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Summary

Nowadays, low dimensional semiconductor heterostructures, like quantum wells (QWs),
quantum wires, and quantum dots (QDs), form the basis of a number of unique ap-
plications in both micro- and opto-electronic industries. Most devices based on low-
dimensional heterostructures make use of the fact that several properties of charge
carriers in such systems are modified mainly due to quantum confinement. This has
not only improved the performance of some of the existing devices, such as QD- based
lasers and detectors, but has also paved the way for conceptually new "quantum de-
vices".

Realization of low-dimensional quantum devices has been made possible by mod-
ern techniques of heteroepitaxial growth, such as molecular beam epitaxy (MBE). In
heteroepitaxy, single-crystalline epi-layers of one semiconductor are grown atop sub-
strates of another semiconductor crystal. Due to difference in the lattice parameters
of the substrate and the grown epi-layer, heterostructures are almost always elasti-
cally strained. Though detrimental for QW-based devices, accumulation and release
of elastic strain is the driving force behind the self-assembly of QDs in semiconductor
heteroepitaxy. Furthermore, engineering of strain enables manipulation and control of
fundamental electronic and optical properties of semiconductor heterostructures, such
as their band gap, density of states, band splitting, and masses of charge carriers. A
simple and elegant method to manipulate strain in heterostructures is by post-growth
(epitaxy) thermal annealing. For self-assembled QDs in particular, thermal anneal-
ing induces an inter-diffusion between the QDs and the surrounding barrier layer, in
which they are embedded. This leads to a change in size, shape, and composition of
the QDs, concomitantly affecting the elastic strain. This thesis systematically investi-
gates the effect of post-growth thermal annealing on the diffusion characteristics and
magnetic/optical properties of epitaxially self-assembled CdSe/ZnSe QDs. CdSe/ZnSe
represents the prototypical II-VI heterosystem, studied widely in the past for possible
applications in blue-green lasers and light emitting diodes and very recently, to realize
visible single photon sources.

To analyse the diffusion characteristics, photoluminescence (PL) spectroscopy has
been carried out in extensive detail on single, as well as, ensembles of thermally an-
nealed (TA) CdSe/ZnSe QDs. Since TA-induced interdiffusion modifies the effective
size and composition of the QDs, the band gap and the confining potential profile of
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the QDs are altered. Zn intermixing of CdSe QDs causes the effective band gap of the
QDs to widen, which is... results in a blue-shift of the PL spectrum. For a series of
QD-ensembles, each annealed for t4 — 30 s at temperatures from T 4 — 300-550 °C, the
change in the QD-composition has been calculated from the blue-shift of the exciton
ground-state PL-emission, using a concentration function based on Fick’s laws of diffu-
sion. The diffusion length (Lp) and the activation energy (E,4) have been determined
thereof. For the studied QDs, E4 has been evaluated to be 2.2 eV.

Additionally, TA results also in an enhancement of the PL-intensity and reduction
of the full-width-at-half maximum (FWHM) of the spectra. This point towards an in-
creased homogeneity of the QD-size and composition, and decrease in the concentration
of defects around the QDs.

For single CdSe/ZnSe QDs, TA has been varied from 100-240 °C, in steps of 20 °C,
with t4 kept fixed at 30 s. To access the ground state exciton emission of single QDs,
mesas have been fabricated by electron beam lithography and dry-chemical etching and
the luminescence has been recorded in a micro-PL set up. For single QDs, E4 depends
strongly on the size of the mesas. While, for large mesas, the calculated values of E 4
are comparable to that of the QD-ensembles, for small mesas, the activation energy
is significantly smaller. For two mesas, 180 nm and 90 nm in diameter, E4 has been
calculated to be 1.8 and 0.9 eV, respectively. This scaling of E4 with the mesa-size
is due to an enhancement of Cd/Zn interdiffusion, mediated by the defects located on
the sidewalls of the mesas.

On small mesas, the evolution of the PL spectra of individual QDs with TA further
reveals that not only the size and composition of the QDs, their symmetry might also
be tuned by TA. Typically, as-grown QDs are asymmetric in their in-plane dimensions,
resulting in a breaking of their cylindrical symmetry. This causes the two-fold degen-
eracy of the excitonic ground state to be lifted and the PL-emission to be linearly
polarized in two perpendicular directions. For generation of entangled single-photons
using self-assembled QDs, as envisaged in quantum cryptographic applications, this
energy-splitting of the excitonic ground state is highly unwelcome. Tremendous re-
search efforts have therefore been directed to achieve symmetrical QDs, which would
enable generation of indistinguishable photons on demand. It has been observed in
this work that post-growth TA of QDs on small mesas allows the shape-asymmetry,
and therefore the energy-splitting of the excitonic ground state, to be tuned to zero or
even negative values.

On 80 nm mesas, thermal annealing at T4 — 60 °C and above has been observed to
progressively reduce the energy splitting of the two linearly polarized non-degenerate
ground exciton state emissions. At ~ 120 °C the fine splitting reduces to zero, signifying
a complete suppression of the shape asymmetry. Beyond 120 °C, the fine-structure-
splitting changes sign. For T4 = 180 °C the inverted fine-splitting has been observed
to be twice as large as that of the as-grown QDs. Thus, it is demonstrated that simple
post-growth thermal annealing can serve to eliminate the fine structure splitting of the
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excitonic ground state in epitaxial QDs, essentially of any heterosystem.

