respectively. For instance, when both holes are in the spin-singlet or spin-triplet
state, then the first one occupies the s-shell and the second one the higher excited
shell, such as: d, f,...shell [11].

The resonant peaks in the micro-PLE spectra detected on the Xt and X**
lines are discrete and separate in the energy range of 10...20 meV above the X
emission line. The micro-PLE spectra observed at zero field hardly support any
unquestionable attribution of the resonant peaks. Thus, in order to acquire wider
knowledge about their origin, the studies involving the application of external
magnetic field were undertaken.

7.3.1 PLE spectra in magnetic field

The magnetic-field evolution of micro-PLE spectra of three single QDs detected
on the X and X emission lines is presented in Figs 7.12, 7.13, 7.14, 7.15,
7.16, and 7.17. By careful inspection of the experimental data collected for both
charged excitons the following conclusions may be drawn:

e In the micro-PLE spectra detected on the X+ emission line, presented in
Figs 7.12, 7.13 and 7.14, two types of resonant peaks can be distinguished.
The first type exhibits the s-shell-like magnetic-field evolution, which is sim-
ilar to the behaviour previously reported for the resonant peaks detected
on the X line (see Fig. 6.19 for comparison). The second type (comprising
e.g. the peak R*) shows the p-shell-like magnetic-field dispersion. The num-
ber of the resonant peaks observed is relatively large, what makes tracing
the magnetic-field evolution of a given peak a rather difficult task.

e The micro-PLE spectra detected on the X** line (see Figs 7.15, 7.16 and
7.17) are dominated by the peak R* of the p-shell-like magnetic-field disper-
sion (the magnetic-field evolution of emission lines related to different shells
is analysed in Section 5.3). The resonant peaks associated with the s-shell-
like evolution are also found in the spectra (e.g. at ~14.5 meV at zero-field
in Fig. 7.17) but their intensities are relatively small.
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Figure 7.12: The magnetic-field evolution of micro-PLE spectra detected on
the X1 emission line (dot with Ay,=14.29 meV). The scale of the horizontal axis
is set by the energy relative to the X emission line. The spectra are normalized
to the most intense peaks and shifted for clarity purpose.
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Figure 7.13: The magnetic-field evolution of micro-PLE spectra detected on
the Xt emission line (dot with Az,=14.30 meV). The scale of the horizontal axis
is set by the energy relative to the X emission line. The spectra are normalized
to the most intense peaks and shifted for clarity purpose.
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Figure 7.14: The magnetic-field evolution of micro-PLE spectra detected on
the Xt emission line (dot with Ay,=16.97 meV). The scale of the horizontal axis
is set by the energy relative to the X emission line. The spectra are normalized
to the most intense peaks and shifted for clarity purpose.
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Figure 7.15: The magnetic-field evolution of micro-PLE spectra detected on
the X emission line (dot with Ay ,=14.29 meV). The scale of the horizontal
axis is set by the energy relative to the X emission line. The spectra are normal-
ized to the most intense peaks and shifted for clarity purpose.
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axis is set by the energy relative to the X emission line. The spectra are normal-

ized to the most intense peaks and shifted for clarity purpose.
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Figure 7.17: The magnetic-field evolution of micro-PLE spectra detected on
the X emission line (dot with Ay ,=16.97 meV). The scale of the horizontal
axis is set by the energy relative to the X emission line. The spectra are normal-
ized to the most intense peaks and shifted for clarity purpose.
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The attribution of the s-shell-like resonant peaks, which occur in the micro-
PLE spectra of the spin-singlet and the spin-triplet states of positively charged
excitons (measured at the energy of the X and the X™* emission lines, respec-
tively) is analogous to the one proposed in the case of the neutral exciton. Keeping
in mind, that the e-h pair excitation process occurs in the presence of an additional
hole (a "charged" QD), the studied problem is more complex than the excitation
of only one e-h pair in an empty QD (a "neutral" dot). The exact identification of
a given resonance of the neutral exciton is difficult as it was discussed in Section
6.4.2. A similar analysis can also be applied to the s-shell-related resonances of
the positively charged excitons (the next Section). In particular, the origin of
the resonant peak R* is studied this way in Section 7.3.3

