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SummaryNowadays, low dimensional semiondutor heterostrutures, like quantum wells (QWs),quantum wires, and quantum dots (QDs), form the basis of a number of unique ap-pliations in both miro- and opto-eletroni industries. Most devies based on low-dimensional heterostrutures make use of the fat that several properties of hargearriers in suh systems are modi�ed mainly due to quantum on�nement. This hasnot only improved the performane of some of the existing devies, suh as QD- basedlasers and detetors, but has also paved the way for oneptually new "quantum de-vies".Realization of low-dimensional quantum devies has been made possible by mod-ern tehniques of heteroepitaxial growth, suh as moleular beam epitaxy (MBE). Inheteroepitaxy, single-rystalline epi-layers of one semiondutor are grown atop sub-strates of another semiondutor rystal. Due to di�erene in the lattie parametersof the substrate and the grown epi-layer, heterostrutures are almost always elasti-ally strained. Though detrimental for QW-based devies, aumulation and releaseof elasti strain is the driving fore behind the self-assembly of QDs in semiondutorheteroepitaxy. Furthermore, engineering of strain enables manipulation and ontrol offundamental eletroni and optial properties of semiondutor heterostrutures, suhas their band gap, density of states, band splitting, and masses of harge arriers. Asimple and elegant method to manipulate strain in heterostrutures is by post-growth(epitaxy) thermal annealing. For self-assembled QDs in partiular, thermal anneal-ing indues an inter-di�usion between the QDs and the surrounding barrier layer, inwhih they are embedded. This leads to a hange in size, shape, and omposition ofthe QDs, onomitantly a�eting the elasti strain. This thesis systematially investi-gates the e�et of post-growth thermal annealing on the di�usion harateristis andmagneti/optial properties of epitaxially self-assembled CdSe/ZnSe QDs. CdSe/ZnSerepresents the prototypial II-VI heterosystem, studied widely in the past for possibleappliations in blue-green lasers and light emitting diodes and very reently, to realizevisible single photon soures.To analyse the di�usion harateristis, photoluminesene (PL) spetrosopy hasbeen arried out in extensive detail on single, as well as, ensembles of thermally an-nealed (TA) CdSe/ZnSe QDs. Sine TA-indued interdi�usion modi�es the e�etivesize and omposition of the QDs, the band gap and the on�ning potential pro�le of1



2 Summarythe QDs are altered. Zn intermixing of CdSe QDs auses the e�etive band gap of theQDs to widen, whih is... results in a blue-shift of the PL spetrum. For a series ofQD-ensembles, eah annealed for tA = 30 s at temperatures from TA = 300-550 ◦C, thehange in the QD-omposition has been alulated from the blue-shift of the exitonground-state PL-emission, using a onentration funtion based on Fik's laws of di�u-sion. The di�usion length (LD) and the ativation energy (EA) have been determinedthereof. For the studied QDs, EA has been evaluated to be 2.2 eV.Additionally, TA results also in an enhanement of the PL-intensity and redutionof the full-width-at-half maximum (FWHM) of the spetra. This point towards an in-reased homogeneity of the QD-size and omposition, and derease in the onentrationof defets around the QDs.For single CdSe/ZnSe QDs, TA has been varied from 100-240 ◦C, in steps of 20 ◦C,with tA kept �xed at 30 s. To aess the ground state exiton emission of single QDs,mesas have been fabriated by eletron beam lithography and dry-hemial ething andthe luminesene has been reorded in a miro-PL set up. For single QDs, EA dependsstrongly on the size of the mesas. While, for large mesas, the alulated values of EAare omparable to that of the QD-ensembles, for small mesas, the ativation energyis signi�antly smaller. For two mesas, 180 nm and 90 nm in diameter, EA has beenalulated to be 1.8 and 0.9 eV, respetively. This saling of EA with the mesa-sizeis due to an enhanement of Cd/Zn interdi�usion, mediated by the defets loated onthe sidewalls of the mesas.On small mesas, the evolution of the PL spetra of individual QDs with TA furtherreveals that not only the size and omposition of the QDs, their symmetry might alsobe tuned by TA. Typially, as-grown QDs are asymmetri in their in-plane dimensions,resulting in a breaking of their ylindrial symmetry. This auses the two-fold degen-eray of the exitoni ground state to be lifted and the PL-emission to be linearlypolarized in two perpendiular diretions. For generation of entangled single-photonsusing self-assembled QDs, as envisaged in quantum ryptographi appliations, thisenergy-splitting of the exitoni ground state is highly unwelome. Tremendous re-searh e�orts have therefore been direted to ahieve symmetrial QDs, whih wouldenable generation of indistinguishable photons on demand. It has been observed inthis work that post-growth TA of QDs on small mesas allows the shape-asymmetry,and therefore the energy-splitting of the exitoni ground state, to be tuned to zero oreven negative values.On 80 nm mesas, thermal annealing at TA = 60 ◦C and above has been observed toprogressively redue the energy splitting of the two linearly polarized non-degenerateground exiton state emissions. At∼ 120 ◦C the �ne splitting redues to zero, signifyinga omplete suppression of the shape asymmetry. Beyond 120 ◦C, the �ne-struture-splitting hanges sign. For TA = 180 ◦C the inverted �ne-splitting has been observedto be twie as large as that of the as-grown QDs. Thus, it is demonstrated that simplepost-growth thermal annealing an serve to eliminate the �ne struture splitting of the



Summary 3exitoni ground state in epitaxial QDs, essentially of any heterosystem.Finally, the evolution of the magneto-opti response with post-growth thermal an-nealing has been studied for both individual QDs and QD-ensembles. An externalmagneti �eld, applied perpendiular to the plane of the QDs (Faraday on�guration),results in Zeeman spin splitting of the ground exiton state. The emissions from theZeeman-split states are left and right irularly polarized and from the degree of iru-lar polarization (DCP), as well as, the spetral separation of the PL-peaks, the g-fatoran be estimated. For CdSe/ZnSe QD-ensembles, the g-fator has been observed tohange sign with TA. This is explained by the TA-indued hange in the oupationof the light- and heavy-hole states, via a hange in the size and Zn/Cd onentrationof the quantum dots. For single QDs, the g-fator has been alulated to be gX = 1.1and gX = 3, prior to and after TA, respetively. These results highlight the fat thatpost growth thermal annealing strongly in�uenes the magneto-opti response of theinvestigated QDs.It is well known that apart from the Zeeman-splitting, both spin-states show adiamagneti blue-shift, with quadrati dependene on the applied magneti �eld. Inthis work, similar to previous reports, diamagneti shift has been reorded for as-grown (single) CdSe/ZnSe QDs. However, thermal annealing has been observed toause a pronouned red-shift of the spetra, strongly suggesting a paramagneti be-havior. Paramagnetism requires the presene of unpaired spins, as in transition metalelements. Thus, diluted magneti semiondutor (DMS) QDs, suh as CdMnSe/ZnSe,are known to show a paramagneti red-shift of the PL-spetra. The intrinsi paramag-neti dispersion, demonstrated in this work for thermally annealed single CdSe/ZnSeQDs is attributed to quantum-on�nement-indued inversion of heavy- and light-holestates. This phenomenon, non-existent in bulk systems, might be observed in quantumdots based on any material system. Therefore annealed semiondutor QDs have thepotential to serve as a new lass of magneti material due to an intrinsi magnetization.In onlusion, this thesis presents a omprehensive study of the evolution of a numberof important attributes of CdSe/ZnSe QDs with post-growth thermal annealing, several�ndings of whih are appliable, in general, to epitaxial QDs of most semiondutorheterosystems.



ZusammenfassungHeutzutage bilden niederdimensionale Halbleiterheterostrukturen die Grundlage fürzahlreihe spezielle Anwendungen sowohl in der mikro- wie auh der optoelektro-nishen Industrie. Viele dieser Bauteile beruhen dabei auf der Tatsahe, dass diegrundlegenden Eigenshaften von Ladungsträgern in diesen Systemen durh quanten-mehanishen Einshluss modi�ziert werden. Dies führte niht nur zu einer deutlihenLeistungssteigerung der aktuellen Bauteile, sondern ebnete den Weg für konzeptionellneuartige "Quantenbauelemente".Die Realisierung niederdimensionaler "Quantenbauelemente" ermöglihen moderneTehniken des heteroepitaktishen Wahstums wie beispielsweise die Molekularstrahl-epitaxie (MBE). In der Heteroepitaxie werden monokristalline Shihten eines Halb-leiters auf die Ober�ähe eines anderen Halbleiterkristalls aufgebraht. Die unter-shiedlihen Gitterkonstanten des Substrates und der gewahsenen Halbleitershihtführen sehr häu�g zu elastishen Verspannungen dieser Heterostrukturen. Auf- und Ab-bau von Gitterverspannungen, die sih nahteilig auf Quanten�lm basierende Bauteileauswirken, können zur Formation selbstorganisierter Quantenpunkte in Halbleiter-heterostrukturen genutzt werden. Weiter können diese Gitterverspannungen dazugenutzt werden, die fundamentalen elektronishen und optishen Eigenshaften vonHalbleiterheterostrukturen gezielt einzustellen. Zu nennen sind hier neben der Band-lüke, die Zustandsdihte, die Feinstrukturaufspaltung der Energiebänder sowie diee�ektive Masse der Ladungsträger. Eine einfahe Möglihkeit die Gitterverspannungenin Heterostrukturen zu manipulieren, ist das thermishe Ausheilen, oft auh "thermalannealing" genannt. Besonders im Fall selbtorganisierter Quantenpunkte führt ther-mishes Ausheilen zu einer Interdi�usion zwishen dem Material der Quantenpunkteund der sie umgebenden Barriere. Dies führt zu Veränderungen in Gröÿe, Form undMaterialzusammensetzung der Quantenpunkte, die maÿgeblih vom Grad der Gitter-verspannungen beein�usst werden. Die vorliegende Arbeit untersuht systematishden Ein�uss des "post-growth thermal annealing" auf die Di�usionssharakteristiksowie die magnetishen und optishen Eigenshaften von epitaktish hergestellten selb-storganisierten CdSe/ZnSe Quantenpunkten. CdSe/ZnSe Quantenpunkte repräsen-tieren ein in der Vergangenheit intensiv untersuhtes prototypishes II-VI Heterosys-tem zum Einsatz in blau-grünen Lasern, Liht emittierenden Dioden und seit kurzemzur Realisierung von Einzelphotonenquellen im sihtbaren Spektralbereih. Die Dif-4



Zusammenfassung 5fusionsharakteristik wurde mittels detaillierter Photolumineszenz-(PL)-Spektroskopiean einzelnen sowie an Ensembles von thermish ausgeheilten (TA) CdSe/ZnSe Quan-tenpunkten untersuht. Da TA induzierte Interdi�usion die e�ektive Gröÿe und Zusam-mensetzung der Quantenpunkte beein�usst, ändern sih auh die Bandlüke und dassEinshlusspotential dieser Strukturen. Die Durhmishung der CdSe Quantenpunktemit Zn führt zu einer Erhöhung der Bandlüke und resultiert folglih in einer Blauver-shiebung des PL- Spektrums. Für eine Serie von Quantenpunktensembles, die jeweilsfür tA = 30 s bei Temperaturen von TA = 300-500 ◦C ausgeheilt wurden, kann dieVeränderung in der Quantenpunktzusammensetzung mittels der Blauvershiebung desExziton-Grundzustandes berehnet werden. Dazu wird eine Konzentrationsfunktionbasierend auf dem Fik'shen Gesetz angenommen und die Di�usionslänge (LD) sowiedie Aktivierungsenergie (EA) können bestimmt werden. Für die untersuhten Quan-tenpunkte kann EA zu 2.2 eV bestimmt werden.Zusätzlih führt TA zu einer Zunahme der PL Intensität und zu einer Reduktionder Halbwertsbreite (FWHM) des Spektrums. Dies deutet auf eine zunehmende Ho-mogenität der Quantenpunkte und einer Abnahme der Kristalldefekte im Umfeld hin.Für CdSe/ZnSe Quantenpunkte wurde das TA für Temperaturen zwishen 100-240
◦C in Shritten von 20 ◦C bei konstanter Zeit tA = 30 s durhgeführt. Für den Zugangzum Grundzustand einzelner Quantenpunkte wurden Mesen mit Hilfe von Elektro-nenstrahllithographie und Trokenätzverfahren hergestellt und das Lumineszenzsignaldieser Proben mit Mikro-PL untersuht. Für einzelne Quantenpunkte ist EA stark vonder Gröÿe der Mesa abhängig. Während für groÿe Mesen die berehneten Werte vonEA mit denen des Quantenpunktensembles vergleihbar sind, fällt die Aktivierungsen-ergie für kleine Mesen deutlih geringer aus. Für Mesen mit 180 nm und 90 nm konnteEA zu 1.8 eV beziehungsweise 0.9 eV berehnet werden. Die Gröÿenabhängigkeit vonEA wird dabei auf eine Zunahme der Cd/Zn Interdi�usion durh Gitterdefekte an denSeiten�ähen der Mesen zuruk geführt. Die Veränderungen des PL-Spektrums einzel-ner Quantenpunkte zeigt zudem, dass niht nur die Materialzusammensetzung, sondernauh die Symmetrie der Quantenpunkte durh TA beein�usst wird. Typisherweise be-sitzen epitaktish gewahsenen Quantenpunkte senkreht zur Wahstumsrihtung einestarke Asymmetrie. Dies führt zur Aufhebung der zweifah entarteteten, optish ak-tiven Exziton-Grundzustände und die PL-Emission weist zwei senkreht zueinanderorientierte lineare Polarisationszustände auf. Für die Realisierung von vershränktenEinzelphotonenzuständen selbstorganisierter Quantenpunkten, wie sie für Anwendun-gen der Quantenkryptographie angestrebt werden, ist die Energieaufspaltung der Exzi-tonzustände äuÿerst unwillkommen. Aus diesem Grund wurden vielseitige Anstrengenunternommen, symmetrishe Quantenpunkte zu realisieren, die es ermöglihen un-untersheidbare Photonenzustände zu generieren. Im Rahmen dieser Arbeit wurdebeobahtet, dass TA einzelner Quantenpunkte es ermögliht, die Form-asymmetrieund damit die Energieaufspaltung des Exziton-Grundzustandes auf Null oder nega-tive Werte zu verändern. An 80 nm groÿen Messen konnte eine zunehmende Reduk-



6 Zusammenfassungtion der Energieaufspaltung der beiden linear polarisierten, niht entarteten Exziton-Grundzustände für TA Temperaturen von TA = 60 ◦C und darüber beobahtet wer-den. Für TA = 120 ◦C vershwindet die Feinstrukturaufspaltung und damit die For-masymmetrie der Quantenpunkte. Oberhalb von 120 ◦C tritt ein Vorzeihenwehselder Energieaufspaltung auf. Eine invertierte Energieaufspaltung, deren Betrag in etwadoppelt so groÿ ausfällt wie für epitaktish gewahsenen Quantenpunkte, wurde fürTemperaturen von a. 180 ◦C beobahtet. Damit konnte gezeigt werden, dass mittelsTA die Feinstrukturaufspaltung selbstorganisierter Quantenpunkte gezielt eliminiertwerden kann. Abshlieÿend wurde das magneto-optishe Verhalten für thermish aus-geheilte einzelne Quantenpunkte und Quantenpunktensemble untersuht. Ein externesMagnetfeld senkreht zur Quantenpunktebene (Faraday-Kon�guration) führt zu einerZeeman-Aufspaltung des Exziton-Grundzustandes. Die Emission dieser aufgespalte-nen Zustände sind links- und rehts-zirkular polarisiert. Über den Polarisations-graddes PL-Signals kann der g-Faktor bestimmt werden. Für CdSe/ZnSe Quantenpunk-tensemble wurde ein Vorzeihenwehsel des g-Faktor durh TA beobahtet. Dieserkann mittels einer Änderung der Besetzung von Leiht- und Shwerlohzuständendurh Veränderungen in Gröÿe und der Zn/Cd Konzentration der Quantenpunkteerklärt werden. Für einzelne Quantenpunkte wurde der g-Faktor vor und nah TAzu gx = 1.1 und gx = 3 bestimmt. Dies unterstreiht, dass thermishes Ausheilenmaÿgeblih die magneto-optishen Eigenshaften der untersuhten Quantenpunkte be-ein�usst. Es ist bekannt, dass neben der Zeeman-Aufspaltung beide Spinzuständeeine diamagnetishe Blauvershiebung mit einer quadratishen Abhängigkeit vom ex-ternen Magnetfeld aufweisen. In dieser Arbeit wurde vergleihbar mit früheren Ar-beiten die diamagnetishe Vershiebung für epitaktish hergestellte Quantenpunktebeobahtet. Dagegen zeigte sih, dass durh TA die Spektren der Quantenpunkte einedeutlihe Rotvershiebung aufweisen, die auf ein paramagnetishes Verhalten shlieÿenlassen. Para-magnetismus jedoh setzt die Anwesenheit von ungepaarten Spins vo-raus, wie sie beispielsweise in Übergangsmetallen auftreten. Aus diesem Grund zeigensemimagnetishe (DMS) Quantenpunkte, wie beispielsweise CdMnSe/ZnSe eine para-magnetishe Rotvershiebung des PL-Spektrums. Die in dieser Arbeit demonstrierteparamagnetishe Verteilung für thermish ausgeheilte Quantenpunkte wird auf einedurh quantenmehanishen Einshluss bedingte Inversion der Shwer- und Leiht-lohzustände zurükgeführt. Dieses Phänomen, das niht im Volumenhalbleiter ex-istiert, kann prinzipiell in jedem Materialsystem beobahtet werden. Daher bergenthermish behandelte Quantenpunkte das Potential einer neuen Klasse magnetisherMaterialen. Zusammenfassend präsentiert die vorliegende Arbeit eine ausführliheUntersuhung des Verhaltens einiger wihtiger Eigenshaften von CdSe/ZnSe Quan-tenpunkten durh TA, die allgemein auf epitaktishe Quantenpunkte vieler weitererHalbleiterheterosysteme übertragen werden können.
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Chapter 1IntrodutionA semiondutor nanostruture quantum dot (QD) on�nes the motion of an eletronand a hole, or similarly of an exiton. Sine the 3D harge on�nement within QDsis omparable to that in real atoms, QDs are often referred to as arti�ial atoms.Additionally, like real atoms, �lling of the energy states in QDs follows the Hund's rule[JAC98℄. However, there are also several distint di�erenes between the two systems.The shape of the on�nement potential of QDs, unlike real atoms, o�ers itself to bemanipulated and ontrolled, whih make them attrative andidates to probe quantumphenomena.There are several ways to apply 3D on�ning potentials. One of them is by appli-ation of eletrostati potentials [LIS03℄ to a 2DEG, using external eletrodes. Otherways inlude the use of semiondutor surfaes (nanorystals) [TAL02℄ or interfaes be-tween two semiondutors with di�erent band-gap energies. An interfae of this kindis easily ahieved by modern rystal growth tehniques, like moleular beam epitaxy(MBE) (self-assembly)[MER98℄. QDs might also be formed by ombination of lithog-raphy and hemial ething [ZAI01℄. The QDs studied in this thesis were prepared byMBE.In the ontext of epitaxially self-assembled QD formation, several heterosystemshave been investigated in the past years. In the early 1990s, QDs were made usingtypially III-V (i.e. InAs/GaAs) and group IV (i.e. Ge/Si) semionduting materials[MAR94, GRU95℄. III-V QDs exhibited �uoresene in the infrared (IR) region. Thewavelength of QD-emission an be easily tuned by simply tuning the size of QDs.Thus QDs are attrative andidates for appliations in the �eld of teleommuniationrequiring emission at ∼ 1.3-1.5 µm [TAK05℄. Reently, QDs of wide-bandgap II-VIsemiondutors have attrated onsiderable researh interest beause of their emissionin the visible range of the eletromagneti spetrum. The two most widely studiedII-VI heterosystems are CdSe/ZnSe and CdTe/ZnTe. The lattie mismath betweenCdSe and ZnSe is 7 %, i.e. a value very similar to that of the prototypial systemInAs/GaAs.Apart from their emission in the blue-green region of the eletromagneti spe-8