Finally, the evolution of the magneto-optic response with post-growth thermal an-
nealing has been studied for both individual QDs and QD-ensembles. An external
magnetic field, applied perpendicular to the plane of the QDs (Faraday configuration),
results in Zeeman spin splitting of the ground exciton state. The emissions from the
Zeeman-split states are left and right circularly polarized and from the degree of circu-
lar polarization (DCP), as well as, the spectral separation of the PL-peaks, the g-factor
can be estimated. For CdSe/ZnSe QD-ensembles, the g-factor has been observed to
change sign with TA. This is explained by the TA-induced change in the occupation
of the light- and heavy-hole states, via a change in the size and Zn/Cd concentration
of the quantum dots. For single QDs, the g-factor has been calculated to be gx — 1.1
and gx — 3, prior to and after TA, respectively. These results highlight the fact that
post growth thermal annealing strongly influences the magneto-optic response of the
investigated QDs.

It is well known that apart from the Zeeman-splitting, both spin-states show a
diamagnetic blue-shift, with quadratic dependence on the applied magnetic field. In
this work, similar to previous reports, diamagnetic shift has been recorded for as-
grown (single) CdSe/ZnSe QDs. However, thermal annealing has been observed to
cause a pronounced red-shift of the spectra, strongly suggesting a paramagnetic be-
havior. Paramagnetism requires the presence of unpaired spins, as in transition metal
elements. Thus, diluted magnetic semiconductor (DMS) QDs, such as CdMnSe/ZnSe,
are known to show a paramagnetic red-shift of the PL-spectra. The intrinsic paramag-
netic dispersion, demonstrated in this work for thermally annealed single CdSe/ZnSe
QDs is attributed to quantum-confinement-induced inversion of heavy- and light-hole
states. This phenomenon, non-existent in bulk systems, might be observed in quantum
dots based on any material system. Therefore annealed semiconductor QDs have the
potential to serve as a new class of magnetic material due to an intrinsic magnetization.
In conclusion, this thesis presents a comprehensive study of the evolution of a number
of important attributes of CdSe/ZnSe QDs with post-growth thermal annealing, several
findings of which are applicable, in general, to epitaxial QDs of most semiconductor
heterosystems.



Zusammenfassung

Heutzutage bilden niederdimensionale Halbleiterheterostrukturen die Grundlage fiir
zahlreiche spezielle Anwendungen sowohl in der mikro- wie auch der optoelektro-
nischen Industrie. Viele dieser Bauteile beruhen dabei auf der Tatsache, dass die
grundlegenden Eigenschaften von Ladungstrigern in diesen Systemen durch quanten-
mechanischen Einschluss modifiziert werden. Dies fiihrte nicht nur zu einer deutlichen
Leistungssteigerung der aktuellen Bauteile, sondern ebnete den Weg fiir konzeptionell
neuartige "Quantenbauelemente".

Die Realisierung niederdimensionaler "Quantenbauelemente" ermdglichen moderne
Techniken des heteroepitaktischen Wachstums wie beispielsweise die Molekularstrahl-
epitaxie (MBE). In der Heteroepitaxie werden monokristalline Schichten eines Halb-
leiters auf die Oberfliche eines anderen Halbleiterkristalls aufgebracht. Die unter-
schiedlichen Gitterkonstanten des Substrates und der gewachsenen Halbleiterschicht
fithren sehr haufig zu elastischen Verspannungen dieser Heterostrukturen. Auf- und Ab-
bau von Gitterverspannungen, die sich nachteilig auf Quantenfilm basierende Bauteile
auswirken, konnen zur Formation selbstorganisierter Quantenpunkte in Halbleiter-
heterostrukturen genutzt werden. Weiter konnen diese Gitterverspannungen dazu
genutzt werden, die fundamentalen elektronischen und optischen Eigenschaften von
Halbleiterheterostrukturen gezielt einzustellen. Zu nennen sind hier neben der Band-
liicke, die Zustandsdichte, die Feinstrukturaufspaltung der Energiebdnder sowie die
effektive Masse der Ladungstriger. Eine einfache Moglichkeit die Gitterverspannungen
in Heterostrukturen zu manipulieren, ist das thermische Ausheilen, oft auch "thermal
annealing" genannt. Besonders im Fall selbtorganisierter Quantenpunkte fiihrt ther-
misches Ausheilen zu einer Interdiffusion zwischen dem Material der Quantenpunkte
und der sie umgebenden Barriere. Dies fiihrt zu Verdnderungen in Grofe, Form und
Materialzusammensetzung der Quantenpunkte, die mafsgeblich vom Grad der Gitter-
verspannungen beeinflusst werden. Die vorliegende Arbeit untersucht systematisch
den Einfluss des "post-growth thermal annealing" auf die Diffusionsscharakteristik
sowie die magnetischen und optischen Eigenschaften von epitaktisch hergestellten selb-
storganisierten CdSe/ZnSe Quantenpunkten. CdSe/ZnSe Quantenpunkte reprisen-
tieren ein in der Vergangenheit intensiv untersuchtes prototypisches II-VI Heterosys-
tem zum Einsatz in blau-griinen Lasern, Licht emittierenden Dioden und seit kurzem
zur Realisierung von Einzelphotonenquellen im sichtbaren Spektralbereich. Die Dif-
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fusionscharakteristik wurde mittels detaillierter Photolumineszenz-(PL)-Spektroskopie
an einzelnen sowie an Ensembles von thermisch ausgeheilten (TA) CdSe/ZnSe Quan-
tenpunkten untersucht. Da TA induzierte Interdiffusion die effektive Grofe und Zusam-
mensetzung der Quantenpunkte beeinflusst, &ndern sich auch die Bandliicke und dass
Einschlusspotential dieser Strukturen. Die Durchmischung der CdSe Quantenpunkte
mit Zn fiihrt zu einer Erhéhung der Bandliicke und resultiert folglich in einer Blauver-
schiebung des PL- Spektrums. Fiir eine Serie von Quantenpunktensembles, die jeweils
fiir t4 — 30 s bei Temperaturen von T, — 300-500 °C ausgeheilt wurden, kann die
Verédnderung in der Quantenpunktzusammensetzung mittels der Blauverschiebung des
Exziton-Grundzustandes berechnet werden. Dazu wird eine Konzentrationsfunktion
basierend auf dem Fick’schen Gesetz angenommen und die Diffusionslidnge (Lp) sowie
die Aktivierungsenergie (E,4) konnen bestimmt werden. Fiir die untersuchten Quan-
tenpunkte kann E4 zu 2.2 eV bestimmt werden.