7.3.2 Origin of PLE peaks

The energy structure of the confined states in the investigated GaAlAs QDs was
already discussed in Section 6.4.2. Along with the proposed line of thought,
the possible excitations of electrons from the six lowest-lying energy levels in
the valence band to the s-shell of the conduction band, that occur in the presence
of an extra hole in the QD, can be considered as giving rise to the resonant peaks,
as it is shown in Fig. 7.18.

The two transitions of the lowest energy: (Fj. = +3/2 — me, = 0 and
Fy.=+1/2 = m. . = 0), presented in Fig. 7.18, result in formation of the spin-
singlet and the spin-triplet states of the singly positively charged exciton, which

M, =0, S, =+1/2 con:;nc:on
F,,==3/2
Fr,=+1/2
Fp;=+5/2 | valence
Fr,=T1/2 band
F,,=%3/2
Fn,=5/2

Figure 7.18: Black horizontal lines illustrate the ladders of levels in the conduc-
tion and valence bands. The blue (red) arrows indicate the possible absorption
transitions between the valence band levels and the s-shell (p_-shell), respectively.
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decay by the emission of the X and X™* emission lines, respectively. If the hh
exchange interaction is not included, the excited states of both charged excitons
should be the same. If two holes occupy two different levels in the valence band
(e.g. as it seen for the X™* emission line in Section 7.1), then due to the hh ex-
change interaction they can form two configurations: the spin-singlet and the spin-
triplet states. As it is presented in Ref. 11, both spin configurations of the excited
states form two series of the excited states of charged excitons. The excited spin-
singlet and the spin-triplet states should therefore lead to different final states
and the expected spectrum of resonant peaks for both configurations should be
in principle different. However, it is observed that all resonant peaks of the spin-
triplet state of the positively charged exciton (detected on X™*) are also present
in the PLE spectrum of the spin-singlet state of the positively charged exciton
(detected on XT). Moreover, the number of the resonant peaks in the micro-PLE
spectrum of the spin-singlet state of the positively charged exciton is significantly
larger than in the case of its spin-triplet state (see Fig. 7.8). The origin of this
asymmetry is not yet completely understood. It might be related to the relaxation
process of the excited hole. In general, two scenarios can be conceived:

(a) If the spin flip time - 75 is larger than the relaxation time of excited hole
to the ground level - 7., the my, . value of the excited hole is conserved.
This gives rise to a resonant peak in the micro-PLE spectra detected on
the X* or X** emission lines, depending on the total angular momentum
of the photogenerated e-h pair.

(b) In the opposite case, 75 < 7,, the my, , value of the excited hole is not
conserved (+3/2 or -3/2). This means, that the same excited state may
underlie a resonant peak for both (the singlet and triplet) configurations of
the positively charged exciton.

In Ref. 11 dedicated to InGaAs/GaAs QDs, the micro-PLE spectra detected
on the X+ and X™* emission lines follow the scenario (a). In the case of the studied
QDs, some of the resonant peaks in the micro-PLE spectra registered on the X*
and XT* emission lines, e.g. at ~14.5 meV at zero-field in Fig. 7.14 and 7.17,
occur at the same energy. This observation agrees with the scenario (b), which is
thus considered as a correct one for the present work.

As it is discussed in Section 6.4.2, due to small energetic distance between
the hole levels in the valence band (around 1-2 meV), the access to the transi-
tions involving the lowest-lying energy states, such as: F} , = £3/2 = m,, =0,
Fy.=+1/2 = m,.=0,...[11,16] is unavailable and the attribution of the res-
onant peaks to given transitions can not be done.

The obtained results show that description of the micro-PLE spectra related
to the positively charged excitons is more complex than in the case of the neutral
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exciton. In particular, the second type of resonant peaks - the p-shell-like, e.g.
R*, requires further elaboration, which is presented in the next Section.