Introdution 9trum, epitaxially self-assembled CdSe/ZnSe QDs have been found to possess severalother features, interesting for studies of fundamental physial phenomena as well asrealization of novel devie onepts. The II-VI QDs are haraterized by strong ele-tron exhange (EHX) interation [SAN03, TAK93℄ and also strong osillator strengthsfor optial transitions. Further, it has been found that both parameters an be tunedto ertain extent by hanging the size, shape, and material omposition of the QDs.The EHX auses the otherwise-degenerate ground state of the QD to split into twonon-degenerated omponents. While the emission from the pure degenerate states are
σ+ and σ− polarized, that of the mixed non-degenerate states are π+ and π− polarized.The EHX splitting of the ground QD-state results due to asymmetri shape of CdZnSeQDs. This topi has attrated onsiderable researh interest. A non-degenerate QD-ground state preludes the use of QDs in appliations like generation of entangledphotons.Another interesting aspet of II-VI QDs is in the fat that they, e.g. an be renderedmagneti by the intentional inorporation of paramagneti ions, Mn2+ [AWS00, BAC02,AND50℄. Ions of Mn2+ embedded in CdZnSe QDs lead to a strong Zeeman splittingof the on�ned states in magneti �elds. Reently an unique paramagneti behaviourof the ground state of suh QDs, in absene of Mn2+ inorporation has also beendemonstrated by us [MARG1, MARG2℄.As mentioned before, several attributes of CdZnSe QDs are strongly dependent ontheir shape, size, and omposition. As-grown self-assembled QDs are haraterized bya spread in their dimensions and omposition. A simple and elegant way of tuningthese properties of self-assembled QDs is by performing post-growth thermal anneal-ing, whih essentially indues interdi�usion between the QDs and the surroundingmatrix. This thesis deals with post-growth thermal annealing (TA) of epitaxially self-assembled CdZnSe QDs (prepared by MBE) and how TA in�uenes the ompositionand morphology of QDs, and in turn, the EHX and magneti response of QD-optialtransitions.The work of this thesis is presented in eight hapters as follows:

• Chapter 2 is a general introdution to the physis of QDs. First, it disussesthe types of exitons enountered in a QD. Then, QD symmetry and its in�u-ene on the exiton reombination (or optial transition) is presented. A generalunderstanding of the magneti properties of suh QDs is disussed next, whihovers dia-, para-, and ferro-magnetism in QDs, as well as, Zeeman splitting.To desribe the eletroni levels of the QDs, the ~K · ~P theory and the Luttingermodel is introdued in this hapter, with partiular emphasis to on�ned systems.To deal with the interdi�usion proess, whih is entral to a thermal annealingexperiment, Fik's laws of di�usion and Arrhenius' law are also explained. Calu-lations of the eletron and hole states, orresponding to di�erent annealing stepsare shown in this hapter.
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• In hapter 3, the method of sample fabriation and proessing, in order to measurethe single QD optis, is brie�y disussed. Later, the set-ups used are depitedand disussed in all their elements. Finally, the method of performing thermalannealing is also desribed.
• Chapter 4 deals with the method used to alulate the eletron and hole statesfor thermally annealed QDs. By using the Fik's seond law the ativation energyof di�usion was then alulated.
• Chapter 5 deals with the optial haraterization of thermally annealed CdZnSeQDs. TA-indued Cd-Zn interdi�usion in single as well as large ensembles ofCdZnSe QDs is demonstrated. For both ases the ativation energies orrespond-ing to the thermally ativated interdi�usion proess are determined.
• In Chapter 6, the in�uene of TA on the symmetry of single CdZnSe QD hasbeen studied. The typial asymmetry of the as-grown QDs is strongly a�etedby the TA proess, leading to the ahievement of almost symmetri QDs andeven reversal of QD asymmetry.
• Chapter 7 deals with the magneti-optial properties of self-assembled semion-dutor QDs. The magneti-optial response of several thermally annealed QDssamples was investigated by polarization resolved measurements. Information onthe spin splitting of the ground state of the eletron and heavy-holes is shown tobe strongly dependent on QD-parameters.
• Chapter 8 studies the in�uene of thermal annealing on the magneto-opti re-sponse of CdZnSe QDs. Here, it is shown that the QD ground state, orrespond-ing to ertain ombinations of size and omposition shows a paramagneti behav-ior. A detailed theoretial model based on the Luttinger Hamiltonian attributesthis behavior to a reversal of the ground state harater from a heavy-hole-liketo a predominantly light-hole like, ahieved by TA.



Chapter 2
Basi optial properties of CdZnSequantum dots
In this hapter the physis of quantum dots, pertinent to the understanding of theoptial experiments performed on epitaxially self-assembled CdSe/ZnSe QDs, subjetto sequential post-growth rapid thermal annealing, is disussed. Due to TA, the optialand magneti properties of a QD are modi�ed. Here, speial attention is paid to theanalysis of �ne struture splitting (FSS) and the magneto-optial response of exitons,on�ned within self-assembled QDs.

Fig. 2.1: Skethes of eletroni densities of the states (DOS) of a bulk semiondutorrystal with a three-dimension (3D) eletrons gas (3-DEG) (left) and for a QD with a0D-DEG (0-DEG) (right). 11



12 2. Basi optial properties of CdZnSe quantum dots (QDs)2.1 Self-assembled quantum dotsA quantum dot is a small region of a semiondutor in whih eletrons, holes or bothare trapped due to a spatial on�nement in all three diretions. This is in ontrast tothe ontinuous density of states (DOS) known for bulk semiondutor rystals.Due to the quantum dot size, in the nanometer length-sale, the eletroni stateswithin a QD are quantized, owing to two main mehanisms. The �rst the "quantumon�nement", where the bound level of the on�ned partiles are determined by thestanding-wave funtion of the Shrödinger equation (as shown in the next setion).Sine the energy of these states vary about as the inverse of the de Broglie wavelength,the distane between the quantized levels is proportional to 1/R2, where R is the radiusof the quantum dot. Another important mehanism appearing in quantum dots is theeletrostati Coulomb interation between the partiles. The strength of this intera-tion vary as 1/R. For large QD, where the on�nement is poor, the main ontributionto the quantization of the energy level is added by the eletrostati interation betweenthe partilesA typial piture whih depit the situation of bulk semiondutor with a threedimensional-(3D)EG and quantum dot with zero dimensional-(0D)EG, is shematiallyshown Fig. 2.1. The harge arriers of a bulk semiondutor, whih are free to movein all three diretions, beome trapped, whih is thus lead to a disrete DOS of QDs.Crystal growth tehnologies allowed the fabriation of heterostruture with on�ne-ment in one dimension (quantum well), in two dimension (quantum wires) and in threedimension (quantum dot). In this thesis QDs with a type-I on�nement were studied.They are able to on�ne both eletrons and holes.2.1.1 Energy levels of a QDThere exist many di�erent methods to desribe numerially the energy levels of quan-tum dots [PRY98, STI99, WAN99℄, whih show the impat of size, shape and ompo-sition on the eletroni strutures of QDs. In order to gain an understanding of theenergy levels e�etive mass approximations [CHU95℄ an be applied.Assume an eletron in the ondution band of a semiondutor with a periodilattie struture and ignore spin. For a plane wave with momentum ~k, the wavefuntionan be written as:
ψe(~r) = ei~k·~rue,~k(~r), (2.1)where ue,~k is periodi with the lattie. In the e�etive mass approximation thewavefuntion of an eletron that experienes a slowly varying potential an be written



2.1. Self-assembled quantum dots 13as
ψe(~r) = f(~r)ue,~k(~r), (2.2)where f(~r) is an envelope funtion, whih satisfy the Shrödinger equation:
[
− h̄2

2m∗
~∇2 + V (~r)

]
f(~r) = Ef(~r). (2.3)Here m* is the e�etive mass related to the urvature of the ondution band at ~k =0, V(~r) is the e�etive potential and E is the energy of the state. Due to the typial�at shape of self-assembled QDs along the growth axis (z diretion), it is ommon useto desribe the QDs by a harmoni potential in the x- and y-diretion (in-plane) andan in�nite square potential well in the z-diretion. The following energy levels are:

En = (nx + ny + 1)h̄ω0 +

(
π2h̄2

2m ∗ L2

)
n2

z, (2.4)where hω0 is the energy-level spaing, nx and ny are integers ≥ 0, and nz is an integer
≥ 1. Usually the height of a quantum dot, L, is assumed to be small so that only nz= 1 states are onsidered.For the eletrons in the ondution band, the atomi orbital funtions ontained in
ue,0 have s-like symmetry. Therefore there is only one ondution band whih has spindegeneray. For holes in the valene bands, the situation is more ompliated sine theatomi orbital funtions have p-like symmetry. Negleting the spin-orbit interation,there are two bands, heavy-hole and light-hole, whih an mix. It is usually assumedthat the highest valene-band state has a heavy hole nature, when the quantizationours in the z diretion, i.e. the axis of symmetry.It is usually assumed that the energy di�erene between the �rst heavy hole (hh)state and the �rst light hole (lh) state is large, so that the light holes states anbe negleted. The magneti omponent of the heavy-hole states an be written as
|mhh

j = 3/2〉 = |ml = 1, ↑〉 and |mhh
j = −3/2〉 = |ml = −1, ↓〉, where ml and mhh

j arethe z projetions of the orbital angular momentum and the total angular momentumfor the heavy-hole states, respetively. Nevertheless, suh an approximation annotalways be used. It depends on the QDs shape, size and omposition whih an alsoresult in a narrowing of the gap between the two heavy- and light- band states, whihin turn mixes the states. In suh a ase the model mentioned above annot be usedand a band mixing theory has to be onsidered (see hap. 8).2.1.2 Optial exitationIt is possible to optially exite e�iently CdSe quantum dots, with energies above theCdSe bandgap, and on resonane with transitions within the quantum dot (CdSe). In



14 2. Basi optial properties of CdZnSe quantum dots (QDs)

Fig. 2.2: Shemati illustration of the energy levels for above-band and resonant ex-itation.above-band exitation (see Fig. 2.2), the laser wavelength is tuned above the CdSebandgap, whih is for bulk about 680 nm (1.82 eV) at low temperature (2-4 K). It isonvenient to use either UV laser exitation or blue laser with wavelengths around 405nm (3.06 eV). Eletrons and holes are thus generated in the ZnSe barrier of the CdSeQDs. Then arriers relax via asades and due to interations, e.g. with phonons,into the eletron and hole ground states. The Coulomb interation between eletronand holes results in an additional lowering of the system�s energy by forming exitons.The reombination of exitons leads to harateristial QD exiton lines. For weakexitation, the dominant intraband relaxation mehanism inside the quantum dot isthought to be phonon assistes [HEI96, ADL96℄, although the relaxation rates typiallyseen are faster than expeted theoretially [TOD99, BOG01, ZHA01℄. When the arrierdensity is higher, Auger proesses an also ontribute.In resonant exitation (see Fig. 2.2), the laser wavelength is tuned to a highertransition within the quantum dot. A muh larger laser power is required than forabove-band exitation, sine the absorption ross-setion of a single quantum dot isvery small. This method is usually used when one wants to reate a single eletron- hole pair diretly inside the QD for single-photon soures measurements. There areseveral advantages of suh an exitation sheme.In this thesis, the above-band exitation was used. Sine a large volume of ZnSeats as absorber, more arriers are exited and funnel into the quantum dots. Forontinuous-wave (w) exitation, appropriate pump powers range between a few µWup to tens of µW. This also allows the observation of biexitons. Another good reasonto use the above-band exitation is that the laser wavelength (around 405 nm) is fardetuned from the quantum-dot emission wavelength (around 486 nm), so the satteredlaser light an be easily ut o� using appropriate �lters.



2.1. Self-assembled quantum dots 152.1.3 Exiton in QDsAs desribed in the previous setion an eletron an be exited by a laser from thevalene band to the ondution band, leaving a hole (see Fig. 2.3). When suh eletronsand holes are trapped within QDs, they bind together due to the attrative Coulombinteration, forming exitons (X). To desribe the exiton energy levels within a QD,the Hamiltonian an be written as:
Hexciton = He +Hhh +HCoulomb (2.5)where He and Hhh represent the Hamiltonians for the QD on�ned eletron and theheavy hole, respetively. The term HCoulomb takes into aount the eletron-holeCoulomb interation. This term is disussed in detail in setion 2.1.4. The groundeletron state within a QD, whih has an s-like harater, is doubly degenerate, and isrepresented by |me

j = 1/2〉 = |me
l = 0, me

s = 1/2〉 and |me
j = -1/2 〉 = |me

l = 0, me
s =-1/2〉, where me

j, me
l and me

s are the z-projetion of the total, orbital and spin angularmomenta, respetively. On the other hand, the hole ground state is assumed to beheavy-hole-like. It is also doubly degenerate, denoted by |mh
j = 3/2〉 = |mh

l = 1, mh
s =1/2〉 and |mh

j = -3/2〉 = |mh
l = -1, mh

s = -1/2〉, respetively. The light-hole states, alsodoubly degenerate, are higher-lying in energy and represented as |mh
j = 1/2〉 = |mh

l =0, mh
s = 1/2〉 and |mh

j = -1/2〉 = |mh
l = 0, mh

s = -1/2〉, respetively. The z-projetionof the total angular momentum of a photo-generated exiton is given by |mX
j 〉 = |me

j +mh
j 〉, leading to the following exiton states |1〉, |-1〉, |2〉 and |-2〉. The exiton states |±1〉 ouple to an inident light �eld and are known as the bright states, while the exitonstates |± 2〉 annot ouple with light refereed to as the dark states. The dark statesare optially inative beause the spins of the eletron and the hole, onstituting theexiton, do not math [NIR95℄. Fig. 2.3 shows a sketh for an o�-resonant exitationof a QD, where an eletron and a hole are previously formed in the ontinuum of statesof the barrier layer (path 1). Subsequently, both the eletron and the hole thermalizeand satter in the lower energy state (path 2) in the QD. Finally, the eletron andthe hole reombine giving rise to photoluminesene (PL) emission (path 3). All themeasurements presented in this work were performed in suh o�-resonant exitation.2.1.4 Trions and biexitons in QDsIn the disussion so far, only neutral exitons, onsisting of a Coulomb-bound eletron-hole pair, have been onsidered. However, in optial spetrosopy of QDs, other hargedand multiexitoni speies are often deteted. The energy required to add extra hargesof the same sign to a QD inreases due to the Coulomb repulsion [MED97, BAN99℄.It must be noted, that it is possible to add a positive as well as a negative harge toa QD. In this way, a positive (X+) or a negative (X−) trion are formed. By inreasingthe power of photoexitation, a pair of exitons an be formed. A Coulomb-bound pair
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valence bandFig. 2.3: Shemati representation of the photogeneration of eletrons and holes intothe ontinuum of states and their subsequent relaxation to the eletron and hole groundstates within the QD, under non-resonant exitation.