Zusatzlich fithrt TA zu einer Zunahme der PL Intensitit und zu einer Reduktion
der Halbwertsbreite (FWHM) des Spektrums. Dies deutet auf eine zunehmende Ho-
mogenitit der Quantenpunkte und einer Abnahme der Kristalldefekte im Umfeld hin.

Fiir CdSe/ZnSe Quantenpunkte wurde das TA fiir Temperaturen zwischen 100-240
°C in Schritten von 20 °C bei konstanter Zeit t4 = 30 s durchgefiihrt. Fiir den Zugang
zum Grundzustand einzelner Quantenpunkte wurden Mesen mit Hilfe von Elektro-
nenstrahllithographie und Trockenétzverfahren hergestellt und das Lumineszenzsignal
dieser Proben mit Mikro-PL untersucht. Fiir einzelne Quantenpunkte ist E4 stark von
der Grofke der Mesa abhéngig. Wihrend fiir grofse Mesen die berechneten Werte von
E 4 mit denen des Quantenpunktensembles vergleichbar sind, féllt die Aktivierungsen-
ergie fiir kleine Mesen deutlich geringer aus. Fiir Mesen mit 180 nm und 90 nm konnte
E4 zu 1.8 eV beziehungsweise 0.9 eV berechnet werden. Die Grofenabhingigkeit von
E 4 wird dabei auf eine Zunahme der Cd/Zn Interdiffusion durch Gitterdefekte an den
Seitenflichen der Mesen zuruck gefiihrt. Die Verdnderungen des PL-Spektrums einzel-
ner Quantenpunkte zeigt zudem, dass nicht nur die Materialzusammensetzung, sondern
auch die Symmetrie der Quantenpunkte durch TA beeinflusst wird. Typischerweise be-
sitzen epitaktisch gewachsenen Quantenpunkte senkrecht zur Wachstumsrichtung eine
starke Asymmetrie. Dies fithrt zur Aufhebung der zweifach entarteteten, optisch ak-
tiven Exziton-Grundzustinde und die PL-Emission weist zwei senkrecht zueinander
orientierte lineare Polarisationszustinde auf. Fiir die Realisierung von verschrinkten
Einzelphotonenzustinden selbstorganisierter Quantenpunkten, wie sie fiir Anwendun-
gen der Quantenkryptographie angestrebt werden, ist die Energieaufspaltung der Exzi-
tonzustinde Aufserst unwillkommen. Aus diesem Grund wurden vielseitige Anstrengen
unternommen, symmetrische Quantenpunkte zu realisieren, die es ermoglichen un-
unterscheidbare Photonenzustinde zu generieren. Im Rahmen dieser Arbeit wurde
beobachtet, dass TA einzelner Quantenpunkte es ermoglicht, die Form-asymmetrie
und damit die Energieaufspaltung des Exziton-Grundzustandes auf Null oder nega-
tive Werte zu verandern. An 80 nm grofen Messen konnte eine zunehmende Reduk-
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tion der Energieaufspaltung der beiden linear polarisierten, nicht entarteten Exziton-
Grundzustande fiir TA Temperaturen von T, — 60 °C und dariiber beobachtet wer-
den. Fiir T4 — 120 °C verschwindet die Feinstrukturaufspaltung und damit die For-
masymmetrie der Quantenpunkte. Oberhalb von 120 °C tritt ein Vorzeichenwechsel
der Energieaufspaltung auf. Eine invertierte Energieaufspaltung, deren Betrag in etwa
doppelt so grof ausfillt wie fiir epitaktisch gewachsenen Quantenpunkte, wurde fiir
Temperaturen von ca. 180 °C beobachtet. Damit konnte gezeigt werden, dass mittels
TA die Feinstrukturaufspaltung selbstorganisierter Quantenpunkte gezielt eliminiert
werden kann. Abschliefend wurde das magneto-optische Verhalten fiir thermisch aus-
geheilte einzelne Quantenpunkte und Quantenpunktensemble untersucht. Ein externes
Magnetfeld senkrecht zur Quantenpunktebene (Faraday-Konfiguration) fiihrt zu einer
Zeeman-Aufspaltung des Exziton-Grundzustandes. Die Emission dieser aufgespalte-
nen Zustinde sind links- und rechts-zirkular polarisiert. Uber den Polarisations-grad
des PL-Signals kann der g-Faktor bestimmt werden. Fiir CdSe/ZnSe Quantenpunk-
tensemble wurde ein Vorzeichenwechsel des g-Faktor durch TA beobachtet. Dieser
kann mittels einer Anderung der Besetzung von Leicht- und Schwerlochzustinden
durch Verdnderungen in Grofe und der Zn/Cd Konzentration der Quantenpunkte
erklart werden. Fiir einzelne Quantenpunkte wurde der g-Faktor vor und nach TA
zu g, = 1.1 und g, = 3 bestimmt. Dies unterstreicht, dass thermisches Ausheilen
malfsgeblich die magneto-optischen Eigenschaften der untersuchten Quantenpunkte be-
einflusst. Es ist bekannt, dass neben der Zeeman-Aufspaltung beide Spinzustinde
eine diamagnetische Blauverschiebung mit einer quadratischen Abh#ngigkeit vom ex-
ternen Magnetfeld aufweisen. In dieser Arbeit wurde vergleichbar mit fritheren Ar-
beiten die diamagnetische Verschiebung fiir epitaktisch hergestellte Quantenpunkte
beobachtet. Dagegen zeigte sich, dass durch TA die Spektren der Quantenpunkte eine
deutliche Rotverschiebung aufweisen, die auf ein paramagnetisches Verhalten schliefsen
lassen. Para-magnetismus jedoch setzt die Anwesenheit von ungepaarten Spins vo-
raus, wie sie beispielsweise in Ubergangsmetallen auftreten. Aus diesem Grund zeigen
semimagnetische (DMS) Quantenpunkte, wie beispielsweise CdMnSe/ZnSe eine para-
magnetische Rotverschiebung des PL-Spektrums. Die in dieser Arbeit demonstrierte
paramagnetische Verteilung fiir thermisch ausgeheilte Quantenpunkte wird auf eine
durch quantenmechanischen Einschluss bedingte Inversion der Schwer- und Leicht-
lochzustinde zuriickgefiihrt. Dieses Phinomen, das nicht im Volumenhalbleiter ex-
istiert, kann prinzipiell in jedem Materialsystem beobachtet werden. Daher bergen
thermisch behandelte Quantenpunkte das Potential einer neuen Klasse magnetischer
Materialen. Zusammenfassend présentiert die vorliegende Arbeit eine ausfiihrliche
Untersuchung des Verhaltens einiger wichtiger Eigenschaften von CdSe/ZnSe Quan-
tenpunkten durch TA, die allgemein auf epitaktische Quantenpunkte vieler weiterer
Halbleiterheterosysteme iibertragen werden konnen.