7.3.3 The resonant peak corresponding to the emission
line

As it is depicted in Figs 7.9(b), 7.15 7.16 and 7.17, the resonant peak R* domi-
nates over the micro-PLE spectrum detected on the X™* emission line. A careful
inspection of the micro-PL and micro-PLE spectra from the same dots reveals
one more striking property of this peak (see Fig. 7.19). Surprisingly the reso-
nant peak R* occurs at the same energy as the PX** emission line ascribed to
the recombination of the positively charged excitonic complex.
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Figure 7.19: The micro-PLE spectra detected on the X** emission line (purple
curves) and the micro-PL spectra (black curves) of a series of different QDs.
The red dashed vertical lines indicate the energy of the resonant peak R* and
the PX™* emission line. The scale of the horizontal axis is set by the energy
relative to the X emission line. The spectra are normalized to the most intense
peaks and vertically shifted for clarity purpose.

Moreover, the magnetic field evolution of the resonant peak R* follows exactly
the evolution of the PX** emission line (see Fig. 7.20). This suggests that the final
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Figure 7.20: The magnetic-field evolution of the micro-PLE spectra detected on
the X™* emission line (the blue and red curves), superimposed on a gray-scale
map displaying the micro-PL spectra of the same dot, plotted as a function of
the magnetic field. A,.,=14.29 meV. The scale of the horizontal axis is set by
the energy relative to the X emission line. The spectra are normalized to the most
intense peaks and vertically shifted for clarity purpose.

state of the absorption process associated with the peak R* is the initial state for
the PXT™* emission line. This result is unexpected and according to the best
knowledge of the Author, no similar behaviour has been observed so far.

In order to find the initial and the final state, which are involved in both
the PX™* emission line and the p-shell-like resonant peak R*, one needs to scrupu-
lously combine the properties of both these features:

e All the obtained histograms of the cross-correlation measurements between
the PX™* emission line and other lines related to the recombination of the
positively charged excitons show the antibunching - see Fig. 5.9. This means
that the PX** emission line does not belong to any identified cascade path-
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ways, in which the positively charged exciton forms either the spin-singlet
or the spin-triplet state (see Section 7.1 for more information).

The PX1* emission line is excited with the same excitation power as the X
and X* emission lines. The excitation-power dependence of all three lines
is also similar. Taking into account that the initial states of both singly
positively charged excitons are formed by three carriers: an electron and
two holes, the initial state of the PX™* line should also involve the same
number of carriers.

The FSS of the resonant peak R* and the PX** emission line correspond
to the observed fine structure of the X™* emission line (Fig. 7.20). At zero
field, the splitting into two components which are partially linearly polarized
is observed. The application of the magnetic field leads to further splitting
into four components, which come in pairs like in the case of the X* line.

Due to the fact that the resonant peak R* appears in the micro-PLE spec-
tra detected on the X and X™* emission lines, the state it is associated
with, has to be the excited state of the positively charged exciton (in both
configurations) no matter what the spin configuration is.

Based on the analysis of the results of various experiments, the resonant peak

R* (the PX™* emission line) can be attributed to the absorption (emission) as-

M, =-1, S ,=+1/2

»conduction

R band
m,,=0, S, ,=+1/2 B
pPX+*
Fn,=+3/2 valence
Fn,=+1/2 band

Figure 7.21: Black horizontal lines illustrate the ladders of levels in the conduction
and valence bands. The green solid (open) circles represent the electrons (holes).
The red-black vertical arrow indicates the absorption-emission process of the e-h

pair.
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Figure 7.22: The micro-PLE maps measured at: (a) 0 T, (b) - (e) 9 T. The white
dashed horizontal (vertical) lines indicate the position of the split components of
the X™* emission line (the resonant peak R*). The excitation/detection polariza-

tions are: (b) o_/o4, (¢) o4 /oy, (d) o_/o_, (e) o4 /o_.