Fig. 2.4: Exiton, negative (red) and positive (blue) trion, and biexiton reombina-tion.of exitons is known as biexiton (XX). Normally, the biexiton appears several meVbelow the energy of the X ground state. A single partile sketh is shown in Fig. 2.4,where only information about the involved levels are given. The energy required tobuild a biexiton state is known as biexiton binding energy (BBE) and is expressedas
BBE = E(X → 0) − E(XX → X) (2.6)
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Fig. 2.5: Sketh of energy diagram of the biexiton binding energy de�ned as theenergy di�erene between exiton E(X→ 0) and of the biexiton E(XX → X) groundstateswhere E(X → 0) is the energy orresponding to ground state exiton transition andE(XX → X) is the transition from the biexiton to the exiton state [BAY98℄, asshematially shown in Fig. 2.5.2.1.5 Exiton in anisotropi quantum dots: Fine struture split-tingIn setion 2.1.2, it was shown that the z-projetion of the total angular momentum of anexiton, mX
j , is the sum of the orresponding momenta of the onstituent eletron andhole, whih is a good quantum number for QDs possessing rotational symmetry alongthe z-axis. Only in that ase the bright exiton state is two-fold degenerate. However,epitaxially self-assembled QDs more often possess an asymmetri shape, due to whihthe degeneray of the bright exiton state is lifted. This is aused by the exhangeintegral originating from the Coulomb interation. The energy splitting between themixed sub-states formed due to the exhange interation, an be diretly observed inPL spetrosopy of single QDs. Additionally, the transitions from the two sub-statesare linearly polarized.Aording to Kramer's theorem [MES99, TAK00℄, a system ontaining an odd num-ber of spins (e.g. trions) has at least a two-fold degeneray. In ontrary, if the systemontains an even number of spins (e.g. a biexiton) it an loss its degeneray. The mainontribution to the exiton-ground-state-spitting omes from the last term of eq. 2.5,HCoulomb. HCoulomb an be distinguished in two parts, the "diret" and the "exhange"parts. The diret part of the Coulomb interation is

HDirect
Coulomb = δme

j
,me′

j
δmh

j
,mh′

j

∫
d3re

∫
d3rh|ψe(~re)|2

−e2
ǫ|~re − ~rh|

|ψh(~rh)|2 (2.7)where ǫ is the dieletri onstant, rh and re are the hole and eletron radius, respetively,whereas ψh and ψe are the respetive wavefuntions. This term mainly ontributes to



18 2. Basi optial properties of CdZnSe quantum dots (QDs)the exiton binding energy. The term that is responsible of the splitting observed inasymmetri QDs is given by the exhange part, expressed by
HExchange

Coulomb = δme
j ,mh′

j
δme′

j ,mh
j

∫
d3re

∫
d3rhψ

∗
e(~re)ψh(~re)

−e2
ǫ|~re − ~rh|

ψ∗
h(~rh)ψe(~rh) (2.8)This term arises from the antisymmetry of the fermioni wave funtion under ex-hange of partiles [SAN03℄. This equation an be further deomposed in two parts,the short-range and the long-range exhange interation. They orrespond to the aseof ~re = ~rh and ~re 6 = ~rh, respetively. The energy splitting between the bright andthe dark states is aused by the short-range part [MAS02℄ and their separation is in-diated by δ0. The long-range part is responsible for the splitting of the bright exitonstates, indiated by δ1. The long-range interation is proportional to the spatial over-lap between the eletron and hole wave funtion, whih is sensitive to the shape of theQDs [TAK93℄. The energy levels depend on the nature of the potential on�ning theeletron-hole pair. For the quantum dots disussed here the on�nement is strongeralong the z-diretion (grow-diretion) and lower along the in-plane diretions, i.e. therelation Lx, Ly > Lz is satis�ed (see Fig. 2.6 (a)).The splitting of the bright exiton states under the in�uene of the exhange intera-tion has been investigated experimentally [BLA94, CHA96, KUL99℄ and theoretially[BLA94, TAK93℄ and has been de�ned as �ne struture splitting (FSS) of exitons.A sketh of the states with and without the in�uene of the exhange interation isdepited in Fig. 2.6. The left side of Fig. 2.6 (b) shows the biexiton and exiton re-ombination when the exhange interation is absent. The middle and right side showthe X and XX emissions when the short- and the long-range exhange are present.In the �rst ase, when the exhange interation and on�nement is negleted, theground state of the heavy hole is fourfold degenerate and the reombination of theexiton and biexiton are expressed by a single emission line with a BBE given by thediret omponent of the Coulomb interation. However, by onsidering a QD with aylindrial symmetry, whih means belonging to the symmetri group D2d, the short-range exhange interation has to be onsidered. In this way, the previously fourfolddegenerate ground-state is split into two dark and two bright states. The dark levelsare further split into two omponents by δ2 << δ0.Finally, when the long-range exhange interation is onsidered in addition to theshort range one, i.e. when the QD symmetry is < D2d, the degeneray of the brightstates is also lifted. This is one of the topis studied extensively in this thesis. Theenergy splitting is denoted by δ1 in Fig. 2.5 (b). Optial transitions from these statesare linearly polarized along (π+) and perpendiular (π−) to the QD long-axis, whih liealong the <110> diretions in ase of most self-assembled QDs, inluding CdSe/ZnSe.It should be noted, that the XX ground state is a spin-singlet state (S=0). There-fore, the reombination of the biexiton state into the exiton state leads to a PL
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Fig. 2.6: (a) Sketh of an anisotropi QD (b) Shemati representation of the exitonand biexiton ground state in absene of eletron-hole exhange interation (left), inpresene of the short (middle) and long range (right) exhange interation.emission, whih mirrors the exiton reombination [KUL99℄ (See Fig. 2.5 (b)). Thisimplies, that when the longitudinal and transverse polarization energy of an exiton issuh that πx < πy, the biexiton shows an opposite behavior, i.e. πx > πy. In ase ofisotropi QDs, δ1 vanishes and the bright exiton states |+1〉 and |-1〉 are degenerate.In ase of a QD with an in-plane anisotropy, δ1 is not zero and the Hamiltonian givesrise to more omplex eigen funtions, as follow: |X〉 = 1√
2
(|+1〉 + |-1〉) and |Y> =

1√
2
(| + 1〉 − | − 1〉), for the bright states. In table 2.1 the eigen funtions and eigenvalues, for both anisotropi and isotropi QDs, and for both dark and bright states,are listed.Tab. 2.1: Eigenfuntions and eigenenergies of both bright and dark exiton states fora symmetri (D2d) and an asymmetri (< D2d) QD.
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20 2. Basi optial properties of CdZnSe quantum dots (QDs)2.1.6 Quantum dot exiton in magneti �elds: Fok-DarwinformalismThe spin properties of on�ned exitons in magneti �elds have been studied extensivelyover the last few years, both experimentally [TRA95, KOT01, BRA97℄and theoretially[KOT01℄ . This has been triggered by the possibility of using on�ned spin systemsin several devie appliations, inluding solid state qubits. Major interest has been instudying the Zeeman spin-splitting of the bright exitoni state and assoiated studies,i.e. tuning of the g-fator (magnitude and sign) by varying the size and ompositionof QDs (and also quantum wells). In addition the diamagneti shift of the exitonitransition in magneti �elds has also gained onsiderable attention [TRA95℄. In thefollowing disussion, diamagneti and paramagneti properties of QDs are disussedbeause of their relevane to this thesis work.Diamagnetism is a type of magnetism expressed as a weak repulsion from amagneti �eld and exhibited only in presene of the �eld. Pure diamagnetimaterials have all eletrons paired, whih implies the absene of a net magnetimoment.When an external magneti �eld Bex is applied, the eletron hanges its veloity,generating an indued magneti moment that opposes the magneti �eld gener-ating it. The hange in veloity of the eletron is followed by a hange of theeletron magneti moment. The hange in the orbital motion aused by Bex isthe e�et that haraterizes the diamagneti materials. The material studied inthis work are CdSe and ZnSe semiondutors, whih have no unpaired eletronsand are therefore with no net magneti moment at zero �eld.Let us onsider the eletron to be on�ned in a paraboli potential. The motion ofan exiton on�ned in a paraboli potential, in a perpendiular magneti �eld, an beexpressed by the Hamiltonian:
H =

1
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meω

2
0r

2 (2.9)where me is the eletron e�etive mass, ~A the vetor potential of a magneti �eld ~Band ~p is the momentum. The �rst term desribes the kineti energy of a free eletronand in an external magneti �eld B. The two-dimensional paraboli well is desribedby the seond term of eq. 2.9. This Hamiltonian, solved in the Fok-Darwin formalism[JAC98℄, gives the eigenvalues:
E(n,m)(B) = h̄Ω(n+ 1) − 1
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h̄ωcm, (2.10)with Ω2 = ω2
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c . While n = 0, 1, 2, ... and m = −n,−n + 2, ..., n − 2, n are theprinipal and the azimuthal quantum numbers, respetively. ω0 and ωc desribe thefrequeny of the eletron in absene and presene of a magneti �eld B, respetively.The frequeny ωc is the ylotron frequeny desribed as ωc = eB/mec.



2.1. Self-assembled quantum dots 21It is possible to distinguish between two ases, the motion of the eletron in a strongmagneti �eld (ωc ≫ ω0) or the ase of the motion in a weak magneti �eld (ωc ≪ ω0).In the weak �eld regime, the eletron is in�uened by the QD on�nement potential,while in strong magneti �elds the on�ned potential an be negleted. Therefore, itis possible to write the expression of the eigenvalue for the two regimes, separately as:
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ωc ≫ ω0 : E0,0(B) = h̄ωc +

e

2mec
B. (2.12)The quadrati term in B (in Eq.2.11) desribe the diamagneti shift, observed in weak-�eld regime. Eq. 2.12 gives the ground state energy in strong-�eld regime. In thepresent work all disussions are limited to the weak-�eld regime. In the above dis-ussion the motion of an eletron in a paraboli potential in presene of an externalmagneti �eld is onsidered. However, for self-assembled QDs, the Hamiltonian has tobe extended to an exitoni problem. Consequently, eq. 2.10 is rewritten taking intoaount also the holes:
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= Te + Ve + Th + Vh + Veh, (2.13)where Te and Th are the eletron and hole kineti energies, Ve and Vh are the ele-tron and hole potentials, while the last term Veh desribes the eletron-hole Coulombattration. Therefore, the eigenvalue in ase of an exiton an be written as:

Emj
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j gXµBB (2.14)where the �rst term E0 = h̄ω0 is the eigen energy in absene of a magneti �eld B,the seond term is alulated within the �rst order perturbation theory and desribesthe diamagneti shift. While, the last term is the Zeeman energy splitting, with gX theexiton g-fator obtained from the eletron and hole g-fators. mX
j is the ẑ omponentof the total angular momentum of the exiton, de�ned as: mX

j = me
j ±mh

j = ±1. Theoe�ient γ is alled diamagneti oe�ient and an be expressed as:
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, (2.15)where m* is the exiton e�etive mass and 〈r2

x〉 the squared in-plane radius. Hereone should note that γ is always positive and that it hanges its amplitude with thee�etive mass and size of the dot.
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Fig. 2.7: (a) Zeeman splitting of the dark and bright exiton states. The irularlypolarized emission from the two energy-split bright states are also shown. (b) Magnetidispersion of the left and right irularly polarized emission from Zeeman spin-splitbright exiton states, based on Eqn. 2.14Eq.2.14 gives the energy splitting of the two irularly polarized omponents ofthe QDs-luminesene versus the magneti �eld strength and, at the same time, theabsolute energy shift of the two omponents. Sine γ depends on the QD in-planeradius rx and on the exiton e�etive mass m*, it is found that, when e.g. the QD issmall m* is larger, leading to a derease of the diamagneti fator γ. In Fig. 2.7 (a)an example of the energy shift, alulated from eq. 2.14 is shown, depiting learly adiamagneti shift of omponents mj = ±1. In this plot the g-fator has been assumedto be 1.5 and the diamagneti oe�ient to be 20 µeV/T2 [GOD06℄. In Fig.2.7 (b) asketh of the exiton ground state in absene and in presene of a magneti �eld B isshown, negleting the EHX interation and the diamagneti shift. The emissions areoppositely irularly polarized (σ±).Atoms onstituting a paramagneti material have permanent magneti mo-ments(dipoles), whih in absene of a magneti �eld are randomly oriented. Thusin absene of a magneti �eld paramagneti materials exhibit no magnetism.When a magneti �eld is applied the dipoles are oriented all in the diretion ofthe applied �eld, resulting in a net magneti moment. If su�ient energy is ex-hanged between neighboring dipoles they interat and spontaneously align oranti-align to form magneti domains, resulting in ferromagnetism (permanentmagnets) or antiferromagnetism, respetively.When paramagneti ions like Mn2+ are inorporated into the lattie of a non-



2.2. The KP theory: valene band alulation 23magneti semiondutor, for example ZnSe, the latter is rendered magneti. Emissionfrom CdSe QDs embedded in suh a magneti host (ZnMnSe), shows a strong magnetidispersion [OH03, BAC01℄.2.2 The KP theory: valene band alulationIn alulating the eletroni energy levels of QDs, often the e�etive mass approxima-tion is used and the bands are assumed to be paraboli around ~k = 0. Albeit, thisapproximation is valid for the ondution band, for the valene band it turns out tobe insu�ient. The valene bands are more ompliated than the ondution bandfor several reasons. One reason is that the symmetry of the orbitals are p-like andnot s-like as for the ondution band and seond di�ulty arises from the spin-orbitoupling. Indeed, when the spin-orbit oupling is signi�ant a splitting in the valeneband with an energy ∆ proportional to Z4 arises, where Z is the atomi number. Forsome materials this value is very small and an be negleted.The most well known method to desribe the band struture is the ~k · ~p (KP)method. The idea is to rewrite the Shrödinger equation for the periodi part un~k(
~R)of the Bloh funtions alone, fatoring out the plane wave. The new Hamiltonian inthe frame of KP theory is rewritten as:
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)
. (2.16)The Hamiltonian H~k·~p an be resolved using di�erent approahes. One approah is touse perturbation methods (appendix A), whih gives good results in proximity of ~k =0, but is insu�ient for high ~k-values. Another approah is to resolve H~k·~p by the use ofthe Kane Model (Appendix A). The Kane model is a standard approximation that usesvarious level of omplexity. In appendix A some information about the Kane modelin ase of a quantum well is given. However, this model does not desribe well thelight and heavy hole states for large values of ~k, so then in order to simplify the model,a better approah is the Luttinger model (appendix A). This model not only gives agood understanding of the light and heavy hole states for k 6= 0, but also helps in theunderstanding of the light-heavy hole mixing e�et. It has been already demonstratedthat the biaxial tensile strain, whih has an opposite e�et on the on�nement, wasshown by [PER00℄ that the light and heavy hole gap dereases and rises the heavyhole subband above the light hole, while the opposite is normally observed when theon�nement is present. When suh a situation ours, a valene band mixing (VBM)study needs to be onsidered.



24 2. Basi optial properties of CdZnSe quantum dots (QDs)2.3 Di�usion propertiesIn this setion an overview of the basi di�usion laws is provided, as they are importantfor the interpretation of thermally annealed QDs. The di�usion proess is aused bythe thermal motion of individual atoms, moleules or nano-sized material partiles. Inorder to get information about the ativation energy (EA) and di�usion length (LD)ofthe thermal proess, exeuted on single QDs, an introdution to the �rst and seondFik's law is given.2.3.1 Fik's lawsThe di�usion's law is a relationship between the di�usion-rate and the onentrationgradient responsible of the net mass transfer:
~J = −D~∇C, (2.17)where ~J(x,y,z) is the �ux �owing normally to the plane of di�usion, D is the di�u-sion oe�ient and C the onentration. This expression is known as Fik's �rst law[GLI00℄. In order to derive Fik's seond law the onservation of the mass needs to beapplied.Mass onservation: If we onsider a general point P(x,y,z) in a ube of volume

∆x∆y∆z, the �ux J(P) about the point P is the sum of the �ux entering orleaving the opposite faes of the ube. Thus the mass balane is expressed as:in�ow-out�ow = aumulation rateapplying this de�nition, the mass balane beomes:
−
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∆x∆y∆z, (2.18)By the de�nition of the divergene it is possible to rewrite eq. 2.18 as:

−~∇ · ~J =
∂C

∂t
(2.19)Two ases an be distinguished: (i) If there is a onverging �ow at a point P(~∇ · ~J < 0) the onentration rises with time, (ii) whereas if there is a diverging�ow (~∇ · ~J > 0) the onentration falls. This equation is known as ontinuityequation.By the use of the above ontinuity equation (eq. 2.19) Fik's seond law an bewritten, inserting eq. 2.17 into eq. 2.19:
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, (2.20)
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Fig. 2.8: Normalized onentration versus the normalized distane, for a slab-widthof 2h.whih is true only for onstant values of D. Eq. 2.20 is known as Fik's seond law orlinear di�usion equation. Fik's seond law is important beause it allows to determinethe onentration C, whih in one dimension an be written as:
C(x, tA) = C0erfc
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)
, (2.21)where C0 is the onentration at the time t = 0 for a slab of unidimensional material.The problem an be generalized to the ase of two slabs, one with onentration C0= 0 (i.e. without material) and one with onentration C0 > 0. It results in di�usionof the material from one slab with C0 > 0 to the other slab with C0 = 0. Generally,Fik's seond law for an be written as:
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, (2.22)where 2h is the thikness of the slab, D the di�usion oe�ient and t the di�usiontime. This expression, known as Grube-Jedele (G-J) di�usion [GLI00℄ is used in thealulation of the di�usion properties of QDs in Chapter 4 and Chapter 5. Indeed, eq.2.22 is normally used to evaluate the di�usion length and the ativation energy (EA) inthermally ativated proesses for QDs or QW systems [CHE01, RAO94, BOL03℄. Theativation energy EA, used �rstly in 1889 by Svante Arrhenius, is the energy neessary



26 2. Basi optial properties of CdZnSe quantum dots (QDs)to ativate a di�usion proess and is de�ned via the di�usion oe�ient:
D = D0e

−EA/kTA (2.23)where D0 is the pre-fator and k the Boltzman onstant. By the use of eq. 2.22, theonentration funtion C(x,t) is found, as shown in Fig. 2.8 for a layer of size h = 2and an initial onentration C(x,0) = C0. Varying the annealing time (tA = 0, 1 s 10s, 20 s) the onentration pro�le smears out, thus leading to have di�erent potentialpro�les, whih haraterize the system. By applying this model to thermally annealedQDs, varying either the annealing temperature (TA) or the annealing time (tA), theativation energy EA of the system will be evaluated.