7ZUSAMMENFASSUNG




Chapter 1

Introduction

A semiconductor nanostructure quantum dot (QD) confines the motion of an electron
and a hole, or similarly of an exciton. Since the 3D charge confinement within QDs
is comparable to that in real atoms, QDs are often referred to as artificial atoms.
Additionally, like real atoms, filling of the energy states in QDs follows the Hund’s rule
[TAC98|. However, there are also several distinct differences between the two systems.
The shape of the confinement potential of QDs, unlike real atoms, offers itself to be
manipulated and controlled, which make them attractive candidates to probe quantum
phenomena.

There are several ways to apply 3D confining potentials. One of them is by appli-
cation of electrostatic potentials [LIS03| to a 2DEG, using external electrodes. Other
ways include the use of semiconductor surfaces (nanocrystals) [TALO2] or interfaces be-
tween two semiconductors with different band-gap energies. An interface of this kind
is easily achieved by modern crystal growth techniques, like molecular beam epitaxy
(MBE) (self-assembly)[MER98]. QDs might also be formed by combination of lithog-
raphy and chemical etching [ZAIOI]. The QDs studied in this thesis were prepared by
MBE.

In the context of epitaxially self-assembled QD formation, several heterosystems
have been investigated in the past years. In the early 1990s, QDs were made using
typically III-V (i.e. InAs/GaAs) and group IV (i.e. Ge/Si) semiconducting materials
IGRU95|. ITI-V QDs exhibited fluorescence in the infrared (IR) region. The
wavelength of QD-emission can be easily tuned by simply tuning the size of QDs.
Thus QDs are attractive candidates for applications in the field of telecommunication
requiring emission at ~ 1.3-1.5 um [TAKO05]. Recently, QDs of wide-bandgap II-VI
semiconductors have attracted considerable research interest because of their emission
in the visible range of the electromagnetic spectrum. The two most widely studied
II-VI heterosystems are CdSe/ZnSe and CdTe/ZnTe. The lattice mismatch between
CdSe and ZnSe is 7 %, i.e. a value very similar to that of the prototypical system
InAs/GaAs.