sociated with the positively charged exciton comprising the p-shell electron and
two holes of "parallel" total momentum: the s- and p-shell hole - see Fig. 7.21.
The resonant peak R* is the main one, which occurs in the micro-PLE spectrum
of the spin-triplet state of the positively charged exciton. It is also observed
(although its intensity is much lower) in the micro-PLE spectrum of the spin-
singlet state of the positively charged exciton. To get to the initial state of the
XT* emission line, the p-shell electron relaxes to the s-shell. In the next step,
the p-shell hole relaxes to the s-shell level in the time-scale longer than 75. Then
the spin-singlet state is formed and the initial state of the X* emission line is
reached.

Fig. 7.21 shows a simplified model, which does not include the exchange
interaction between the carriers. The micro-PLE maps excited in the energy
range of the resonant peak R* and detected in the energy range corresponding to
the X1 emission line are presented in Fig. 7.22. The maps exhibit a non-trivial
FSS of both transitions (the absorption peak and the emission line) at zero- and
non-zero-magnetic field. The analysis of Fig. 7.22(a) leads to the conclusion, that
the lower (higher) energy split-component of the peak R* is the excited state of
the lower (higher) energy split-component of the X** line. This means that during
the relaxation process of the electron, the configuration of carriers is preserved -
see Fig. 7.23. A similar situation is also seen in the magnetic field, especially,
when the polarizations of the excitation light and the detected signal are the same
(e.g. 04 /oy and 0_/o_) - Fig. 7.23(c) and (d). In the orthogonal configuration
of the polarisation, the excitation of the lower energy split-component is more
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Figure 7.23: Theoretical structure (not to scale) of two states related to the
resonant peak R* and the X** emission line. The symbols e; (hs) and e, (hy)
denote the electron (hole) occupying the s- and p-shell, respectively. The half-
integers are the projections J, = J¢ + J! of the total momentum.

pronounced than the higher energy one - Fig. 7.23(b) and (e).

An analogous analysis in the case of the X emission line shows that the de-
tected signal is insensitive to the selected split component of the peak R*. To reach
the initial state of the X, the electron on the p-shell needs to relax to the s-shell.
In the next step, due to the finite spin flip time of holes, the p-shell hole relaxes
to the s-shell and the holes form the spin-singlet state (the total momentum of
holes equals zero). Because the X emission does not exhibit any fine structure
(refer to Section 7.1 for details), the emission related to the spin-singlet state of
the positively charged exciton is insensitive to the polarized split components of
the peak R*.

The most important issue is the origin of the PX™* emission line. A long
enough lifetime of the spin-triplet state of two holes is attributed to a long spin-
flip time. This is the reason why two spin configurations (singlet and triplet)
of the emission of the singly positively charged excitons, such as the X' and
the X** are observed [81,123]. The presence of resonant peaks, like R*, in
micro-PLE spectra has been previously studied in Ref. 122. This state can be
treated as a metastable due to long relaxation time of the electron from the p-shell
level to an empty s-shell level. In the QDs under investigation, the relaxation
time of the electron needs to be comparable with or even longer than the lifetime
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of the excitonic complex associated with the PX** emission line. The electron
relaxation time from the p- to the s-shell level in the InGaAs/GaAs QDs has
been theoretically predicted to be on the order of single ps [124]. For instance, in
n-doped InGaAs/GaAs QDs the low-temperature p — s relaxation time has been
extracted from the pump-probe infrared spectroscopy and it falls in the range of
20 - 70 ps [125,126]. Due to this fact, the two hole spin-configuration is responsible
for the long enough relaxation time, which allows for the optical recombination of
the excitonic complex related to the PX™* emission line. It has to be mentioned
that a similar pair of the resonant peak and the emission line does not appear in
the micro-PLE spectrum of the neutral exciton (see Section 6.4 for comparison).
Several relaxation mechanisms have been proposed to explain the fast inter-shell
relaxation: the emission of multiple acoustic phonons [125,127], the Auger carrier-
carrier scattering [128], and the polaron relaxation [129]. Neither of them is,
however, fully satisfactory.