Chapter 3Experimental BasisThis hapter is mostly onentrated on the desription of the spetrosopi set-up usedto perform photoluminesene (PL) measurements, along with a short introdution ofthe devies implemented. Experimental setup used to perform polarization measure-ments and time resolved measurements, in presene or absene of external magneti�elds, are also presented. Furthermore, a short overview of the sample preparationmethod used to haraterize single quantum dot (SQD) lines are disussed.3.1 Experimental methodsThe PL measurements where performed in the following way. After the laser has beenfoused on the sample, photoluminesene was generated and foused onto the en-trane slit of a spetrometer. The spetrometer is omposed of a monohromator anda liquid-Nitrogen (LN2) ooled CCD amera. The PL goes through the spetrometer'sslit (normally ∼ 50 -100 µm opened) and is re�eted by a urved mirror. The olli-mated beam is then di�rated by a grating, whih separates the inoming light intodi�erent wavelengths. Then, the dispersed beam is re-foused by a seond mirror. Asa result, di�erent wavelengths are then foused to di�erent positions on the out-goingslit. The wavelengths that go through the slit are then olleted onto a liquid N2 ooledCCD amera. The spetrum is then analysed. CCD stands for harge-oupled devie,whih is a piee of a silion wafer miro-manufatured and segmented into an array ofindividual light-sensitive ells alled "photo sites." Eah photo site is one element ofthe whole piture that is formed, this is alled a piture element or "pixel." The CCDamera used in this work has a resolution of 1100 pixels on the x-axis.3.1.1 Miro-PL for the detetion of SQDThe set-up used to resolve SQD lines is depited in Fig. 3.1. The sample was exited bya GaN solid state ontinuous-wave laser emitting at 405 nm. The laser beam (LB) �rstpasses through attenuator �lters F1, then is re�eted by a mirror (M) before passing27
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Fig. 3.1: Set-up used for miro-PL in order to resolve SQD. Following aronyms wereused: L, lens; M mirror; BS, beam splitter; LB, laser beam; MO, mirosope objetive;LP, linear polarizer.through a 50:50 beam splitter (BS). Afterward, the LB was re�eted onto a mirosopeobjetive (MO) whih then fouses the beam onto the sample. A MO with a numerialaperture (NA=0.4) was used to obtain a beam size of ∼ 3 µm. The measurements werearried out in ontinuous �ow LHe ryostat whih is able to reah a temperature of
∼4K. The photoluminesene generated from the QDs-sample is then emitted bakwardand, by using the onfoal geometry, passes through the MO again and then towardthe spetrometer. Afterward, the PL-signal was olleted by a monohromator with aspherial lens with a foal length of ∼ 30 m. An appropriated olor �lter (OG450)was used to diminish the laser wavelength.
3.1.2 Detetion of linear polarized omponentsIn order to be able to measure the linearly polarized omponents, πx and πy, froman asymmetri QD, a linear polarizer in ombination with a λ/4-plate was plaed infront of the monohromator as shown in Fig. 3.1. To avoid the passage of the laserinside the monohromator a barrier �lter F2(OG450) has been used, whih works as awavelengths seletor utting out the wavelengths smaller then 450 nm.The monohromator (Jobin Yvon) has two gratings allowing to work with either600 or 1800 lines and has a foal length of 1 m. It will resolve a single line with a0.05 meV resolution. Then a CCD amera was used to onvert the opti signal to aneletri signal, whih is then sent to a alulator. The measurements arried out withthis setup are desribed in hapter 5.
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Fig. 3.2: a) Shemati top view of a set-up where an external magneti �eld is appliedup to 8T. The magneti �eld works both in Faraday and Voigt geometry. b) A shematiross setion shows several hambers of the ryostat. Following abbreviations are used:L, lens; M mirror; FM, �nger mirror; LB, laser beam; LP, linear polarizer.3.1.3 Photoluminesene of QDs in an external magneti �eldMagneti properties of QDs have been also studied by using another set-up, wherean external magneti �eld was applied. The set-up is shown in Fig. 3.2 (a). Inthis set of measurements an argon ion (Ar+) laser, emitting in the visible range, wasused as exitation soure. In most of the measurements the 458 nm line was seleted.However, a GaN solid state ontinuous-wave laser emitting at 405 nm was also usedin some measurements. The laser beam was re�eted by several mirrors, then guidedonto a �nger-mirror and �nally foused onto the sample. The distane between sampleand outer window of the ryostat was ∼17 m, whih requires the use of a spheriallens instead of the mirosope objetive. In this way the lens (L1) has been used tofous the laser on the sample. The diameter of the laser beam obtained on the samplewas estimated to be 70 µm. The PL emitted from the QDs then passes through theL1 and, then is foused onto the monohromator by L2. Finally, a LN2 ooled CCDamera was used to ollet the spetrum.The measurements were olleted when the sample was ooled to ∼ 2K. This tem-perature was obtained by �owing liquid He into the sample hamber through a pin-hole.The helium hamber is normally �lled with ∼ 30 - 40 l of He. In order to keep thesystem in thermal equilibrium there are two more outer hambers, one �lled with LN2and another one under vauum up to 10−6 mbar. Furthermore, the ryostat has fourwindows, whih allows for measurements both in Faraday (B ‖ z) and in Voigt ge-ometry (B ⊥ z), where z is the diretion perpendiular to the surfae of the sample.



30 3. Experimental basisHowever, in this work only measurements in Faraday geometry were exeuted. In thelower part of the ryostat magnet oils are present, whih allow to generate magneti�elds up to 8T.3.1.4 Detetion of irular polarized omponentsWhen a magneti �eld is applied, irular polarized omponents of the PL an bedeteted. In partiular, the ondition △ml = +1 refers to σ+, whereas the ondition
△ml = -1 refers to σ−, with ml the angular magneti quantum number. In orderto resolve experimentally the irular polarized omponents (σ+ and σ−), the lightemitted from the QDs was olleted through a linear polarizer and a λ/4-plate, thatwere plaed in front of the ryostat. The λ/4-plate was kept onstant at 45◦ and thelinear polarizer were rotated between 45◦ and 135◦, whih allowed thus a seletion of
σ+ and σ− polarized ligth, respetively. Afterward, a spetrometer, shown in Fig. 3.2(a) was used to analyze the two irular polarized omponents. These measurementswere applied for the investigations of Zeeman splitting and diamagneti shifts of QDs,whih will be disussed in hapter 8.In order to study more systematially the degree of irular polarization (DCP) ofthe QDs a 50 kHz photoelasti modulator operating as a λ/4-plate in ombination witha linear polarizer was plaed in front of the monohromator.3.2 Time resolved measurementsIn order to obtain a omplete overview of the QDs properties, the time evolution of theeletron - hole annihilation (exiton lifetime) was olleted by the pio-seond setupdesribed in Fig. 3.3. An Ar+ ion laser has been used to pump a Ti-Saphire laseremitting infrared light, LB2, between 840 - 1000 nm and with a repetition rate of 82MHz, whih orresponds to a pulse to pulse duration of ∼ 12 ns. The Ti-Saph laserwas able to generate laser pulses in two operating modes, pioseond and femtoseond,that are 1 - 2 ps and 80 - 200 fs, respetively. If a seond harmoni generator BBOrystal was used, it was possible to generate light in the visible range. Indeed, theBBO rystal or beta BaB2O4 is a non linear optial rystal, that is used in order toexite photons in the visible to UV range.After the laser energy was doubled in the BBO rystal the laser beam passedthrough a BG 39 bandpass �lter, whih blok all the residual infrared light still ex-isting after the BBO rystal (see Fig. 3.3). Next, the produed visible laser beam,LB3, passed through a gradual attenuator �lter (GF), whih was used to ontinuouslyattenuate the power of the laser. Later on, LB3 is re�eted by several mirrors and�nally, by a �nger mirror (FM) re�eted toward the ryostat. By the use of a lens,the LB3 is foused onto the sample, whih is plaed inside the ryostat and ooledto ∼ 2K. The PL generated from the sample is then redireted bakward toward the
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Fig. 3.3: Pio-seond setup used to detet the exiton lifetime of MQDs. An Ar+ion laser beam (LB1) has been used to pump the Ti-Saphire laser operating in thepioseond mode. The infrared light (LB2), emitted from the Ti-Sa laser, is doubledby a non-linear BBO rystal. Thus a visible laser light LB3 is generated. Finally, by theuse of a streak amera the lifetime of QDs, exited by BL3, were analysed. Followingabbreviations are used: L, lens; M mirror; FM, �nger mirror; LB, laser beam; GF,linear �lter.
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Fig. 3.4: Typial sample struture of CdSe/ZnSe heterostruture. The 2-3ML CdSeQDs embedded between the ZnSe matrix have a random size and material distribution.spetrometer. The lens L2, having a foal length of ∼ 20 m, allows to fous the PLin the monohromator.By this on�guration, it is possible to analyse the PL energy of MQDs or SQDs,as desribed for the previous set-up. However, this set up provides the rediretion ofthe PL toward the streak amera. In this manner, the lifetime of the PL an be alsoolleted. The streak amera has a resolution time of 20 ps.3.3 Sample fabriationThe QDs investigated in this work are omposed of CdSe layers embedded in a ZnSematrix, as shown in Fig. 3.4, whih are formed by moleular-beam-epitaxy (MBE). Itinludes 2-3 ML of CdSe, whih is grown on top of a 50 nm thik ZnSe barrier and a300 µm thik GaAs substrate. The QDs are proteted by the deposition of a ZnSe aplayer 50 nm thik. The QDs formed have a height of 1.5-2 nm and 8-20 nm in-planeextension. The QDs density is about ρ = 1011 m−2. For more details about the growthonditions of the samples studied, see appendies C, D and E. The respetive results,obtained with the above samples, are desribed in the later hapters.3.3.1 Single quantum dot detetionThe large QDs densities and the size distribution lead to a broad photoluminesene.Then, in order to be able to resolve a SQD, the number of exited dots were redued byfabriation of mesas strutures. In Fig. 3.5 a omparison between the haraterizationof multi QDs (MQDs) and SQD lines are shown. Fig. 3.5 (a) shows the broad PL spe-trum reorded from MQDs, with a sketh of the typial sample during the exitation(see Fig. 3.5 (b)). On the other hand, Fig. 3.5 () shows the µ-PL spetrum of SQDwhen only few QDs have been exited. In this last ase the exited area ontains onlyfew QDs delimited by the mesa, as shown in Fig. 3.5 (d).
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Fig. 3.5: (a) A broad PL is photo-generated by (b) exitation of an ensemble of multiQDs (MQDs). () SQD lines are seleted by the (d) fabriation of a small mesa (∼ 80nm large).3.3.2 Mesas fabriationUsually, the fabriated mesas have sizes ranging from 100 µm to 60 nm, with respetivedistanes between di�erent mesas hosen aordingly of the needs. When the setup inuse has a mirosope objetive that an lead to a laser beam with a size of ∼ 5 µm, thedistane between the mesas an be of ∼ 10-20 µm. On the oder hand when the size ofthe laser beam is about 50-70 µm the distane between the mesas must be muh largerif one want to avoid multi mesas exitation.A typial method used to fabriate mesas is shematially shown in Fig. 3.6. Themesa fabriation requires spin oating a thin �lm of polymeri material, suh as apositive resist (PMMA) (Fig.3.6 (b)). The part of the resist exposed to the eletronbeam (Fig.3.6 ()) modi�es the hemial properties of the resist, whih then an beseletively removed from the sample by using an appropriated solution. Thus a resistmask is obtained (Fig.3.6 (d)). However, the PMMA mask is not su�ient to protetthe sample from the hemial ethant, and a layer of titanium (Ti) is deposited forfurther protetion. In this way, the Ti-layer is not only deposited on the resist, butalso in the inner part of the mask previously formed (see Fig.3.6 (e)). By seletiveremoval of the resist, the Ti on the top of the resist is removed and then only a Ti-mask remains on the sample. This proess is known as the lift-o�. In Fig.3.6 (f), thelast step of the fabriation proess is shown, where a mesa is formed after the wethemial ething is performed. Aordingly with the size of the mesa fabriated the
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Fig. 3.6: a) Sketh of proesses to build mesa struture, starting from an as-grownsample. b) Deposition of the positive resist (PMMA). ) Lithography by exposing thesample with an eletron beam. d) A resist-mask is obtained. e) Further deposition ofTi-layer. d) The seletive removal of the PMMA leads to obtain a Ti-mask, known aslift-o�. The mesa so obtained has a low number of QDs.number of ative QDs arried by the mesa will hange. After the mesa fabriation thesample is haraterized by the use of a liquid helium (LHe) bath or old-�nger ryostatfor PL detetion.3.4 Rapid thermal annealingThe main work of this thesis deals with thermal annealing (TA) of QDs samples. Thethermal annealing of the QDs-sample was done in two ways, one known as rapid ther-mal annealing (RTA) proess, where the RTA proess onsisted of a fast temperatureramp, followed by a temperature plateau of tA (annealing time) at TA (annealing tem-perature). During the annealing, the sample was plaed inside a graphite box in orderto ensure a fast heating as well as a fast ooling down of the sample. The above instru-ment allowed minimum annealing temperatures of 230 ◦C. For this reason a seond wayto perform rapid thermal annealing was used. It onsist in using a hot-plate duringthe heating proess and a old-plate to ool down quasi instantaneously the sample.During the heating and the ooling proess N2 gas was blown on the surfae of thesample for 30s. In this way a rapid quenh of the annealing proess was ensured. Alsowater ondensation on the sample was therefore avoided.This alternative method allowed to investigate the single quantum dot (SQD) be-havior when several annealing steps were performed. Indeed, it was observed that verylow temperature (around 100◦C) was enough to hange the energy position of singleQDs lines. Most of the thermal annealing were exeuted by this method. The anneal-



3.4. Rapid thermal annealing 35ing was performed in the range of temperatures between 100 ◦C and 220 ◦C in stepsof 20 ◦C for an annealing time of 30 s.



Chapter 4Method to alulate the ativationenergy
4.1 Eigen energy of annealed quantum dotHereby the method used to alulated the energy of eletron and hole states for ther-mally annealed quantum dots by using the seond Fik's law is presented . In orderto simplify the problem, QDs with ylindrial shape (symmetri group D2d) are on-sidered. The Hamiltonian an be expressed as in eq. 2.5 negleting the Coulombinteration. Therefore, the Hamiltonian is written as:

H = − h̄2

2me
∆2

e −
h̄2

2mh
∆2

h + Ve(r) + Vh(r) (4.1)where the �rst two terms desribe the kineti energies of the eletron and hole and thethird and forth terms are the eletron and hole potentials, respetively.In order to alulate the exiton eigen energies of a QD subjet to a thermal treat-ment, the Cd and Zn ontents after any annealing step have to be evaluated. The earlystep-potential hanges size and shape when the interdi�usion between the barrier andthe QD take plae. In order to evaluate numerially the exiton eigen energies at anyTA step, the G-J solution is used to desribe the potential pro�le, whih was previ-ously alulated for a slab of material (eq. 2.22). By taking the omplementary of eq.2.22 and subtrating it from the unity, one obtains an equation desribing 100% of Zn-ontent in the barrier and 100% of Cd-ontent inside the QD. When TA is performed,part of the Zn di�uses from the barrier inside the QD and part of Cd di�uses from theQD into the barrier. In this way the potential in the growth diretion beomes:
C(z, t) ≡ V (z) = 1 − C0

2

[
erfc

(
z − Lz/2

2LD

)
+ erfc

(
z + Lz/2

2LD

)]
, (4.2)where Lz is the size of the QD, LD =

√
DtA the di�usion length and C0 the Cd-ontentbefore TA. In the LD expression, D is the di�usion oe�ient and tA is the annealing36
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Fig. 4.1: (a) Eletron and holes states prior to TA. (b) Potential pro�le of a QDthermally annealed. The di�usion length is LD=2 nm. The number of eletron andhole states are strongly inreased with narrowed energy spaing ompared to the aseprior to TA.time. By varying either tA or TA, C(z,t) hanges aordingly to the Cd/Zn ontent inthe QD. Indeed, when the annealing time, tA, or annealing temperature, TA, inrease,LD inreases as well and, onsequently, the potential hanges its shape, aordant toeq. 4.2.The PL energies obtained experimentally were used in order to evaluate the ati-vation energy. By the use of eq. 4.2 it is possible to have di�erent potentials pro�lesby varying LD. Sine di�erent potential pro�les refer to di�erent QDs, also di�erenteletron and hole energies an be alulated. As a result, varying the potential pro�lemeans to vary the exiton energy. By doing so a orrelation between the PL-energiesand the LD's an be found. In Fig. 4.1 (a) and (b) an example of the QD-potential asa variation of the Cd/Zn ontent versus the growth diretion is shown. Figure 4.1 (a)refers to a QD box-potential typially applied for a QD prior to TA (LD → 0), whereasthe shallow potential in Fig. 4.1 (b) refers to the QDs-potential after TA (LD 6= 0). Asan be noted from the above alulation, when LD inreases, the energy gap inreasesas well. In this �gures only LD = 0 and LD = 20 nm are onsidered for an initialQD-size, Lz = 2.2 nm, and an initial Cd ontent, C0 = 100%.In addition, prior to TA a typial step like pro�le is shown with only one groundeletron state (green lines) in the ondution band, and heavy hole (red lines) and light
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Fig. 4.2: Comparison between three harateristi urves, with di�erent initial Cd-ontents (100 %, 70 % and 50 %). The QDs-layer size has been �xed at Lz = 2.2nmand LD has been varied in small step.hole (blue lines) states in the valene band. It should be mentioned that stress wasnot onsidered in this alulation. However, a very good agreement with data from theliterature [TON94℄ was found. These alulations were used to �t the experimental datashown in hapter 5. Both the ativation energy and di�usion lengths of CdSe/ZnSeQDs were determined.4.1.1 Evaluation of the harateristi urvesAs already mentioned in se. 2.2 the valene states in bulk material are degenerateat k=0. However, when QDs are grown, the degeneray at k = 0 is lost due to thestrong on�nement. It should be mentioned that suh loss of degeneray might hangewith the size of the QDs. In the present work, an energy di�erene between the lowestlight hole and the highest heavy hole is ∼ 100 meV for as grown CdSe QDs. Insuh on�guration, the light and the heavy hole do not interat with eah other andonsequently, the exiton is formed with the eletron and the heavy hole.As mentioned above, when the dot undergoes a thermal treatment the potentialis smeared out and the redued on�nement indues energetially narrowed states.The derease of the interlevel states an lead to emission from exited states. Alsothe interation between light and heavy holes is enhaned [HEI88, TWA85, TWA87,



4.1. Eigen energy of annealed quantum dot 39MAH70℄. In hapter 7 of this thesis it will be shown, that by varying both the size andthe material onentration, the light and the heavy hole an mix in suh way that thehybrid hole state might have a strong light hole harater.By the use of the above alulation, a orrelation between the PL energies and theLD's was obtained and shown in Fig. 4.2 further referred to as harateristi urve.The harateristi urve hanges with the initial QD-size and material ontent. Theurves are alulated for three di�erent initial Cd-ontents, 100 %, 70 % and 50 %.The hoie of the parameter used to alulate the harateristi urve is related to thebest measured energies of thermally annealed QDs.



Chapter 5Optial haraterization of CdZnSeQDs
5.1 Struturing of the sampleThe results on thermal annealed QDs are hereby presented. The samples de�ned asS1 and S2 are desribed in Appendix B and C. As disussed in the �rst hapter, II-VIsemiondutor QDs allow the observation of �ne struture splitting (FSS), biexitonbinding energy (BBE) and harged exiton emissions. In this respet, a study ofCdSe/ZnSe QDs is presented, whose morphologial nature has been altered by ex-situthermal annealing.5.1.1 QDs-formationIn lattie-mismathed semiondutor heteroepitaxy [LIT01, PER00℄, the formation ofself-assembled quantum dots is driven by elasti strain relaxation. Elasti strain resultsdue to the di�erent lattie onstants of the substrate and the QD-forming materials.For example, the lattie mismath between InAs and GaAs is 7%. Elasti relaxationof strain leads to a morphologial re-organization of the growing surfae, resulting inthe formation of well-de�ned 3D nanostrutures [AKI07, CHA98℄. This mehanismof epitaxial growth is known as the Stranski-Krastanow (SK) transition and has beensuessfully employed to realize QDs of several heterosystems. Though the lattie-mismath between ZnSe and CdSe is also 7%, the SK mehanism has not been ob-served for this heterosystem. The resultant strutures are appropriately desribed asinhomogeneous quantum wells of ternary CdZnSe. The formation of 3D islands ishindered by other routes of strain relaxation in this ase, i.e. through interdi�usion[KIM00℄ or by disloation [LIT01℄ formation. Nonetheless, the loal ompositionalinhomogeneities of the ternary QWs (Cd-rih inlusions) on�ne eletrons and holes(or exitons) three-dimensionally, as in ideal QDs. Suh QDs, formed in ase of theCdSe/ZnSe heterosystem are also known as natural QDs [ZRE94℄. Desription on the40



5.1. Struturing of the sample 41morphology of suh QDs and further information about them an be found in AppendixB.5.1.2 Single QD photolumineseneA major part of the work done in this thesis involves the study of single QDs. Aessto single QDs by optial spetrosopy requires fabriation of small mesas ontainingonly a few QDs. For onstrution of mesas a ombination of eletron beam lithography(EBL) and wet-hemial ething has been used, as desribed in hapter 3. The smallestmesa fabriated in this work measured 80 nm in diameter.