Apart from their emission in the blue-green region of the electromagnetic spec-

8
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trum, epitaxially self-assembled CdSe/ZnSe QDs have been found to possess several
other features, interesting for studies of fundamental physical phenomena as well as
realization of novel device concepts. The II-VI QDs are characterized by strong elec-
tron exchange (EHX) interaction [SANQ3| [TAK93|] and also strong oscillator strengths
for optical transitions. Further, it has been found that both parameters can be tuned
to certain extent by changing the size, shape, and material composition of the QDs.
The EHX causes the otherwise-degenerate ground state of the QD to split into two
non-degenerated components. While the emission from the pure degenerate states are
o and o~ polarized, that of the mixed non-degenerate states are 7+ and 7~ polarized.
The EHX splitting of the ground QD-state results due to asymmetric shape of CdZnSe
QDs. This topic has attracted considerable research interest. A non-degenerate QD-
ground state precludes the use of QDs in applications like generation of entangled
photons.

Another interesting aspect of II-VI QDs is in the fact that they, e.g. can be rendered
magnetic by the intentional incorporation of paramagnetic ions, Mn?* [AWS00, BAC02,
[AND50]. Tons of Mn*T embedded in CdZnSe QDs lead to a strong Zeeman splitting
of the confined states in magnetic fields. Recently an unique paramagnetic behaviour
of the ground state of such QDs, in absence of Mn?* incorporation has also been

demonstrated by us [MARGI, MARG?2].

As mentioned before, several attributes of CdZnSe QDs are strongly dependent on
their shape, size, and composition. As-grown self-assembled QDs are characterized by
a spread in their dimensions and composition. A simple and elegant way of tuning
these properties of self-assembled QDs is by performing post-growth thermal anneal-
ing, which essentially induces interdiffusion between the QDs and the surrounding
matrix. This thesis deals with post-growth thermal annealing (TA) of epitaxially self-
assembled CdZnSe QDs (prepared by MBE) and how TA influences the composition
and morphology of QDs, and in turn, the EHX and magnetic response of QD-optical
transitions.

The work of this thesis is presented in eight chapters as follows:

e Chapter 2 is a general introduction to the physics of QDs. First, it discusses
the types of excitons encountered in a QD. Then, QD symmetry and its influ-
ence on the exciton recombination (or optical transition) is presented. A general
understanding of the magnetic properties of such QDs is discussed next, which
covers dia-, para-, and ferro-magnetism in QDs, as well as, Zeeman splitting.
To describe the electronic levels of the QDs, the K-P theory and the Luttinger
model is introduced in this chapter, with particular emphasis to confined systems.
To deal with the interdiffusion process, which is central to a thermal annealing
experiment, Fick’s laws of diffusion and Arrhenius’ law are also explained. Calcu-
lations of the electron and hole states, corresponding to different annealing steps
are shown in this chapter.
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e In chapter 3, the method of sample fabrication and processing, in order to measure

the single QD optics, is briefly discussed. Later, the set-ups used are depicted
and discussed in all their elements. Finally, the method of performing thermal
annealing is also described.

Chapter 4 deals with the method used to calculate the electron and hole states
for thermally annealed QDs. By using the Fick’s second law the activation energy
of diffusion was then calculated.

Chapter 5 deals with the optical characterization of thermally annealed CdZnSe
QDs. TA-induced Cd-Zn interdiffusion in single as well as large ensembles of
CdZnSe QDs is demonstrated. For both cases the activation energies correspond-
ing to the thermally activated interdiffusion process are determined.

In Chapter 6, the influence of TA on the symmetry of single CdZnSe QD has
been studied. The typical asymmetry of the as-grown QDs is strongly affected
by the TA process, leading to the achievement of almost symmetric QDs and
even reversal of QD asymmetry.

Chapter 7 deals with the magnetic-optical properties of self-assembled semicon-
ductor QDs. The magnetic-optical response of several thermally annealed QDs
samples was investigated by polarization resolved measurements. Information on
the spin splitting of the ground state of the electron and heavy-holes is shown to
be strongly dependent on QD-parameters.

Chapter 8 studies the influence of thermal annealing on the magneto-optic re-
sponse of CdZnSe QDs. Here, it is shown that the QD ground state, correspond-
ing to certain combinations of size and composition shows a paramagnetic behav-
ior. A detailed theoretical model based on the Luttinger Hamiltonian attributes
this behavior to a reversal of the ground state character from a heavy-hole-like
to a predominantly light-hole like, achieved by TA.



Chapter 2

Basic optical properties of CdZnSe
quantum dots

In this chapter the physics of quantum dots, pertinent to the understanding of the
optical experiments performed on epitaxially self-assembled CdSe/ZnSe QDs, subject
to sequential post-growth rapid thermal annealing, is discussed. Due to TA, the optical
and magnetic properties of a QD are modified. Here, special attention is paid to the
analysis of fine structure splitting (FSS) and the magneto-optical response of excitons,
confined within self-assembled QDs.

3-DEG/bulk 0-DEG /QD

]

il

Energy Energy
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Fig. 2.1: Sketches of electronic densities of the states (DOS) of a bulk semiconductor
crystal with a three-dimension (3D) electrons gas (3-DEG) (left) and for a QD with a
0D-DEG (0-DEG) (right).
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2.1 Self-assembled quantum dots

A quantum dot is a small region of a semiconductor in which electrons, holes or both
are trapped due to a spatial confinement in all three directions. This is in contrast to
the continuous density of states (DOS) known for bulk semiconductor crystals.