Moreover, it should also be noted that in a single plane of self-assembled
CdTe/ZnTe QDs, the inter-dot coupling have been observed [74,80]. The coupling
occurs between the neutral exciton state of the absorbing QD and various excitonic
states of the emitting QD. This transfer is realized via tunnelling of whole excitons
between the dots with high inter-dot spin transfer efficiency. If the e-h pair
occupying the p-shell can only relax to the s-shell as a whole exciton (not as
independent the electron and the hole - see the paragraph above), the long spin
flip time of holes determines this relaxation process. As it has been discussed,
the spin flip time of holes in the investigated GaAlAs QDs is very long (the X**
emission line attributed to the recombination of the triplet-state of the positively
charged exciton is detected), the observation of the PX™* emission line is also
possible, because the spin flip time of holes blocks the relaxation of the whole
exciton to the s-shell.

The obtained results shine new light on the issue of the excited states of
electrons and holes confined in the single QD. The micro-PLE spectra of positively
charged excitons are more complex than in the case of the neutral exciton. To
the best knowledge of the Author, it is the first time, when the micro-PL signal
is observed from the excited state, in which an electron occupy the p-shell while
the s-shell in the conduction band is empty.
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7.4 Conclusions

To conclude, the properties of five emission lines from the s- and p-shell attributed
to the transitions within the positively charged excitons, such as: X, X™* 2XT,
POX*+* and PX** are presented and discussed. The FSS of the excitonic states,
involved in these transitions is analysed and two cascade pathways are identi-
fied. Moreover, the magnetic field effect is presented, and the fine structure
is described, showing the complex structure of these states. The magnetic-field-
dependent micro-PLE spectra detected at the X and X** recombination energies
are investigated. Two types of resonant peaks, the s- and p-shell-like, appear in
the spectra. The former one is attributed to the transitions between the consec-
utive levels in the valence band and the s-shell level in the conduction band, as
discussed in the case of the X emission line. Due to the isotropic hh exchange
interaction, the description of these resonant peaks is sophisticated and depends
on the ratio of the hole relaxation time to the spin flip time. In the latter case,
the attribution of the p-shell like resonant peak is proposed that relates them to
the excitonic state, occupied by the p-shell electron and the s- and p-shell holes.
A comparison between the micro-PL and micro-PLE spectra shows an unexpected
result, that the emission energy of the PX™* line coincides with the excitonic ex-
cited state energy (the magnetic field dispersions are also the same). Based on the
results of a few different experiments, this emission line is attributed to the com-
plex comprising an electron in the p-shell and two holes forming the spin triplet
configuration in the s and p shells of the valence band.






Chapter 8

Negatively charged excitonic
states

In order to have a comprehensive picture of the accessible charged families in
the studied QDs (detailed information in Section 5.4), the negatively charged
states are briefly investigated in this Chapter. The attribution of the emission
lines, belonging to this family, and the fine structure of the excitonic states, which
are involved in the observed emission lines, is presented and analysed. Moreover,
the origin of the negatively charged states is considered in relation to the obtained
micro-PLE spectrum of the negatively charged exciton.

8.1 Identification and properties of emission
lines

The micro-PL spectra of a single dot, excited quasi-resonantly (see Section 5.2),
as a function of an excitation power are shown in Fig. 8.1. In the low excitation
power range (below Pp=10 nW), no emission lines related to negatively charged
excitons are observed. The increase of the excitation power results in appearance
of the X~ emission line. This line is attributed to the recombination process
of a singly negatively charged exciton (the complex consisting of a single e-h
pair and an additional electron, in which the electrons form a spin-singlet state),
which is an elementary representative of the negatively charged excitonic family.
At higher excitation power, the X?~ emission line emerges, which is associated
with the recombination of a doubly negatively charged exciton (an e-h pair and
two extra electrons; two of them are in the spin-singlet state on the s-shell level
(and s-shell) and the third one occupies the p-shell level). The attribution of
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Figure 8.1: The excitation-power evolution of the micro-PL spectra of a sin-
gle GaAlAs/AlAs QD measured at 7= 4.2 K. The spectra are excited quasi-
resonantly (Fe.=1.71 €V). Pp=10 pW and indicates the excitation power.
The spectra are normalized to the intensity of the X emission line and vertically
shifted for clarity purpose.