Fig. 5.1: (a) PL spetra reorded from a 100 µm and a 80 nm mesa. (b) A skethof a 80-nm-mesa (upper panel). The blue region represents the CdSe QD-layer. SEMimage of the mesa, prior to Ti mask removal, is shown in the right bottom panel.In Fig. 5.1 (a) PL spetra from two di�erent mesas, of size 100 µm (bottomspetrum) and 80 nm (top spetrum) are ompared. For a 100 µm mesa the exitationbeam probes a large number of QDs, whih vary in size, morphology and omposition.Due to this spread in the physial properties of the QDs, their ground-state energies alsoexhibit a dispersion, whih is re�eted in the inhomogeneously-broadened (Gaussian



42 5. Optial haraterization of CdZnSe QDspro�le) PL spetrum. On the other hand for the 80-nm mesa only a few QDs areprobed and the PL spetrum deonvolutes to sharp emission lines, due to individualQDs. A sketh of the 80-nm mesa is shown in Fig. 5.1 (b), upper panel and a SEMimage of the real mesa (prior to removal of the metal mask) is shown in the lower panel.The blue region of the sketh orresponds to the CdSe QD-layer.5.2 Annealing of CdZnSe QDsAs mentioned in hapter 1, this thesis deals primarily with the evolution of CdSe/ZnSeQD-properties due to post-growth thermal annealing (TA). For the �rst investigations,large ensembles (without fabriation of any mesa) were annealed at di�erent annealingtemperatures, TA, ranging between 300-550 ◦C, for a onstant duration, tA, of 10 s.PL was reorded using the set up desribed in setion 3.2. Figure 5.2 shows the PLspetra of the entire series of samples. For ease of analysis, the spetra are displaedon the vertial axis and normalized, to the maximum intensity.
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Fig. 5.2: Photoluminesene spetra of QDs annealed for the same duration tA = 10s at di�erent annealing temperatures, varied in steps of 50 ◦C, starting from TA = 300
◦C to 550 ◦C. At TA = 300 ◦C, the QD emission is entered at 2.44 eV. Up to 400 ◦C,the spetra remain almost unhanged. For TA > 450 ◦C, a pronouned blue shift ofthe photoluminesene peak is observed.



5.2. Annealing of CdZnSe QDs 43Thermal annealing up to TA = 400 ◦C leads to no signi�ant hange in the PLof the ensemble of QDs. However, a drasti blue shift of up to 100 meV is observedfor TA ranging between 450-550 ◦C. Prior to TA, the PL peak is inhomogeneouslybroadened with a maximum registered at 2.44 eV and a FWHM = 36 meV. Suh broademission is typial of CdSe based QDs, where the formation of QDs results essentiallyfrom omposition �utuations within a ternary QW [OUA90℄. The blue shift for higherTA are explained by annealing-indued Cd-Zn interdi�usion between the QDs and thesurrounding matrix. Interdi�usion hanges an abrupt interfae, prior TA, to a gradedinterfae, after TA. A numerial solution of a Shrödinger equation was used to extratdi�usivity values from the experimental data, as explained in setion 2.8 and moreextensively in hapter 4. The onentration funtion uses standard error funtion:
C(z, t) = 1 − C0

2

[
erfc

(
z − Lz/2

2LD

)
+ erfc

(
z + Lz/2

2LD

)] (5.1)where LD is the di�usion length and Lz the size of the QDs in the growth diretion,while C0 is the Cd-ontent prior to TA. This equation provides potential pro�les atdi�erent TA. In this way a orrelation between the ground exiton energy and thedi�usion parameters was made. By use of the Arrehnius law it is possible to determinethe ativation energy, EA, from the slope of the plotted di�usion oe�ient, D, as afuntion of the 1/kTA (see Fig. 5.3). The ativation energy was determined to be 2.2eV, whih is in good agreement with the literature [TON94℄.In addition to the blue-shift, the e�ieny of the QDs-luminesene is onsiderablyenhaned due to TA. As seen in Fig. 5.4 (a), the integrated intensity of the QD-luminesene, for a onstant exitation power, inreases with inreasing TA. For therange of TA between 300 ◦C and 450 ◦C, a ontinuous inreases of the PL intensity isobserved. This is the range of TA wherein no PL-energy-shift was observed. Similarresults were found also for the InGaAs heterosystem [LEO97℄, but the observationswere not extensively disussed. In absene of a spetral shift of the PL-energy, theenhanement of the PL-intensity, might not be attributed to any di�usion-related pro-ess. Instead, it might be assigned to annihilation of point defets and partiularlyvaanies [HAR05, OSH92, YAB88, MAR93, KOT91, LIP96℄.On the other hand, for TA = 450 - 550 ◦C, a drasti PL-blue-shift is seen. Addi-tionally, from Fig. 5.4 (b), it is seen that in the range between TA = 300 - 450 ◦C,the FWHM is onstant (at 36 meV) and beyond TA = 450 ◦C, it redues strongly,down to 12 meV. While the PL-blue-shift indiates the onset of Zn-Cd interdi�usion,the narrowing of the spetra strongly suggests suppression of QD-size distribution.In order to have more information about the hanges that TA indues on the optialproperties of QDs, measurements of the exiton deay time were performed. Exitonlifetimes for the annealed samples were ompared with those of the unannealed (as-grown) samples. Fig. 5.5 (a) shows the time evolution of the spetrally-integrated-PL-intensity of the unannealed (as-grown) sample and that annealed at TA= 500 ◦C.
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Fig. 5.3: Determination of the ativation energy, EA, by �tting the experimental datafor an ensemble of CdSe/ZnSe QDs.

Fig. 5.4: (a) Variation of PL intensity versus the annealing temperature. (b) Theorresponding variation of the FWHM of the spetra.



5.2. Annealing of CdZnSe QDs 45To determine the exiton reombination time, one needs to onsider the rate equa-tion desribing the eletron-hole reombination proess. The rate equation for theexiton reombination an be desribed as:
dwX

dt
=
wX

τX∗

(5.2)where ωX is the probability of forming an exiton in a quantum dot and 1/τX∗=1/τX++1/τXS
, with τX , the radiative exiton lifetime and τXS

the spin relaxation time. How-ever, it is known that τXS
>> τX , thus τX∗

∼= τX , in agreement with Puls and Hen-neberger [PUL97℄. By using the rate equation, it is possible to �t the experimental
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Fig. 5.5: (a) Time evolution of the integrated PL intensity for an unannealed sampleand for an annealed sample, with TA = 500 ◦C and tA = 10 s. From the exponential�tting of the deaying part of the plots, the exiton deay time is determined. (b)A plot of all the exiton deay times alulated for all samples thermally annealed atdi�erent temperature, between 300 ◦C and 550 ◦C.data plotted in Fig. 5.5 (a) and extrat the exiton lifetime for the di�erent annealedsamples. The exiton deay time for the unannealed sample TA has a value of (330 ±20) ps and stays almost onstant up to TA = 350 ◦C. Beyond this, the exiton deaytime strongly drops down to 80 ps, as seen in Fig. 5.5 (b).The series of annealing at di�erent temperature shows that the PL intensity isenhaned almost linearly up to TA = 450 ◦C, whereas the exiton deay time dereases.This observation is a sign of an enhaned quantum e�ieny due to annealing. Several



46 5. Optial haraterization of CdZnSe QDsreasons for an improved PL emission an be given. One reason ould be the annihilationof point defets in the surrounding of the dots, whih in turn redues the non-radiativereombination hannels and enhane the QD luminesene e�ieny. Another reasonould be the enhanement of osillator strength ΓQD, as suggested by the reduedexiton deay time, sine τX = h̄/2ΓQD. In Fig. 5.2 is shown that the PL-energy isnot shifted up to TA = 450 ◦C, meaning that in this range of measurements the QDssize and omposition are not modi�ed. Sine, it is known that the osillator strengthis a funtion of the QDs size [FON05, GIL02℄, it an be onluded that the seondhypothesis does not support the above results. In onlusion, TA improves the QDsluminesene e�ieny by dereasing the defets around the dots, and thereby reduingthe probability of Auger-like e�ets.5.3 Enhaned di�usion of single CdZnSe QDsA series of PL spetra, reorded from an 80-nm-wide mesa after eah TA step, as wellas prior to annealing, is presented in the left panel of Fig. 5.6. While the bottom-mostspetrum (prior to TA) is dominated by a single-QD exiton emission line, furtherreferred to as the A line, additional luminesene features appear at higher energies,immediately after the �rst TA step. However, the A line an be learly traed in thespetrum after eah TA step. In the subsequent steps of TA, both the A line and theadditional lines at higher energies show similar blueshifts, indiating a gradual interdif-fusion of Cd and Zn between the studied single QD and the surrounding ZnSe matrix.The blueshift is low up to TA = 180 ◦C, beyond whih, however, it inreases morerapidly. For the present mesa, the observed blueshift after annealing to temperaturesup to 240 ◦C is about 100 meV. Interestingly, suh large blueshifts for this range ofTA is observed only in the spetra of the small mesas. For 10-µm-wide mesas similarTA proesses result in no appreiable blueshift in a omparable range of TA values,as shown in the right panel of Fig. 5.6. In this ase, blueshifts in the order of 10meV were reorded for TA = 400 ◦C and beyond, from whih EA for interdi�usion inlarge mesas was extrated. In the orresponding inset, the PL blueshift ∆E of the Aline (80 nm mesa), a single-QD line in a 180-nm-wide mesa (not shown), and the peakmaximum of the 10 µm mesa are plotted as a funtion of TA. The TA-indued blueshiftis larger the smaller the ethed mesa is. This observation is assoiated to an enhanedation intermixing in small mesas. However, unlike in Ref. [WEL01℄, where enhanedintermixing in small mesas has been attributed to TA-indued generation of defets atthe upper surfae of the sample (due to di�erent thermal expansion oe�ients of theepitaxial semionduting layers and the Ti mask), the dependene of the energy shifton the mesa sizes in this ase rather suggests that the ethed sidewalls ontribute tothe enhanement of ation interdi�usion. Possible origins are strain gradients in theviinity of the sidewalls, indued by partial relaxation of elasti strain or the presene
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Fig. 5.6: Left panel: Photoluminesene spetra of a small QD ensemble embedded inan 80-nm-wide mesa, annealed at di�erent temperatures between 100 and 240 ◦C for 30s. The inset shows a sanning eletron mirosope image of the mesa (side view), takenprior to mask removal. Right panel: Photoluminesene spetra of a 10-µm-wide mesawhih was proessed and annealed in an idential manner as the 80-nm-wide mesa.The inset shows the energy shift of the A line (80 nm mesa), a line in the spetrum ofa 180-nm-wide mesa, and the emission maximum orresponding to the large mesa (10
µm), vs the annealing temperature TA.



48 5. Optial haraterization of CdZnSe QDsof defets at the side walls.In addition to the pronouned blueshift, biexitons in the annealed QDs were ob-served. In order to identify biexiton reombinations, emission intensities have beenreorded as a funtion of the exitation power, whih was ramped to a maximum of P= 20 kW/m−2. For the present mesa no biexitons were observed prior to annealing.Also in the spetra of other mesas biexiton lines were deteted only very rarely with-out TA. A di�erent behavior was found for thermally annealed mesas. In Fig. 5.6 (leftpanel) a new emission line (labeled XX) is seen on the low energy side of the A line, forTA = 200 ◦C and P = 20 kW/m−2. This XX line, e.g., orresponding to TA = 220 ◦C,vanishes for small exitation powers. At even higher annealing temperatures additionalemission lines appear for high exitation powers; e.g., the B line in the spetra for TA= 240 ◦C is aompanied by an additional XXB line for high exitation power. In Fig.5.6 the integrated intensities of the A line and the XXA line is plotted as a funtion ofthe exitation power. The straight lines I ∼ P and I ∼ P2 are depited as a guide tothe eye. The integrated intensity of the A line depends approximately linearly on P,whereas the integrated intensity of the XXA line sales quadratially. Suh a behavioris typial for exitons and biexitons, respetively [ZAI01, HER97℄. Thus we assoiatethe XX lines to biexiton emissions. The �rst biexiton emission line was observed(XXA line) after TA at 200 ◦C. The orresponding binding energy, whih is the energydi�erene between the exiton and the biexiton lines, was determined to be 14.6 meV,a value whih is notably smaller than the biexiton binding energies reported for as-grown CdSe QDs [KUL99, XIE01℄. At an even higher annealing temperature TA = 240
◦C, a biexiton binding energy of less than 10 meV was observed. This behavior learlyindiates an inrease in the quantum dot size [HER97℄ due to TA. The TA-induedlowering of QD on�nement has been reently observed also by a redution of exitonlifetime [MAC03-1℄.5.3.1 ModelFor the analysis of the TA-indued energy shift, a hange in the QD size and thee�etive band gap was onsidered. Sine the lateral dimensions of the CdZnSe QDsare onsiderably larger than their heights Lz, it was assumed that the quantum on-�nement and its variation due to TA is predominantly determined by the QD height.Typial values of Lz range between 1 and 2 nm with lateral dimension of about 20 nm.Therefore, the di�usion proess in one dimension was determined, i.e. in the z diretion(diretion of growth). The di�usion oe�ient D(T) is given by the Arrhenius law:

D(TA) = D0exp(−
EA

kBTA

), (5.3)where EA is the ativation energy of the Zn-Cd interdi�usion, TA, the annealingtemperature, kB the Boltzmann onstant and D0 a prefator. D(T) in turn is related



5.3. Enhaned di�usion of single CdZnSe QDs 49to the di�usion length LD by the relation
LD =

√
DtA, (5.4)where tA is the annealing time. To determine LD from the PL blueshift, a onentrationpro�le of Cd in the z diretion

C(z, t) = 1 − C0
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[
erfc

(
z − Lz/2

2LD

)
+ erfc

(
z + Lz/2

2LD

)] (5.5)was taken into aount with C0 as the initial Cd ontent (prior TA) and erf(z) asthe error funtion. Initial values of Lz = 1.5 nm and C0 = 71% were hosen based onthe fat that the orresponding alulated energy �ts very well to the experiment. In a�rst step we have alulated the energy shift ∆E versus the di�usion length, LD, usinga Shrödinger equation solver, taking into aount the di�usion-modulated energy pro-�le aording to eq. 5.3.1. With inreasing LD, a funnel-like potential pro�le evolves.Then, by omparison of the alulated ∆E(LD) with the experimental data, the di�u-sion length orresponding to eah value of ∆E(LD) was determined. As the annealingtemperature was varied for di�erent TA steps, one an extrat the di�usion oe�ientsonly from the hange of the di�usion length between two onseutive TA steps usingeq. 5.3.1. From the slope of the D(1/kBTA) vs 1/kBTA plot on a semilogarithmi sale,the ativation energies EA for the di�erent strutures were determined (see Fig. 5.7).EA = 0.9 ± 0.1, 1.2 ± 0.1, and 2.2 ± 0.3 eV were extrated for the 80 nm, 180 nm andthe 10 µm mesas, respetively. The ativation energy of the small mesa is more thana fator of 2 smaller that that measured for a large QDs ensemble. Thus, these resultsshow that the Zn-Cd interdi�usion is enhaned signi�antly in small mesas.
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Fig. 5.7: Semilogarithmi plots of D(T) vs 1/kBTA determined for di�erent mesas.



Chapter 6Study of the anisotropy of a quantumdot
6.1 Control of QD-isotropy by thermal annealingBy mapping the anisotropy �ne-struture splitting of the exiton ground state in theluminesene spetra of individual CdxZn1−xSe quantum dots, treated by postgrowthrapid thermal annealing (TA), a preferred in-plane axis of Zn-Cd interdi�usion hasbeen identi�ed. In partiular, a TA-indued sign reversal of the �ne-struture splittingis demonstrated. Additionally, in the annealed quantum dots, the binding energyof the harged exiton reahes a maximum value when the �ne-struture splittingis minimum. The studies demonstrate that by post-growth thermal annealing thesymmetry of individual quantum dot an be modulated.6.1.1 Tuning of the QDs symmetryA key result of the studies presented in the previous hapter is that the proessing-indued defets on the sidewalls of the mesas strongly in�uene the Zn-Cd intermixingbetween the QDs and the surrounding matrix, during TA. For small mesas, this turnsout to enhane interdi�usion, sine the QDs are more likely to be lose to the edges ofthe mesa. In this hapter it is demonstrated that the defets on the mesa side-walls notonly hange the omposition and size of the QDs due to enhaned TA-indued inter-di�usion, but also an strongly modify their shape. As-grown QDs are well-known tobe elongated along a partiular in-plane diretion [AIC07, MAR07, SEG06℄. On smallmesas, TA introdues drasti hanges in the QD-shape, hanging its diretion of elon-gation in a perpendiular axis, passing through a symmetri intermediate step. Thishanges of the SQD in-plane dimensions has been studied by analyzing the evolutionof FSS (see se. 2.1.4) under TA, in µ-PL spetrosopy. As mentioned in setion 2.1.4,in asymmetri QDs, the EHX interation leads to splitting of the degenerate groundstate, whose emissions are perpendiularly linearly polarized. In this work TA-indued51
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Fig. 6.1: a) X and XX reombination-sheme hanging in presene of EHX-induedFSS in an asymmetri QD. b) Elongated-QD and its evolution with TA when it iswithin a small mesa struture. The sketh and the inset are referred to the ases priorto TA and after TA, respetively.interdi�usion has been used to tune the QD in-plane shape and thereby the EHX in-teration. The energy level sheme of the biexiton and exiton states in presene ofEHX splitting of the ground exitoni state is shematially shown in Fig. 6.1 (a). Fig.6.1 (b) shows a sketh of a small mesa with a QD, elongated along the [110℄ (desig-nated as H-axis). Suh a QD, lose to the mesa wall, after some TA-steps, hangesits elongation from the H-axis to the perpendiular V-axis, through an intermediatesymmetri shape. Suh hanges in the QD-shape an be explained with the preseneof surfae states formed during the fabriation of the mesa strutures. In order toinvestigate the evolution of FSS by TA, measurements of SQDs were exeuted by usinga linear polarizer plaed in front of the monohromator, as desribed in setion 3.3.Suh measurements were performed several time for di�erent annealing temperatures,TA, and for QDs inside a small mesa.Fig. 6.2 (a) shows the PL spetra orresponding to sample S1, after thermal anneal-ing at temperatures between TA = 100-180 ◦C, varied in steps of 20 ◦C. The annealingduration was kept onstant at tA = 30 s. The spetrum for TA = 100 ◦C (bottom-most) shows emission due to a neutral exiton (X), a harged exiton (X−), and abi-exiton (XX). Suh emissions were not seen in spetra reorded prior to TA. Onfurther annealing at TA = 120 ◦C, a red-shift is also observed. The shift on furtherannealing is on the blue side. Fig. 6.2 (b) shows the exitoni emission spetra orre-sponding to polarization diretion (of detetion) parallel to H and V axes, for TA atthree di�erent TA values, namely 100 ◦C, 120 ◦C, and 180 ◦C. For TA = 100 ◦C, theV-polarized emission is on the red side of the H-polarized emission, and this we termas positive FSS. The FSS for TA = 100 ◦C is 0.1 meV. As TA is inreased to 120 ◦C,the FSS is almost zero, signifying an isotropi shape of the QD at this stage. At thisvalue of TA, the PL-emission is red-shifted (see Fig. 6.2 (a)) whih is also related tothe formation of high symmetri QDs. As the QD assumes a symmetri shape due toannealing, the initial e�et is to release of strain, due to whih a redshift results. By
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Fig. 6.2: PL spetra reorded from a 150 nm mesa for annealing at temperaturesbetween TA = 100-180 ◦C, for 30 s. The shift of an exiton, biexiton and trionemission is shown by the red dotted lines. (b) A zoom of the spetra orresponding to
TA = 120 ◦C and TA = 180 ◦C, for the H and V polarization of the emission spetra.The reversal of FSS is demonstrated in ().