Due to the quantum dot size, in the nanometer length-scale, the electronic states
within a QD are quantized, owing to two main mechanisms. The first the "quantum
confinement", where the bound level of the confined particles are determined by the
standing-wave function of the Schrodinger equation (as shown in the next section).
Since the energy of these states vary about as the inverse of the de Broglie wavelength,
the distance between the quantized levels is proportional to 1/R?, where R is the radius
of the quantum dot. Another important mechanism appearing in quantum dots is the
electrostatic Coulomb interaction between the particles. The strength of this interac-
tion vary as 1/R. For large QD, where the confinement is poor, the main contribution
to the quantization of the energy level is added by the electrostatic interaction between
the particles

A typical picture which depict the situation of bulk semiconductor with a three
dimensional-(3D)EG and quantum dot with zero dimensional-(0D)EG, is schematically
shown Fig. 2.1. The charge carriers of a bulk semiconductor, which are free to move
in all three directions, become trapped, which is thus lead to a discrete DOS of QDs.

Crystal growth technologies allowed the fabrication of heterostructure with confine-
ment in one dimension (quantum well), in two dimension (quantum wires) and in three
dimension (quantum dot). In this thesis QDs with a type-I confinement were studied.
They are able to confine both electrons and holes.

2.1.1 Energy levels of a QD

There exist many different methods to describe numerically the energy levels of quan-
tum dots [PRY98], [STT99, [WAN99|, which show the impact of size, shape and compo-
sition on the electronic structures of QDs. In order to gain an understanding of the
energy levels effective mass approximations [CHU95| can be applied.

Assume an electron in the conduction band of a semiconductor with a periodic
lattice structure and ignore spin. For a plane wave with momentum E, the wavefunction
can be written as:

V() = eF T 1(7), (2.1)

where u,_; is periodic with the lattice. In the effective mass approximation the
wavefunction of an electron that experiences a slowly varying potential can be written
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as

V(1) = f(F)u, 5 (1), (2.2)

where f(7) is an envelope function, which satisfy the Schrodinger equation:

- g Vi) 50 = £, (23)

2m*

Here m* is the effective mass related to the curvature of the conduction band at k —
0, V(7) is the effective potential and F is the energy of the state. Due to the typical
flat shape of self-assembled QDs along the growth axis (z direction), it is common use
to describe the QDs by a harmonic potential in the x- and y-direction (in-plane) and
an infinite square potential well in the z-direction. The following energy levels are:

m2h? :
En = (nz + Ty + 1)hbd0 + (m) n,, (24)

where hwy is the energy-level spacing, n, and n, are integers > 0, and n, is an integer
> 1. Usually the height of a quantum dot, L, is assumed to be small so that only n,
= 1 states are considered.

For the electrons in the conduction band, the atomic orbital functions contained in
U0 have s-like symmetry. Therefore there is only one conduction band which has spin
degeneracy. For holes in the valence bands, the situation is more complicated since the
atomic orbital functions have p-like symmetry. Neglecting the spin-orbit interaction,
there are two bands, heavy-hole and light-hole, which can mix. It is usually assumed
that the highest valence-band state has a heavy hole nature, when the quantization
occurs in the z direction, i.e. the axis of symmetry.

It is usually assumed that the energy difference between the first heavy hole (hh)
state and the first light hole (lh) state is large, so that the light holes states can
be neglected. The magnetic component of the heavy-hole states can be written as
im" = 3/2) = |my = 1,1) and [m!" = =3/2) = |m; = —1,|), where m; and m/" are
the z projections of the orbital angular momentum and the total angular momentum
for the heavy-hole states, respectively. Nevertheless, such an approximation cannot
always be used. It depends on the QDs shape, size and composition which can also
result in a narrowing of the gap between the two heavy- and light- band states, which
in turn mixes the states. In such a case the model mentioned above cannot be used
and a band mixing theory has to be considered (see chap. [§]).

2.1.2 Optical excitation

It is possible to optically excite efficiently CdSe quantum dots, with energies above the
CdSe bandgap, and on resonance with transitions within the quantum dot (CdSe). In
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Fig. 2.2: Schematic illustration of the energy levels for above-band and resonant ex-
citation.

above-band excitation (see Fig. [2Z2]), the laser wavelength is tuned above the CdSe
bandgap, which is for bulk about 680 nm (1.82 eV) at low temperature (2-4 K). It is
convenient to use either UV laser excitation or blue laser with wavelengths around 405
nm (3.06 eV). Electrons and holes are thus generated in the ZnSe barrier of the CdSe
QDs. Then carriers relax via cascades and due to interactions, e.g. with phonons,
into the electron and hole ground states. The Coulomb interaction between electron
and holes results in an additional lowering of the system “s energy by forming excitons.
The recombination of excitons leads to characteristical QD exciton lines. For weak
excitation, the dominant intraband relaxation mechanism inside the quantum dot is
thought to be phonon assistes [HEI96, [ADT.96], although the relaxation rates typically

seen are faster than expected theoretically [TOD99, BOGO1, [ZHA0I]. When the carrier
density is higher, Auger processes can also contribute.

In resonant excitation (see Fig. 2.2)), the laser wavelength is tuned to a higher
transition within the quantum dot. A much larger laser power is required than for
above-band excitation, since the absorption cross-section of a single quantum dot is
very small. This method is usually used when one wants to create a single electron

- hole pair directly inside the QD for single-photon sources measurements. There are
several advantages of such an excitation scheme.