the X~ and X2~ emission lines to the singly and doubly negatively charged ex-
citons is confirmed by the polarization-resolved micro-PL and photon correlation
measurements (refer to Section 5.4 for further information), discussed in detail in
what follows. [11,38,58,118|

Fig. 8.2 shows the energy of the X~ and X?~ emission lines as a function of
the angle of a polarization analyser. The X~ line does not exhibit any noticeable
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Figure 8.2: The energy of the X~ and X2~ emission lines as a function of the angle
of a polarization analyser (points). The FSS of the X2~ emission line is determined
by means of fitting the cosine-squared function (a red solid curve).
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fingerprint of the in-plane anisotropy. This is expected since the eh exchange inter-
action influences neither the initial (where the two electrons form the spin-singlet
state) nor the final state (only one electron left) - see Fig. 8.2. The histogram
of the photon correlation measurement between the X~ and X2~ emission lines
exhibit a narrow antibunching peak (see Fig. 5.9). It confirms that both lines be-
long to the same excitonic family (the negatively charged one). The X2~ emission
line is tentatively attributed to the transition of the doubly negatively charged
exciton, the fine structure of which is similar to that of the neutral exciton, but
with the eh exchange interaction taking place between a p-shell electron and an s-
shell hole. In the final state of the X?~ emission line, two electrons occupying
the s- and p-shell level form a spin-singlet or spin-triplet state. It results in four
components of the X2~ emission line [11,58|. In the investigated case, only two of
them (orthogonally linearly polarized) are observed. Since the excitation regime
(above-barrier or quasi-resonant) does not affect to any noticeable extent the F'SS
of the emission lines (compare Figs 6.7 and 8.2), see also characteristic of these
lines in Section 6.2.1.

8.2 Photoluminescence excitation

micro-PLE (arb. units)

15 20 25 30
E-E, (meV)
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Figure 8.3: Micro-PLE spectrum detected at the energy of the recombination of
the negatively charged exciton. A,.,=14.30 meV. The scale of the horizontal axis
is set by the energy relative to the X emission line.

A typical micro-PLE spectrum measured at the energy of the recombination
of the negatively charged exciton, because the related emission line is absent in
the used range of excitation powers, is presented in Fig. 8.3. Although the spec-
trum is measured in the broad range of the excitation energy (up to ~ 30 meV),
it does not exhibit any resonant peaks. Moreover, the increase of the excitation
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power does not affect the shape of the micro-PLE spectrum. These results confirm
the analysis of the origin of the negatively charged excitons discussed in Section
5.5. The emission of negatively charged excitons is related to the neutralisation
of the charged impurities (acceptor centres present in the system under study)
by the photogenerated carriers. It excludes the possibility of observing the reso-
nant peaks in the micro-PLE spectrum of the singly negatively charged exciton.
It should also be noted that the origin of the positively charged excitons is asso-
ciated with the presence of charged impurities and that the micro-PLE spectra of
them consist a number of resonant peaks (see Section 7.3).
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8.3 Conclusions

In this Chapter, the negatively charged states are studied. Two emission lines
attributed to the recombination of the singly and doubly negatively charged ex-
citons, the X~ and X2~ emission lines, are identified. The fine structure of these
excitonic states is analysed. Moreover, the obtained micro-PL spectra detected at
the energy of the recombination of the negatively charged exciton confirm the ori-
gin of the negatively charged excitons in the investigated QDs, as it has been
presented in Section 5.5.