Fig. 6.3: Variation of (a) FSS and (b) trion (blue) and biexiton (red) BE with TA.The BE values have an error bar of 0.05 meV, being limited by the resolution of theset up.



54 6. Study of the anisotropy of a quantum dotinreasing the annealing temperature to 180 ◦C, it is learly observed that the FSS hasa negative sign. The value of the FSS in this ase is -0.4 meV. This reversal of FSSsign establishes the fat that thermal annealing allows hanging the elongation axisof single QDs in perpendiular diretions, passing through an intermediate isotropishape. The values of FSS for di�erent annealing temperatures are plotted in Fig. 6.3(a) whih demonstrates the shape-anisotropy inversion phenomenon. In addition, TAleads to an inrease in the size of the QD. This, in turn, redues the EHX interation,responsible for the FSS. This ontributes to explain FSS tending to zero after pro-gressive annealing. However, none of the above e�ets an explain the reversal of theFSS. The FSS reversal is brought by the enhaned loal interdi�usion lose to the mesawalls, in presene of the defets. Indeed, these defets might work as transient-states,whih enhanes the di�usion (see next setion). Finally, TA by hanging the shape-anisotropy of QDs on small mesas, also the trion and biexiton binding energies (BE) isin�uened. Fig. 6.3 (b) shows the variation of trion (blue) and biexiton BEs with TA.As is well known, TA indues to an enlargement of the QD size, whih in turn meansthat the eletron-hole wave funtions are less overlapping leading to a redued bindingenergy. This is what was indeed measured in the annealing range between 120-180 ◦C.However, in the �rst annealing step, 100-120◦C, the binding energy is inreased, whihis a sign of an improved overlap between the eletron and the hole wave funtions. Thisfurther on�rms the high symmetry of the QDs obtained at TA = 120◦C.6.1.2 Strain assisted di�usionIn addition to defet enhaned di�usion, it should also be mentioned, that in QWs[RYU95, LIM00℄ and more spei�ally in QDs [THO03℄, di�usion ours not isotropi-ally in the x, y and z diretions. Sine II-VI QDs are elongated either in the [1 1 0℄ or[1 -1 0℄ rystallographi diretions (see setion 2.1.4), suh QDs are normally de�nedto belong to a symmetri group < D2d, where D2d refers to the ylindrial symme-try. The ompetition between the surfae and the elasti energy results in the reduedsymmetry of the QDs [THO03℄. Suh ompetition indues to release the strain mostlyin the elasti soft diretion than in the elasti hard diretion [THO03℄. In this waythe system lowers its energy when the dot hanges its morphology from a ylindrialsymmetry to elongated shape. Post-growth TA releases the strain in z-diretion inase of QW. However, in ase of QDs the release of the strain ours also in-plane.Preisely, it is expeted to have a major relaxation in the elasti hard diretion anda minor relaxation in the soft elasti diretion. Consequently, one should expet thatby a thermal proess a spontaneous relaxation of the elasti diretions ours. As aresult, during post-growth TA the surfae-wall of an elongated QD onverges towardsa symmetri shape, if no further ontributions are onsidered.



Chapter 7
7.1 IntrodutionMagneto-optial properties of self-assembled semiondutor quantum dots are of wideinterest in the study of quantum information proessing. The basi idea is to be ableto manipulate the spin degree of freedom of a three-dimensionally on�ned exiton.Magneto-optial response is investigated by magneto-photoluminesene and polariza-tion measurements, whih in turn give the possibility to get information about thespin-splitting of the exiton-ground state and the spin lifetime of the eletrons andholes. Studies of the degree of irular polarization have been arried out for epitax-ially self-assembled QDs of 1- and 2-ML of an ensemble of quantum dots, before andafter thermal annealing.7.2 Inversion of polarizationThe samples under investigation were grown by moleular beam epitaxy. More detailsabout the growth ondition are presented in Appendix C. The evolution of the degreeof irular polarization (DCP) of the PL at magneti �elds of up to 6 T was studied.In Fig. 7.1 is shown the evolution of the PL spetra emitted by the 2ML Zn1−xCdxSeQDs samples, before and after thermal annealing. Annealing was arried out at atemperature of TA = 500 ◦C for 10 s, 30 s, and 50 s. A typial red-shift and narrowingof the spetra of the annealed QDs, ompared to the as-grown (un-annealed) QDs, isobserved. Spetral narrowing due to TA is well known and has been observed also forQDs realized in other material systems (see disussion in hapter 5). The phenomenonis assoiated to a TA-indued enhanement of the QDs homogeneity. A lose inspetionof the PL spetra orresponding to samples annealed, for tA = 30 s and tA = 50 s, alsoreveals an asymmetry in the spetral shape. This behavior indiates to the presene ofa bimodal QD when annealing is performed for long duration.To probe the annealing-indued evolution of the magneto-optial properties of theQD ensembles, magneto-photoluminesene measurements were arried out in a liquidHe bath-ryostat at a temperature of 2K. Magneti �elds were applied parallel to the55
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Fig. 7.1: PL spetra reorded from an ensemble of self-assemble quantum dots, beforeand after 10 s and 30 s of thermal annealing exeuted at the temperature of TA = 500
◦C.growth diretion (Faraday geometry). The PL was exited with the 405 nm line of asolid state ontinuous-wave laser, as desribed in hapter 3.1.3. In order to investigatethe irular polarization of the QD luminesene, a 50 kHz photoelasti modulatoroperating as a λ/4-plate, in ombination with a linear polarizer, was plaed in front ofthe monohromator. For the magneti �eld dependent polarization measurements, weevaluated the degree of irular polarization, DCP = (I−-I+)/(I−+I+), where I+ (I−)represents the intensity of the σ+ (σ−) polarized QD emission, reorded at the peakmaximum. These measurements were performed for two type of samples, the 1ML andthe 2ML QDs, prior to and after TA.The B-�eld dependene of the DCP of both the as-grown quantum dots and thethermally annealed samples (TA = 500 ◦C, tA = 30 s) are shown in Fig. 7.2. Whilefor the as-grown QDs (dark-squares), the DCP undergoes a reversal from positive tonegative sign beyond a magneti �eld strength of B = 4 T, it is observed that theDCP orresponding to the annealed QDs (grey-square) exhibits a negative magnetidispersion in the entire range of B = 0-5 T. While the DCP for the as-grown QDshanges from 1.8% at B = 4T to -3.5% at B = 8T, that for the annealed QDs is -5.0%over the entire range of the B-�eld.From high resolution transmission eletron mirosope (HRTEM) (see Fig. 7.2 band Fig. 7.2 ) images it is evident that the QD-layer broadens out in the growthdiretion (z-axis). Regions of bright ontrast represent high Cd-ontent while those



7.2. Inversion of polarization 57with darkest ontrast are highest in Zn-ontent. The lateral dimensions of the QDsdo not hange signi�antly due to TA. As indiated by the white arrow, the typialdiameter of the QDs prior-to and after TA is ∼ 20 nm. However, the omposition andsize of the QDs along the z-axis hanges signi�antly. This was observed by reordingthe variation of the lattie parameter along the growth diretion from high resolutiono� axis images taken after tilting the sample by 10 ◦C around the z axis from the [110℄zone axis. Hereby, the QD extensions along the diretion of growth was estimated tobe Lz = 2 nm for the as-grown QDs and 6-8 nm for the annealed QDs.
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Fig. 7.2: Squares represent the DCP of 2ML Zn1−xCdxSe QD luminesene reordedat the peak maximum. Solid urves are orresponding to the �tting with Makowskimodel. (b) HREM pitures taken prior to and () after thermal annealing for 30 s atTA = 500 ◦CSimilarly, the DCP for the 1ML CdxZn1−xSe QD-sample was investigated (see Fig.7.3). In ontrast to the 2ML QDs, the as-grown 1ML QDs sample (dark-squares) showsa onstant positive DCP (= 4%) for all magneti �elds B = 0-5T. However, when thesample is annealed at TA = 500 ◦C for tA = 20s (grey-squares) the DCP hanges sign(DCP = -1.5%). In the same way, for the thermally annealed sample, TA = 500 ◦Cfor tA = 30s (light gray-square), the DCP hanges sign and shows a larger polarization(DCP = -9%).From the DCP measurements versus the magneti �eld strength, it is possible to



58 7. Magneto-polarization in thermally annealed self assembled QDsextrat the Landé g-fator and the spin relaxation time, τs. These two parameters anbe extrated following the well known Makowski model [MAC03℄. In the present workthe experiments were done by using a linearly polarized soure, whih implies an equalgeneration rate for up- and down-spins. Therefore, aordingly to S. Makowski at al.[MAC03℄ the equation for the degree of irular polarization an be written as:
DCP =

1 − e
∆E
kT

1 + ( ts
tr

+ 1)e
∆E
kT

, (7.1)where ∆E is the Zeeman splitting of the exiton ground state, τr is exiton relaxationtime and τs is the spin relaxation time. For simpliity of notation, the ratio τs/τr willheneforth be denoted as τ . It is worth noting that eq. 7.1 needs to be modi�ed whenthe hanges of sign for the DCP is onsidered. Preisely, the right side of the eq. 7.1and the ∆E must hange sign.
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Fig. 7.3: Squares represent the experimental data for the gradual variation in theDCP of 1ML QD-luminesene for di�erent annealing times. Solid urves are theorresponding theoretial �tting.Then, by using the above equation, the experimental data were �tted for both the2ML and 1ML QDs samples as shown in Fig. 7.2 and Fig. 7.3, respetively. For the2ML QDs sample, the experimental data of the as-grown sample shows a non linearbehavior. Up to B = 4 T the DCP is positive and hanges sign for B = 4-8 T. This



7.2. Inversion of polarization 59unusual behavior of the DCP indiates that the g-fator is not onstant over the entire�eld range. Suh behavior an be attributed to a mixing of the exitoni states induedby the magneti �eld [TRA95℄, whih is re�eted in an anomalous Zeeman e�et. By�xing τ = 15 and the g-fator g = -0.06 (Zeeman splitting ∆ = -0.014 meV) the DCPould be �tted for the as-grown QDs sample up to the magneti �eld B = 4 T. Sinethe exiton relaxation time measured at B = 0 is τr = 330 ps, the spin relaxation timebeomes τs = 4.9 ns, whih is in agreement with the value found from Makowski atal. [MAC03, MAC05℄.For the annealed sample (TA = 500 ◦C and tA = 30s), the �tting leads to τ = 8 andg = 0.09, whih means the Zeeman splitting ∆E = 0.03 meV. In this ase, the exitonrelaxation time at B = 0 is τr = 71 ps, whih leads to τs = 0.57 ns. The enhanementof the spin sattering e�ieny upon annealing is attributed to an inreased mixingbetween di�erent spin states in larger CdSe quantum dots.The same alulation was repeated for the 1ML QDs sample. For the as-grownsample, the �tting leads to τ = 20 and g = -0.4, whih orrespond to ∆E = -0.1 meVat B = 5T. For this sample, the exiton relaxation time at B = 0 is τr = 190 ps, andtherefore the spin relaxation time turn out to be τs = 3.8 ns. For the annealed sample,TA = 500 ◦C for tA = 20s, the �tting leads to τ = 55 and g = 0.33, whih orrespondto ∆E = 0.08 meV at B = 5T. The measured exiton relaxation time at B = 0 is τr= 180 ps. Therefore, the extrated spin relaxation time is τs = 9.9 ns. Finally, forthe 1ML QDs annealed sample, TA = 500 ◦C for tA = 30s, the �tting leads to τ = 6and g = 0.15, whih orrespond to ∆E = 0.04 meV at B = 5T. In this last ase, themeasured exiton relaxation time at B =0 is τr = 170 ps, that leads to τs = 1.0 ns.For larity, all the above alulated parameters are tabulated in Table 7.1.Tab. 7.1: Values of the g-fator, exiton and spin relaxation time and Zeeman splittingextrated from the 2ML and 1ML QDs samples before and after TA.� B (T) g τr (ps) τs (ns) ∆ E (meV)2ML QDs (as-grown) 0-4 -0.06 330 4.9 -0.0142ML QDs (tA = 30s) 0-5 0.09 71 0.57 0.031ML QDs (as-grown) 0-5 -0.4 190 3.8 -0.11ML QDs (tA = 20s) 0-5 0.33 180 9.9 0.081ML QDs (tA = 30s) 0-5 0.15 170 1.0 0.04It should be pointed out that all the alulated Zeeman splittings are muh smallerthan one would expet for CdSe/ZnSe QDs, whih normally show g-fators in the orderof g = 1 [KUN98, MAC05℄. In order to understand the reason of suh small g-fator,single quantum dot spettrosopy for the as-grown and annealed samples were arriedout in presene of an external magneti �eld. In Fig. 7.4 (a) and (b) the PL spetrareorded at B = 6T are shown , for the as-grown and annealed samples (TA = 500 ◦C



60 7. Magneto-polarization in thermally annealed self assembled QDsand tA = 10s), respetively. The energy di�erene between E(σ+) and E(σ−) re�etsthe Zeeman splitting. For the as-grown sample the measured g-fator is gX = 1.1 andfor the thermally annealed samples are gX = 1.7 (QD1) and gX = 3 (QD2). It is worthnoting that the g-fators determined from the single QDs is bigger than to the valueof QD-ensembles determine by using eq. 7.1 and shown in Table 7.1.
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Fig. 7.4: (a) Zeeman splitting of a single QDs before TA and (b) after TA at TA =500◦C for tA = 10s. The magneti �eld strength is B = 6T.The SQD magneto spetrosopi data presented here (see Fig. 7.4) reveals thatthe g-fators of selenide-based QDs are muh larger than those alulated from DCPmeasurements, based on the Makowski model. The fundamental di�erene is in thefat that eq. 1 assumes that the g-fator is due to one type of arriers, namely the holesin this ase. This an be understood onsidering the existene of an exess density ofeletrons. Indeed, it is well known that II-selenides exhibit an unintentional n-typedoping, often attributed to native defets [WAL02℄. Eletrons from ertain donor-typenative defets [YOA85℄, as well as from the n-type GaAs substrate, might relax intothe QDs making the QDs negatively harged. With this assumption, the extratedg-fators from the DCP-measurements orrespond to the minority arriers and not tothe exitons, as one would expet.For the theoretial desription we have onsidered the QDs to be embedded in aQW-like struture. The spatial on�nement of holes and eletrons, in the theoretialsimulation is de�ned by an in-plane potential, Vx,y = 1/2 mx,yω
2
0 (x2+y2), where mx,y



7.2. Inversion of polarization 61is the arrier in-plane e�etive mass and ω2
0 = h̄/(m0 R2) is the paraboli on�nementstrength in terms of the e�etive lateral extension of the QD, R [DES04℄. For thelongitudinal diretion, we assume a hard wall QW, with height Lz. The unperturbedHamiltonian has the well-known Fok-Darwin solution [DES04℄. The kineti energy forthe valene (ondution) band is treated by the 4×4 (2×2) Luttinger oupled (paraboliunoupled) Hamiltonian.By the use of a multiband alulation it an be shown that the spin splitting of theground states of the eletrons and heavy-holes depends on the QD-parameters [EFR98,KiS01, KOT01, KUN98, MAC05℄. The Cd-ontent dependene has been introduedfrom the reported values of the band parameters of Zn1−xCdxSe [LAN96, ZAR05℄. Dueto a lak of parameters, a linear interpolation between the orresponding values of ZnSeand CdSe has been assumed for the alloy omposition. In Fig. 7.5 (a) and (b), theorresponding Zeeman splittings for the �rst ondution and the topmost valene bandlevels are shown for various Cd-ontent values. The ondution band is only slightlya�eted by the alloy omposition. It is the valene band that responds in a muhstronger way. The Zeeman splitting of the valene band ground state hanges slopewith the magneti �eld, and its sign beyond a ertain Cd-onentration. This is ausedby the oupling between the light- and the heavy-hole states. Suh an e�et leads toan inversion in the oupation of the spin-split hole-levels whih, in turn, results in asign- reversal of the DCP. More details about the theory are given in Ref. [MAR08℄.