In this thesis, the above-band excitation was used. Since a large volume of ZnSe
acts as absorber, more carriers are excited and funnel into the quantum dots. For
continuous-wave (cw) excitation, appropriate pump powers range between a few W
up to tens of pW. This also allows the observation of biexcitons. Another good reason
to use the above-band excitation is that the laser wavelength (around 405 nm) is far
detuned from the quantum-dot emission wavelength (around 486 nm), so the scattered
laser light can be easily cut off using appropriate filters.



2.1. Self-assembled quantum dots 15

2.1.3 Exciton in QDs

As described in the previous section an electron can be excited by a laser from the
valence band to the conduction band, leaving a hole (see Fig. 2.3). When such electrons
and holes are trapped within QDs, they bind together due to the attractive Coulomb
interaction, forming excitons (X). To describe the exciton energy levels within a QD,
the Hamiltonian can be written as:

Hemciton - He + Hhh + HCOulomb (25)

where H, and Hj; represent the Hamiltonians for the QD confined electron and the
heavy hole, respectively. The term Hgouoms takes into account the electron-hole
Coulomb interaction. This term is discussed in detail in section 2.1.4. The ground
electron state within a QD, which has an s-like character, is doubly degenerate, and is
represented by |m§ = 1/2) = |mj = 0, m§ = 1/2) and |m§ = -1/2 ) = [mf = 0, m§ =
-1/2), where m¢$, m; and m§ are the z-projection of the total, orbital and spin angular
momenta, respectively. On the other hand, the hole ground state is assumed to be
heavy-hole-like. Tt is also doubly degenerate, denoted by |m” = 3/2) = Jm}» = 1, m? —
1/2) and |m} = -3/2) = |m} = -1, m} = -1/2), respectively. The light-hole states, also
doubly degenerate, are higher-lying in energy and represented as [m” = 1/2) = |m} =
0, m} = 1/2) and |m} = -1/2) = |m}" = 0, m} = -1/2), respectively. The z-projection
of the total angular momentum of a photo-generated exciton is given by |m§( ) = [m$ +
m’), leading to the following exciton states [1), |-1), |2) and |-2). The exciton states |+
1) couple to an incident light field and are known as the bright states, while the exciton
states |+ 2) cannot couple with light refereed to as the dark states. The dark states
are optically inactive because the spins of the electron and the hole, constituting the
exciton, do not match [NTR95]. Fig. shows a sketch for an off-resonant excitation
of a QD, where an electron and a hole are previously formed in the continuum of states
of the barrier layer (path 1). Subsequently, both the electron and the hole thermalize
and scatter in the lower energy state (path 2) in the QD. Finally, the electron and
the hole recombine giving rise to photoluminescence (PL) emission (path 3). All the
measurements presented in this work were performed in such off-resonant excitation.

2.1.4 Trions and biexcitons in QDs

In the discussion so far, only neutral excitons, consisting of a Coulomb-bound electron-
hole pair, have been considered. However, in optical spectroscopy of QDs, other charged
and multiexcitonic species are often detected. The energy required to add extra charges
of the same sign to a QD increases due to the Coulomb repulsion BAN99].
It must be noted, that it is possible to add a positive as well as a negative charge to
a QD. In this way, a positive (XT) or a negative (X)) trion are formed. By increasing
the power of photoexcitation, a pair of excitons can be formed. A Coulomb-bound pair
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Fig. 2.3: Schematic representation of the photogeneration of electrons and holes into
the continuum of states and their subsequent relaxation to the electron and hole ground
states within the QD, under non-resonant excitation.
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Fig. 2.4: Exciton, negative (red) and positive (blue) trion, and biexciton recombina-

tion.

of excitons is known as biexciton (XX). Normally, the biexciton appears several meV
below the energy of the X ground state. A single particle sketch is shown in Fig. 4]
where only information about the involved levels are given. The energy required to
build a biexciton state is known as biexciton binding energy (BBE) and is expressed

as

BBE = E(X —0) — E(XX — X)

(2.6)
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E(XX)
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Fig. 2.5: Sketch of energy diagram of the biexciton binding energy defined as the
energy difference between exciton E(X— 0) and of the biexciton E(XX — X) ground
states

where E(X — 0) is the energy corresponding to ground state exciton transition and
E(XX — X) is the transition from the biexciton to the exciton state [BAY9S], as
schematically shown in Fig.

2.1.5 Exciton in anisotropic quantum dots: Fine structure split-
ting

In section 2.1.2, it was shown that the z-projection of the total angular momentum of an
exciton, m , is the sum of the corresponding momenta of the constituent electron and
hole, Wthh is a good quantum number for QDs possessing rotational symmetry along
the z-axis. Only in that case the bright exciton state is two-fold degenerate. However,
epitaxially self-assembled QDs more often possess an asymmetric shape, due to which
the degeneracy of the bright exciton state is lifted. This is caused by the exchange
integral originating from the Coulomb interaction. The energy splitting between the
mixed sub-states formed due to the exchange interaction, can be directly observed in
PL spectroscopy of single QDs. Additionally, the transitions from the two sub-states
are linearly polarized.