Chapter 9

Conclusions

The thesis presents the experimental results and the analysis of the multiex-
citon phenomena in single semiconductor GaAlAs/AlAs QDs. The main
goal of the work was to study the excited states of (the) excitonic complexes, such
as the neutral and charged excitons, by means of the comparison of results of two
types of basic optical experiments: the photoluminescence and the photolumines-
cence excitation spectroscopy.

The most important results obtained in the work are:

e The energy of the excitation laser strongly affects the lineshape of the micro-
PL spectra of a single QD. Particularly, two excitation regimes, the above-
barrier and quasi-resonant, are identified and the respective mechanisms of
carrier trapping active in both of them are discussed.

e The magnetic-field dispersion of the multiexcitonic emission from a highly
excited QD is analysed in terms of the Fock-Darwin model. Despite the fact
that the shells emission does not follow a typical Fock-Darwin-like evolution
in a magnetic field, three groups of emission lines are attributed to the s-,
p—-, and p4-shell in the QD.

e Three families of excitonic lines (the neutral, positively and negatively
charged ones) are identified on the basis of respective charge states of a QD.
The number of electrons and holes confined in the dot in a particular con-
figuration was found using the single photon correlation experiment.

e The properties of four emission lines (X, 2X, 3X, and 4X) related to the
neutral charge state of a QD are discussed. The FSS of the emission lines is
analysed and the diagram of the cascade decay of the neutral quadexciton
in QDs is postulated. It is shown that while the polarization of the 4X and
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3X (2X and X) emission is correlated, there is no correlation between the 3X
and X emission. Moreover, the effect of magnetic field on the p-shell-related
emission, the diamagnetic shift of the s-shell-related emission as well as the
Zeeman splitting of both the s-shell- and the p-shell-related emission are
investigated. The observed non-linear Zeeman splitting of the X emission
line and large Zeeman splitting of the 3X emission line strongly suggest the
substantial effect of the HH-LH mixing in the studied QDs.

Five emission lines associated with the positively charged states of a QD
are identified: XT, XT* 2X7T, P2X** and PX**. Based on the results
of the correlation experiment, two cascade pathways are identified which
involve the spin-singlet and spin-triplet states of the positively charged ex-
citon and biexciton. Moreover, their fine structure is described, showing
a more complex structure of these states than for the neutral states. The
effect is attributed to the exchange interaction between electrons or holes,
occupying different excitonic energy levels. The influence of magnetic field
on the related complexes is also presented.

Two emission lines ascribed to the recombination of the singly and doubly
negatively charged excitons, the X~ and X%~ emission lines, are identified.
The fine structure of these excitonic states is analysed.

Two types of the magnetic field evolution of resonant peaks in the micro-
PLE of the neutral exciton and the positively charged excitons, the s- and
p-shell-like, are observed.

o The s-shell-related resonant peaks are attributed to the transition
between the excited hole levels in the valence band and the ground
s-shell level in the conduction band. As compared to a typical model
of the hole shells known in the literature, the hole ladder in the va-
lence band is described in the present thesis within a more complex
framework, which takes into account also the HH-LH mixing.

o The p-shell-related resonant peak is also found. It originates from
the transition of carriers between the p-shells of both bands. The
comparison of the micro-PL and micro-PLE spectra shows an unex-
pected result: the energy of the emission line pX™** coincides with the
energy of this excitonic excited state (the magnetic field dispersions
are also the same). Based on the results of a few different experiments,
this emission line is attributed to the complex comprising an electron
in the p-shell and two holes forming the spin triplet configuration in
the s and p shells of the valence band.
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The spectra are normalized to the most intense peaks and vertically
shifted for clarity purpose. . . . . . . . . ... L.
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and valence bands. The green solid (open) circles represent the elec-
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tion/detection polarizations are: (b) o_ /o4, (¢) o4 /o4, (d) o_/o_,
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Theoretical structure (not to scale) of two states related to the reso-
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