0 2 4 6 8
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0 2 4 6 8
-0.6

-0.4

-0.2

0.0

0.2

0.4

 B (T)

 

  x = 0.1
  x = 0.2
  x = 0.3
  x = 0.4
  x = 0.5
  x = 0.6

Ze
em

an
 S

pl
itt

in
g 

(m
eV

)

R = 100 Å

Zn1 xCdxSe

Lz = 34.2 Å

electron

(a)

 B (T)

 

 

heavy-hole

(b)
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Chapter 8
8.1 Paramagneti response of TA nonmagneti SQDA harateristi signature of nonmagneti semiondutors (NMSs) is the absene ofa permanent magneti moment. Typially, the zero-dimensional ground state of ele-trons and holes in NMS QDs have zero angular momentum and exhibit therefore a dia-magneti response of spin-split states to an external magneti �eld [JAC98, KRO04,WAL98, CIN99℄. To realize magneti quantum dots (MQDs), usually paramagnetiions are inorporated, e.g. Mn2+ [AWS00, AND50, BAC02, HEN07℄. In this hap-ter it is demonstrated that pronouned paramagneti behavior an also be observedin the spetra of single nonmagneti CdSe quantum dots, after post-growth RTA andwithout the inorporation of extra manganese spins. Suh behavior is assoiated withquantum-on�nement indued inversion of heavy (hh) and light hole (lh) states whenthe Cd-ontent, x, within the QD is dereased.
8.2 Sample preparation and experimental set-upThe sample-struture investigated in this hapter is desribed in Appendix E. Post-growth TA was performed in N2 environment at a temperature of TA = 500 ◦C fora duration of 10 s. The measurements were arried out in a LHe bath-ryostat at atemperature of 2K (the set-up is desribed in setion 3.4). Magneti �elds of up to 7Twere applied parallel to the growth diretion (Faraday on�guration). The QDs wereexited with a 405 nm line of a solid state ontinuous wave laser. The QD-PL weredispersed by a monohromator and reorded with a LN2 ooled CCD amera. In orderto selet the photoluminesene from a SQD, small mesas with a diameter of about100 nm, arrying only a low number of QDs, were fabriated by EBL and wet-hemialething. 63



64 8. Paramagneti response of TA nonmagneti SQD

Fig. 8.1: PL spetra reorded from a 150 nm mesa prior to (green) and after (blue)thermal annealing (TA). TA leads to a blue shift of the spetrum due to Cd-Zn inter-mixing between the QDs and the surrounding matrix. The inset shows a SEM imageof the mesa before mask removal.8.3 Experimental observationThe investigation of the magneti properties of QDs were exeuted by studying asingle layer of CdZnSe QDs embedded in a ZnSe matrix by optial spetrosopy. Toobserve single exiton lines, small mesas (≈ 100 nm), ontaining a small number ofself-assembled CdZnSe QDs, were fabriated. In the inset of Fig. 8.1, an SEM imageof a mesa, prior to mask removal, is shown. A typial PL spetrum, reorded from a150 nm mesa is presented in the upper part of the same �gure. On the low energyside, the spetrum shows several narrow emission lines assoiated with SQD exitons.The bottom spetrum orresponds to a RTA-treated sample with annealing parametersTA = 500 ◦C and tA = 10 s. Typially, the PL spetrum of RTA QDs is blue-shiftedompared to that of the as-grown sample. The energy-shift is aused by interdi�usionof the Cd and Zn atoms between the ZnSe-barrier and the CdSe QD-layer [MAR06℄.The exiton lines in the annealed spetrum are numbered and distinguished into threeregions A, B and C, in order to assoiate them to data disussed later on. To studythe hanges of the magneti properties of SQD after TA, eight QDs lines were arefullystudied in magneti �elds up to 7T.On the left panel of Fig. 8.2 the PL-spetra of a thermally annealed QD (line 4,Fig. 8.1) is shown. Here, spetra orresponding to two irular polarized detetion
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Fig. 8.2: (Left part) PL spetra of a thermally annealed QD (line 4). The peakenergies are red-shifted with inreasing magneti �eld strength, B. Typially, as-grownQDs show a small energy blue shift of the irularly polarized omponents (σ±), asan e�et of diamagnetism. (right side) Zeeman splitting of the eight QD lines, afterTA, indiated in Fig. 8.1. By inreasing the magneti �eld B the single exiton linessplit into a σ+ (green) and σ− (blue) irularly polarized omponent, with the enterof gravity, ∆E, shifted to lower energies.
(σ±) are shown for di�erent magneti �eld strengths. For larity, the peak positions,(full squares) of the spetra, are also indiated and the orresponding peak positions(empty squares) of the as-grown QD is also given as referene. After TA, already at1T, both σ+ and σ− emissions are pronounedly red-shifted. Between 1T and 5T, theshift inreases and saturates between 5T and 6T. In addition, it should be pointed outthat for the same dot the Zeeman splitting is larger ompared to the one measuredprior TA. Indeed, the measured g-fator is roughly g ≈ 1 prior TA and g ≈ 2 afterTA. A weak diamagneti blue-shift of the Zeeman omponents for the referene as-grown QD is determined [ERD06, SCH02℄ to be 0.3 meV at 7T. On the ontrary, theZeeman splitting of all the annealed QDs, designated by numbers 1 to 8 in Fig. 8.1,shift towards low energies when B is inreased. The trend, for all 8-lines is shown inFig. 8.2. All annealed QDs, exept QD1 in panel C, are red-shifted with inreasing



66 8. Paramagneti response of TA nonmagneti SQDmagneti �eld, heneforth referred to as paramagneti shift (PS). The largest shiftmeasured after TA is -2.8 meV (line 7), whose absolute value is muh larger omparedto the positive shift of the unannealed QD. For a better omparison, the energy-shiftfor eah QD investigated was alulated and presented in Fig. 8.3. By using eq. 2.15and eq. 2.16 it is possible to determine the diamagneti shift for all 8-QDs, abovemeasured. Therefore, the diamagneti shift is given by:
∆E(B) =

E(B)σ+

+ E(B)σ−

2
−E(0) = γB2 (8.1)where γ is the diamagneti oe�ient and E(B)σ+ and E(B)σ− , the energy omponentsof σ+ and σ−, respetively. As expeted, the energy-peak shifts towards high energywhen the unannealed QD (empty irle) is onsidered. On the other hand, from theannealed sample, all the other QD-lines (exept QD1) show pronouned red-shifts.8.4 Theoretial alulationIn order to explain the observed red shifted energy of the PL spetra, of both theirularly polarized emission light, σ±, in presene of an external magneti �eld, B,a omparison between Fok-Darwin model and multi-band alulation was developed.For the purpose of understanding the magneti dispersion of the annealed QDs, theeletroni struture of the QDs has been analyzed using the Fok-Darwin Hamiltonianfor the ondution band states and a multiband Luttinger Hamiltonian for the valeneband states. A single CdxZn1−xSe QD has been modeled by a ylindrial spatial on-�nement within a region of radius R and height Lz. The band parameters for theternary ompound have been assumed to be a linear funtion of the Cd-ontent. Thevertial on�nement (z-axis), V(z), of the QD has been assumed to be square-well like,while the in-plane on�nement (x-y plane), V(ρ), radially symmetrial, with ρ2 = x2+ y2. The radially symmetri in-plane potential emulates a smooth (radially symmet-ri) transition of the Cd-ontent from the entre (high Cd ontent) to the peripheryof the QD. With these assumptions, the axial (ρ) and vertial (z) oordinates insidethis ylindrially shaped QD an be treated as separable variables, without any loss ofgenerality, even in the presene of magneti �eld applied along the vertial diretion.Condution band: Fok-Darwin modelFor the assumed ylindrial on�nement, the ondution band Hamiltonian anbe solved within the Fok-Darwin formalism. The eletron of e�etive mass m∗·m0 isassumed to be on�ned within an in-plane paraboli potential V(ρ) = 1/2m0/m∗ω2

0ρ
2,where ω0 = h̄ / m0 R2 is the axial paraboli frequeny. In the absene of external �eld,



8.4. Theoretial alulation 67the loalization of an eletron an be desribed by the ylindrial Hamiltonian,
H(0)

D =
1

m∗

{
h̄2

2m0
k̂

2 +
1

2
m0ω

2
0ρ

2

}
+ V (z), (8.2)This Hamiltonian an be re-written in terms of reation and annihilation operators, a†±and a±, using the harmoni expressions:

k̂± =
i

R

(
a†± − a∓

)
. (8.3)Equation 8.2 then reads as:

H(0)
D = Hxy +

h̄2

2m∗m0
k̂2

z + V (z), (8.4)where
Hxy =

h̄

m∗ω0

(
N̂+ + N̂− + 1

)
, (8.5)This is the bi-dimensional harmoni osillator problem with number operators, N̂± =
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Fig. 8.3: As-grown QDs (empty irle) and one of the annealed QDs (line 1) show atypial diamagneti shift. In ontrast, a paramagneti shift is observed for all the otherannealed QDs.a†±a±. The eigenstates of Eqn. 8.4 an be labeled as |n+,n−〉, with n+, n− = 0, 1, 2....The eigen states obey the eigenvalue relations N̂±|n+, n−〉 = n±|n+, n−〉.



68 8. Paramagneti response of TA nonmagneti SQDFrom eq. 8.5 it is seen that in absene of an external magneti �eld, the states |n+,n−〉, with n+ + n− = onst, remain energetially degenerate. The degeneray of thestates an be broken when a magneti �eld,B=Bẑ, is applied parallel to the symmetry-axis of the QD. This �eld leads to the quantization of the angular momentum, Lz =n+ - n−. Consequently, an e�etive potential is added to the axial quantization, VB =m0/m∗ω2
cρ

2/8, where ωc = eB/m0 is the ylotron frequeny.The new Hamiltonian for the in-plane motion, in presene of B, an now be writtenas:
HFD =

1

m∗

[
h̄ω+

(
N̂+ +

1

2

)
+ h̄ω−

(
N̂− +

1

2

)]
+
g0µB

2
Bσz, (8.6)where, ω± = Ω ± ωc/2 and Ω =

√
ω2

0 + ω2
c/4, µB = eh̄/2m0c is the Bohr magneton,g is the eletron Landé fator and σz is the z-omponent of the Pauli matrix. Theorresponding eigenvalues of the Hamiltonian (eq. 8.6) are

En+,n−,σz
=

1

m∗

[
h̄Ω (n+ + n− + 1) +

1

2
h̄ωc (n+ − n−)

]
+g0µBB

σz

2
. (8.7)Valene band desription: Luttinger modelThe desription of eletroni states in the valene band are not aptured adequatelyby the Fok Darwin formalism and one needs to go beyond the paraboli band approx-imation. In the majority of the situations desribing wide-gap semiondutor states innanostrutures, suh as QDs, the multi-band Luttinger Hamiltonian model is a fairlygood approximation. The eigensolutions of (eq. 8.6) an be found by using the om-mutation and anti-ommutation relations between momentum operator omponents,in the form of

{
k̂+, k̂−

}
=

(
N̂+ +

1

2

)
c2+ +

(
N̂− +

1

2

)
c2− − c+c−

(
a†+a

†
− + a+a−

)
, (8.8)

[
k̂+, k̂−

]
= −c2+ + c2−. (8.9)The Luttinger Hamiltonian then takes the matrix form

HL =





D
(+)
hh A− 0 B

D
(+)
lh B 0

D
(−)
hh A+

D
(−)
lh




, (8.10)where

D
(±)
hh = −

(
γ̄1 + γ̄2

2

) {
k̂+, k̂−

}
−

(
γ̄1 − 2γ̄2

2

)
k̂2

z ±
3

4

(
κ̄+

9

4
q̄

) [
k̂+, k̂−

]
,(8.11)

D
(±)
lh = −

(
γ̄1 − γ̄2

2

) {
k̂+, k̂−

}
−

(
γ̄1 + 2γ̄2

2

)
k̂2

z ±
1

4

(
κ̄+

1

4
q̄

) [
k̂+, k̂−

]
,(8.12)



8.4. Theoretial alulation 69represent the diagonal terms. The o�-diagonal terms are de�ned by,
A± = ∓

√
3γ̄3k̂±k̂z, (8.13)

B = −
√

3

2
γ̄k̂2

−, (8.14)with:
γ̄i =

h̄2

m0

γi (i = 1, 2, 3) , κ̄ =
h̄2

m0

κ , q̄ =
h̄2

m0

q , γ̄ =
γ̄2 + γ̄3

2
. (8.15)As one may note, the opposite spin-states hh± and lh± in the �rst subband, or-responding to the quantization in the z-diretion, are oupled through the terms B2(A±), proportional to the quadrati (linear) operators. They indue hh-lh hybridiza-tion between states that have an angular momentum di�erene ∆m = ±2 (∆m = ±1).This e�et raises or lowers the Fok-Darwin quantum numbers n± between hybridizedstates by a fator 2 (1). The results of last alulation, for the valene bands, are shown

Fig. 8.4: (a) Calulated valene bands of a quantum dot, with Lz = 2 nm and R= 10 nm, versus Cd-ontent, x, where strain was taken in aount. The light andheavy hole states are energetially separated due to both strain and on�nement. (b)Valene bands of an annealed quantum dot, with Lz = 9 nm and R = 10 nm, versusthe Cd-ontent, x, where a mixture between the heavy and light states ours. Thehybridization is now strongly x-dependent.in Figs. 8.4 (a) and (b). Fig. 8.4 (a) shows, for an as-grown QD, the band energies forthe �rst and the seond heavy subbands (hh 1- and hh 2-subband). The �rst light holesubband (lh 1-subband) are shown too. The same plot is shown for an annealed QDin Fig. 8.4 (b). A omparison of the two �gures reveals a striking feature. Annealing



70 8. Paramagneti response of TA nonmagneti SQDindued redution of Cd ontent of a single QD leads to an inversion of the groundstate from a hh to a hybrid state, with ontributions from the lh state.With the aid of the alulations performed here, based on a ombination of FDformalism for the ondution band states and a multi-band Luttinger formalism for thevalene band states, it is possible to explain the observed magneto-optial dispersionof the annealed SQDs (see Fig. 8.3).For an as-grown SQD (i.e. prior to RTA), the ground state is purely hh in harater.The exiton states, de�ned by an eletron and a heavy hole, are well desribed by thesimple paraboli band model. On the ontrary, after TA, the previously well de�nedQD-potential is expeted to undergo a pronouned hange both in size and omposition.The QD is now enlarged and the Cd-ontent per unit volume is redued. The result ofthe alulations presented before indiates that due to TA the QDs were modi�ed in away suh that their ground valene band state assumes a hybrid hh-lh harater. Thishybridization leads to oupling of the orbital angular momenta of the involved statesand imparts a non-zero m-value for the hole-ground state [IVC97, PER96, BRA97a℄.The above desription an be easily understood by referring to Figs. 8.4 (a) and(b), whih represent the ases prior to and after thermal annealing, respetively. Dueto the seletion rule, the bands that mainly ontribute are the hh 1-subband and thelh 1-subband, ommonly known as the heavy and light hole states. These bands areemphasized by green and red thik lines. Prior to TA, when the Cd-ontent is high,for instane x = 0.6, the energy di�erene between the two bands is ≈ 300 meV,whih is large enough to avoid a ontribution from the light hole states to the valeneband ground state. If the Cd-ontent is redued, the energy di�erene, lh(0,0)-hh(0,0),is also redued. However, this variation is not so relevant for a small and stronglyon�ned QD. Indeed the hh- and lh-bands still do not in�uene eah other when verylow Cd-ontent is onsidered.The in�uene of the hange in Cd ontent beomes prominent when the size of theQD is hanged suh that the exiton on�nement is redued (Fig. 8.4 (b)). In Fig. 8.4(b), Lz = 9 nm, as opposed to 2 nm in ase of Fig. 8.4 (a). This hange in Lz (vertialon�nement), for a onstant in-plane radius (R = 10 nm) learly demonstrates a strongvariation of the valene band and a rossover from a hh to a lh valene band groundstate for Cd ontent ≤ 0.3.The alulated exiton energy shifts in an externally applied magneti �eld (inFaraday geometry) are shown in Fig. 8.5 for both as-grown and annealed QDs, forseveral QDs size. When one onsiders a pure hh-ground state, a diamagneti energyshift ours, as indiated by the red line and the dotted lines grouped by a irle (seeFig. 8.5 (a)). In this ase the height of the QD is Lz = 2 nm and the radius R = 10nm, while the Cd-ontent is 15%. Keeping the Cd:Zn ratio �xed when Lz is inreasedbeyond 2 nm, the energy shift learly shows a paramagneti harater (i.e. a red shift).This paramagneti shift (PS) inreases with inreasing Lz, up to Lz = 6 nm, beyondwhih it starts to fall again. This is illustrated by the ase Lz = 9 nm. On the other
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Fig. 8.5: a) Ground state QD exiton formed by hh shows always the diamagnetishift. In ontrast, when the lh is the predominant omponents in the ground state, ared-energy shift is observed. By variation of QD shape, due to TA, it is found that thelh beomes the ground hole state. For a �xed R = 10 nm. The di�erent holes statesare visualized for larity by surfaes of onstant wave amplitude. b) PS obtained byhanging now the R and let �x Lz = 9 nm. ) Superposition of severals density of WFsleads to a hybrid WF with light hole harater.hand, an inrease in the in-plane radius R, for a �xed value of Lz and alloy omposition,auses the PS to derease further (Fig. 8.5 (b)). Indeed, for R = 15 nm, a shift of-2.62 meV was reorded.Fig. 8.5 (a) also shows the valene ground state wave funtion (WF) prior to (topinset) and after TA. The dis-shaped density of the unannealed sample orrespondsto a purely hh hole ground state. On the other hand, the density distribution isstrongly modi�ed after TA. The shown distribution is a hybrid of individual WFs,whih are shown pitorially in Fig. 8.5 (), along with the respetive values of themagneti quantum numbers (m). It is due to this hybridization, that the valene bandground state assumes a predominantly light hole harater and a non-zero value ofm. This leads to the observed negative energy shift. The negative energy shift wasobserved whenever the lh-state ontributes largely to the exiton ground state, whihwas demonstrated by varying the parameter spae for several di�erent QD-ompositionsand -shapes.
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Appendix A
The ~k · ~p in the perturbation approahOne of the method used for the alulation of the ondution and valene bandstates is aomplished by the ~k · ~p theory [DAV98℄. The Hamiltonian in the ~k · ~p theoryan be written as:

(
H0 +

h̄

m0

~k · ~p+
h̄2k2

2m0
+

)
u~k,~r = ǫ(~k)u~k,~r, (8.16)obtained by substituting the Bloh wave funtion into the Shrödinger equation plustwo extra terms, taking into aount the perturbation. In order to resolve the aboveequation, is possible to distinguish between two ases, that are the study of the Hamil-tonian in presene or in absene of the spin-orbit interation. When is onsidered thease of absene of spin-orbit interation, the solutions of the eq. 8.16 for a diret semi-ondutor rystal are the eigenvalues ǫn(0) and the orresponding eigenstates |n >. Sousing the perturbation theory 1 the eigenvalues of eq. 8.16 for small ~k are:

ǫn(~k) ≈ ǫn(0) +
h̄2k2

2m0

+
h̄2

m2
0

∑

m6=n

|
〈
u0,~r|~k · ~p|un,0

〉
|2

ǫn(0) − ǫm(0)
. (8.20)1By the perturbation theory a seond order orretion is added to the Shrödinger solution resolvedat Γ point, H(0)|n > = ǫ

(0)
n |n〉, with |n〉 the eigen funtion and ǫ

(0)
n the eigen energy solutions of thenon-perturbed Hamiltonian. When the perturbation is introdued, the Hamiltonian is written as H =H(0)+ W, where W is the perturbation. If the eigenvalues are non-degenerate, the �rst order energyorretion is:

∆ǫ(1)
n

≈< n|W |n >, (8.17)and no orretion in the eigenfuntions are expeted. On the ontrary, in the seond order theperturbation arises from the non-diagonal terms in the matrix element of the perturbation potential.The energy orretion beome:
∆ǫ(2)

n
≈

∑

m 6=n

| < n|W |m > |2

ǫ
(0)
n − ǫ

(0)
m

. (8.18)Consequently, it is possible to write the total energy:
ǫn ≈ ǫ(0)

n
+ ∆ǫ(1)

n
+ ∆ǫ(2)

n
(8.19)In this last ase the perturbation arise from the interation between di�erent eigenvalues. Whetherinteration arise between the states or not is deided by the matrix elements < n|W|m > in eq. 8.18.73



74 Appendix A: KP theoryThe above expression an be rewritten more simply as:
ǫn(~k) ≈ ǫn(0) +

h̄2k2

2m∗ , (8.21)where
1

m∗ =
1

m0
[1 +

2

m0k2

∑

m6=n

|
〈
u0,~r|~k · ~p|un,0

〉
|2

ǫn(0) − ǫm(0)
]. (8.22)This is the reiproal e�etive mass of the nth band. Equation 8.22 desribes theeletron e�etive mass in a semiondutor rystal. It shows that, due to the ouplingbetween eletronis states of di�erent bands an eletron in a semiondutor rystal hasdi�erent mass. From the energy solution is possible to have an idea of the band shape.Taking into aount the ondution band at the Γ-valley, the largest ontribution omesfrom the band energetially nearest, that is the top of the valene band. The matrixelements in eq. 8.20 do not vanish beause the ondution band is symmetri (s-like)and the valene band is asymmetri (p-like). The ondution band e�etive mass isgiven by:

m∗
c ≈ m0

1 + 2P 2

m0Eg

. (8.23)Sine the valene band at Γ-point is four-fold degenerate, the ~k · ~p theory alone is notsu�ient to resolve it.Kane ModelThe Kane model is a standard approximation that an be used at various level ofresolution. The full Kane model desribes the valene bands by taking into aountthe spin-orbit interation, whih is signi�ant when the atomi number inreases.The resolution of theH~k·~p in the perturbation approah is a satisfatory method onlyfor small values of ~k near the Γ-point. A better approah is to resolve the Hamiltonianexatly within a restrited basis set. The basis set is that of all eigenfuntions at k =0, as used in the perturbation theory, above introdued. By negleting the spin-orbitoupling in the Kane model, the valene bands, and speially the heavy hole states arenot well supported for k 6= 0. Consequently, by onsidering the spin-orbit interation,the solutions of the Shrödinger equation an be expressed with the Kane model usingthe following base set |j, jz〉:
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〉 =
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√
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|1
2
,+1

2
〉 =

√
2
3
| + 1 ↓〉 +

√
1
3
|0 ↑〉,

|1
2
,−1

2
〉 = −

√
2
3
| − 1 ↑〉 +

√
1
3
|0 ↓〉,In this thesis will be not given detailed information regarding this model. Moreinformation of how to alulate this base set and to derive the Hamiltonian matrix anbe found in the text book of Cordona [CAR96℄ and J. H. Davies. [DAV98℄.The spin-orbit oupling within the Kane model mirrors better the ondution andvalene band for k < 0.5 nm−1, but for larger k the bands approah the previousmodel. Also the desription of the heavy hole is quite unsatisfatory, then the simplestapproah is to deouple the band with total angular momenta j = 3/2 from j = 1/2when the spin-orbit oupling is large enough. Consequently, it is possible to alulatethe heavy- and light-hole-band without a�eting the others. In this ase the H~k·~p anbe restrited to j = 3/2 and an be solved exatly. This approah is alled Luttingermodel and gives the energies of heavy and light holes as follow:

ǫ(k) = Ev −
h̄2

2m0

[Ak2 ±
√

(Bk2)2 + C2(k2
xk

2
y + k2

yk
2
z + k2

zk
2
x)]. (8.24)The onstants are onventionally expressed in term of the Luttinger parameters:

A = γ1, B = 2γ2, andC
2 = 12(γ2

3 − γ2
2). (8.25)The e�etive masses along [100℄ are:

mhh =
1

γ1 − 2γ2
, mlh =

1

γ1 + 2γ2
. (8.26)Luttinger ModelIn this setion an outlook is given as regards the Luttinger model in ase of lowon�ned system. The low on�ned system has Lx and Ly as in-plane size and Lz thesize in the growth diretion, with Lx, Ly ≫ Lz. That is the ondition for quantization ofstates in z-diretion. In order to approah realistially this problem the Kohn-Luttinger(KL) model uses a 3 x 2 valene band matrix and introdues the ondution band by aLowdin renormalization [BAH99℄. Sine here a low dimensional system is onsidered,the four-fold degeneray at ~k = 0 is broken. Consequently, the SO-band is pusheddown and the light and the heavy hole are energetially separated. Then the stateswith j = 3/2 and j = 1/2 are energetially apart from eah other. The total angularmomentum j = 3/2 has two omponents for jz, that are jz = 3/2 and jz = 1/2. Letdistinguish two ases:

• In the �rst ase, when the state |j, jz〉 = |3/2, 3/2〉 is onsidered, the wave funtionis expressed as a linear ombination of the states |X〉 and |Y 〉, whih refer to the



76 Appendix A: KP theoryvalene-band states with the symmetry of px and py orbitals. It implies that thep-orbitals are oriented in the x- and y-diretion. The resulting bands have lightermass in the xy-plane and heavier in the z-diretion, i.e. m3/2
xy < m

3/2
z (see Fig.8.6(a)).

• In the seond ase, when the state |j, jz〉 = |3/2, 1/2〉 is onsidered, the wavefuntion is expressed as |Z〉, whih refers to the valene-band state with thesymmetry of pz orbitals. In this ase the p-orbitals are oriented along z andthe masses are onsequently heavier in the diretion normal to z, that leads to
m

1/2
z < m

1/2
xy [DAV98℄.

Fig. 8.6: (a) Shemati explanation of the heavy and the light holes. (b) Case ofstrong on�nement for QWs whose in plane size (Lx,y) is bigger than the vertial size
Lz. Also the break of the degeneray at ~k = 0 is shown.Normally, the KL model is easier to be applied in ase of a zin-blend or diamondrystal struture, where the symmetri properties of the s- and p-orbitals an be on-sidered. Nevertheless, this model was further simpli�ed by Luttinger, who onsidereda sub-part of the KL valene band matrix. By this model only information about hhand lh states are given. The Luttinger matrix beame:





P +Q S R 0
−S+ P −Q 0 R
R+ 0 P −Q S
0 R+ S+ P +Q



 . (8.27)The matrix's oe�ients P, Q, R and S are expliated as: P = h̄2
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S = h̄2

2m0
2γ3(kx − iky)kz.It must be remarked that, ontrarily to the previous models, these results an beextended to high ~k values. In addition, taking into aount the axial approximation,

γ2 beome proportional to γ3 (γ2 ≈ γ3).These oe�ients ontain the Luttinger parameters (γi), desribing the energy dis-persion in k-spae. Furthermore, the o�-diagonal terms take into aount the ouplingbetween the lh and hh. By the Luttinger model, the heavy and the light hole massesan be rewriten, where the motion in z and in-plane must be distinguished. If oneonsiders the motion in the z-diretion:
• for jz = 3/2, the e�etive mass in z-diretion is:

mhz = m0/(γ1 − 2γ2), (8.28)
• while, for jz = 1/2, the e�etive mass is:

mlz = m0/(γ1 + 2γ2). (8.29)The eqs. 8.28 and 8.29 give the hh- and lh-masses in the Luttinger formalism, whenthe motion in z-diretion is onsidered. It results in mlz < mhz. On the ontrary, whenthe motion in-plane of the QW is taken into aount, it is found that,
• for jz = 3/2 it is:

mh‖ = m0/(γ1 + γ2), (8.30)
• whereas, for jz = 1/2 it is:

ml‖ = m0/(γ1 − γ2). (8.31)In this last ase, ml‖ > mh‖ is found. This behavior known as mass reversal e�et,was experimentally observed by ompressive [0 0 1℄ uniaxial stress [HEN63, PER00,BRA97, IVC96℄. Figure 8.6 (b) shows a sketh of the hh and lh state for a QW whereno oupling was onsidered. The energy separation between the states, with distin-guished heavy and light holes harater is due to the presene of strong on�nement.Nonetheless, the ase of a mixing between the valene band states should also be takeninto onsideration. Figure 8.7 (b) shows the band dispersion versus kz omponent, forboth the ases of strong on�nement left and mixing of states (right), respetively. Inthe seond ase, a mixing between hh and lh bands is onsidered, whih leads to ananti-rossing between the bands. Sine the mixing between hh and lh an be ausedby the on�nement and size of the studied system, a mass reversal or mixing betweenthe bands an be expeted when morphologial hanges of the quantum-system areonsidered.
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Fig. 8.7: Valene states alulated in ase of QWs with (a) size Lx,y � Lz. (b) In thegrowth axis diretion the on�nement indues to the splitting between light and heavyholes. Whereas () in-plane a mixing of the bands might be presented.



Appendix C
Samples preparation: S1The sample desribed here was grown in ollaboration within the SFB 410 projetin the Laboratory of Experimentelle Physik III in the University of Würzburg.

• Method of growth: Moleular beam epitaxy (MBE)
• Sample grown by: PhD. Suddhasatta Mahapatra
• Supervisor: Prof. Karl BrunnerTab. 8.1: Struture of the sample (1794M2)ap-layer ZnSe 25 nmQDs-layer CdSe 2.0MLbarrier ZnSe 50 nmbu�er GaAs 200 nmsubstrait GaAs 600µmThe samples S1 was grown by moleular beam epitaxy (MBE). The sample strutureis shown in Tab. 6.1. A Si-doped GaAs (001) substrate has been overgrown with anundoped GaAs bu�er. Then a 50 nm thik ZnSe layer formed the basis of the II-VI struture. The CdSe-based QDs were realized by deposition of 2.0 ML CdSe byonventional MBE at a temperature of 300 ◦C, without any growth interruption at anystage. At the end, the struture has been apped with 25 nm of a ZnSe layer. By thismethod the QDs are embedded in a �lm like struture forming natural quantum dots[ZRE94℄.In order to have information of the morphology of the sample prior TA, high resolu-tion transmission eletron mirosope (HREM)2 images have been reorded, as shownin Fig. 8.8. The well-like QDs formed by MBE, ontain a wide range of potential size,V(x,y), where several lateral dimensions, in the range between 8 nm and 20 nm areshown. It leads to an inhomogeneous broad PL-spetra with full width half maximum(FWHM) of 30-40 meV (see setion 4.1.2).2The High resolution eletron mirograph (HREM) images have been realized within a ollaborationwith C. Bougerol, CEA-CNRS NPSC, SP2M/DRFMC/CEA-Grenoble, Frane.79
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Fig. 8.8: Cross-setion HREM images of a 2ML sample (S1). Rough interfae ofthe Cd(Zn)Se layer is shown. The random size and omposition distribution leads toa random potential pro�le along the x-y plane, but the large energy gap di�erene,between the two material system, leads to a strong and well de�ned on�nement alongthe z-axis. From a well established relationship existing between lattie onstant andmaterial ontent, the HREM gives also information about the Cd-ontent within theCd(Zn)Se layer. Using as referene the ZnSe lattie onstant, aZnSe = 0.565 nm, theamount of Cd into the QDs is estimated to be ≈ 70 %.However, the broad energy gap (1.8 eV) along the growth axis allows to have abox-like potential, V(z), with strong on�nement. The ross-setional HREM imageswere obtained with a Jeol 4000EX mirosope operated at 400 kV. The variation ofthe lattie parameter along the growth diretion (ẑ-axis) has been obtained from highresolution o� axis images taken after tilting the sample by 10◦ around the ẑ axis fromthe [110℄ zone axis. A Wiener �lter has been �rst applied to the images to removethe noise [GAL℄. Then, the images have been analyzed by the geometrial phasemethod, [HYT98, NEU06℄ whih allowed to obtain the lattie parameter along thegrowth diretion using the lower ZnSe barrier as a referene. By knowing the elastionstants of both CdSe (aCdSe = 0.61 nm in literature) and ZnSe (aCdSe = 0.565 nm inliterature), the hanges of the lattie onstant along the growth axis an be followed.Indeed, using the gray sale of the HREM image, the white region with 0.656 nmindiates that the CdSe layer is still strained, so explaining the absene of the 3D QDs.Consequently, assuming that there was no total relaxation along the foil thikness(thik foil limit). The Cd-omposition was estimated to be of 70 % into the QDs.Finally, Fig. 8.9 shows the atomi fore mirosopy (AFM) measurement donebefore the apping of the sample with a ZnSe layer. A top view of a prospetiveimage, Fig. 8.9 (a), and of an in-plane image, Fig. 8.9 (b), learly show the absene ofwell de�ned QDs, but only of a rough interfae. Whereas, a well loated on�nementevidened in the gray-dark ontrast of a TEM ross-image is shown in Fig. 8.9 (),where the gray-dark ontrast is due to the CdSe-ZnSe di�erene.
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Fig. 8.9: (a) Top view of an AFM image of the sample S1 before the apping withZnSe layer. The CdSe epilayer shows only a rough interfae. (b) The distribution ofthe roughness an be better seen in a plane-view of the AFM image by the brown-whiteolor distribution. () However, QDs-like potentials are formed. Its evidene is given bythe ross setion of the TEM image (lateral view). Cd-reah areas, de�ning the QD, aredesribed by dark regions on a gray bakground.



Appendix D
Samples preparation: S2The sample desribed here was grown in ollaboration within the CEA-CNRSNPSC, SP2M/ DRFMC/CEA-Grenoble laboratories.

• Method of growth: MBE-ALE
• Sample grown by: Dr. Thomas Aihele
• Supervisor: Prof. Kunthek KengTab. 8.2: Struture of the sample (M1800)ap-layer ZnSe 30 nmQDs-layer CdSe 3MLbarrier ZnSe 60 nmbu�er GaAs 1µmsubstrait GaAs 600µmThe sample S2 has a 1µm thik GaAs bu�er layer grown by MBE on top of Zn-doped GaAs (001) substrate. The sample was then transferred under vauum to aII-VI MBE hamber. A 60 nm ZnSe layer was grown at 280 ◦C with a growth rate oftypially 0.4 ML/s (Zn �ux: 2.5 x 10−7 mbar, Se �ux: 5 x 10−7 mbar), ontrolled byre�etion high-energy eletron di�ration (RHEED). Next, using atomi layer epitaxy(ALE), 3 ML CdSe were deposited, whih is just below the ritial thikness for strainrelaxation.The sample was then slowly ooled down (within 2 h) to -10 ◦C and exposed toSe for 30 min, reating a 50-100 nm thik layer of amorphous Se. Next, the sampletemperature was slowly inreased to 280 ◦C to desorb the amorphous Se. It is duringthis proess, where the transition to quantum dot islands ours (Fig.8.10) [ROB06℄.Finally, the islands were overgrowth with a 30 nm apping layer. The QDs formed inthis way shows a lear evidene of 3D-island formation. The struture of the sampleis given in Tab. 6.2. The atomi fore mirosopy (AFM) image shows an unappedsample of 3 ML CdSe QDs on ZnSe (see Fig.8.10 (a)), while a plane view of the same82
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Fig. 8.10: (a) AFM san of an unapped sample of 3 ML CdSe QDs on ZnSe. (b)Plan view TEM image of several unapped 3 ML CdSe QD on ZnSe substrate. TheQDs are elongated along one rystal diretion 〈110〉 () TEM image of an unapped 3ML CdSe QD on ZnSe.sample shows the elongation of the QDs along one rystal diretion 〈110〉 (see Fig.8.10(b)).Finally, in Fig.8.10 () a three-dimensionality of the QD by a TEM image of anunapped 3ML CdSe QD is shown. The light gray on top of the QD is amorphousselenium.
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Samples preparation: S3The sample desribed here was grown in ollaboration within the SFB 410 projetin the Laboratory of Experimentelle Physik III in the University of Würzburg.

• Method of growth: in-situ thermal annealing ombined with MBE
• sample grown by: PhD Suddhasatta Mahapatra
• Supervisor: Prof. Karl BrunnerTab. 8.3: Struture of the sample (9115w10)ap-layer ZnSe 25 nmQDs-layer CdSe 3.8MLbarrier ZnSe 50 nmbu�er GaAs 200 nmsubstrait GaAs 600µmThe sample S3 was grown by in-situ thermal annealing proess ombined with MBE,so ensuring the 3D-island formation, otherwise prevented, as disussed in setion C.The formation of 3D-QDs was explained by the derease of the layer-rough, whereinthe 3D island are nuleated. The nuleation is aused by an enhaned up-limb of theresidue adatom atop the 2D island, while raising the temperature [MAH06℄.The sample has a homo-epitaxial undoped GaAs bu�er grown atop of a GaAs:Si(001) substrate. The ative CdSe QDs formed by in-situ annealing is 3.8 ML thik.However, before to rump up of the temperature, 310 ◦C, the sample was kept for 10 sunder Se-Flus. This time of rest is demonstrated to be the threshold-time afterwardsit results in the disappearane of the 3D islands. Finally, the sample was embeddedbetween a 50 nm thik ZnSe bu�er layer and 25 nm thik ZnSe ap layer. The strutureof the sample is given in Tab. 6.3.From HREM measurements it was observed that the distane between the QD anbe as large as 30 nm. It leads to have lower QDs density ompared to the sample S1,where no time of rest under Se �us was used. From Fig. 8.11 (a) the QDs are well84
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Fig. 8.11: Cross-setion HREM images of a 3.8 ML sample (S3) reorded in twodi�erent plaes of the sample. (a) A zoom image shows a QD with later size of 10 nm.(b) The Cd-reah zone is desribed by the green region.de�ned and with a lateral extension of 10 nm. By investigation of a larger area of thesample (again by HREM), it was noted that di�erent later sizes for the QDs an befound. Indeed, in Fig. 8.11 (b), QDs with di�erent later size ranging from 10 nm to20 nm are measured.
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