According to Kramer’s theorem [MES99| [TAKO00], a system containing an odd num-
ber of spins (e.g. trions) has at least a two-fold degeneracy. In contrary, if the system
contains an even number of spins (e.g. a biexciton) it can loss its degeneracy. The main
contribution to the exciton-ground-state-spitting comes from the last term of eq. 2.5]
Heouioms: Hoouwoms can be distinguished in two parts, the "direct" and the "exchange"
parts. The direct part of the Coulomb interaction is

HEL = OOt [ e [ ralilii) A Th||¢h< W2 (2.7)

where € is the dielectric constant, 1, and r. are the hole and electron radius, respectively,
whereas 1, and 1, are the respective wavefunctions. This term mainly contributes to
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the exciton binding energy. The term that is responsible of the splitting observed in
asymmetric QDs is given by the exchange part, expressed by

= i) (28)

FExchange
H =9
Coulomb m €|Te — 7,

§7m?/5m§/7m?/d3r6/d3rhw:(ﬁ)wh(ﬁ)

This term arises from the antisymmetry of the fermionic wave function under ex-
change of particles [SAN03|. This equation can be further decomposed in two parts,
the short-range and the long-range exchange interaction. They correspond to the case
of . — 7, and 7, /= 7, respectively. The energy splitting between the bright and
the dark states is caused by the short-range part [MAS02] and their separation is in-
dicated by dg. The long-range part is responsible for the splitting of the bright exciton
states, indicated by ¢;. The long-range interaction is proportional to the spatial over-
lap between the electron and hole wave function, which is sensitive to the shape of the
QDs [TAK93|. The energy levels depend on the nature of the potential confining the
electron-hole pair. For the quantum dots discussed here the confinement is stronger
along the z-direction (grow-direction) and lower along the in-plane directions, i.e. the
relation L,, L, > L, is satisfied (see Fig. (a)).

The splitting of the bright exciton states under the influence of the exchange interac-
tion has been investigated experimentally [BLA94, [CHA96], [KUL99] and theoretically
[BLA94] [TAK93] and has been defined as fine structure splitting (FSS) of excitons.
A sketch of the states with and without the influence of the exchange interaction is
depicted in Fig. The left side of Fig. (b) shows the biexciton and exciton re-
combination when the exchange interaction is absent. The middle and right side show
the X and XX emissions when the short- and the long-range exchange are present.

In the first case, when the exchange interaction and confinement is neglected, the
ground state of the heavy hole is fourfold degenerate and the recombination of the
exciton and biexciton are expressed by a single emission line with a BBE given by the
direct component of the Coulomb interaction. However, by considering a QD with a
cylindrical symmetry, which means belonging to the symmetric group Dy, the short-
range exchange interaction has to be considered. In this way, the previously fourfold
degenerate ground-state is split into two dark and two bright states. The dark levels
are further split into two components by do << dg.

Finally, when the long-range exchange interaction is considered in addition to the
short range one, i.e. when the QD symmetry is < Doy, the degeneracy of the bright
states is also lifted. This is one of the topics studied extensively in this thesis. The
energy splitting is denoted by d; in Fig. 2.5 (b). Optical transitions from these states
are linearly polarized along (71) and perpendicular (77) to the QD long-axis, which lie
along the <110> directions in case of most self-assembled QDs, including CdSe/ZnSe.

It should be noted, that the XX ground state is a spin-singlet state (S=0). There-
fore, the recombination of the biexciton state into the exciton state leads to a PL



2.1. Self-assembled quantum dots 19

4-fold b
XX-state degenerate D, <D, )

X-state

o2 02

[10 0]

y
i (1) o
5 (1)) ]51 ®
-2 % 2)(2) <
0, 10, B
. ) a
<
®
n

N
7

<
3
3
a
=3
[®)
w)

ground state

EHX=0 EHX-short range EHX-long range

Fig. 2.6: (a) Sketch of an anisotropic QD (b) Schematic representation of the exciton
and biexciton ground state in absence of electron-hole exchange interaction (left), in
presence of the short (middle) and long range (right) exchange interaction.

emission, which mirrors the exciton recombination [KUL99| (See Fig. 2.5 (b)). This
implies, that when the longitudinal and transverse polarization energy of an exciton is
such that 7, < m,, the biexciton shows an opposite behavior, i.e. 7, > m,. In case of
isotropic QDs, §; vanishes and the bright exciton states |+1) and |-1) are degenerate.
In case of a QD with an in-plane anisotropy, d; is not zero and the Hamiltonian gives
rise to more complex eigen functions, as follow: [X) = %(Hl} + |-1)) and |[Y> =
%(| + 1) — | — 1)), for the bright states. In table 2] the eigen functions and eigen
values, for both anisotropic and isotropic QDs, and for both dark and bright states,
are listed.

Tab. 2.1: Eigenfunctions and eigenenergies of both bright and dark exciton states for
a symmetric (Dgy) and an asymmetric (< Dyy) QD.

Doy Doy < Doy < Doy
eigen energy eigenfunction eigen energy eigenfunction
+14, -1) 300 + 301 ﬂ (I+D+1-1)
+15, |+1) 300 — 301 ﬁ I+ —-1-1)
—30o 30 | 2 +1-2) | —3d+30 | Zo(+2)+]—-2)
—300 — 302 %(|+2)—|—2)) —300 — 302 \/—(|+2>+|—2>)
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2.1.6 Quantum dot exciton in magnetic fields: Fock-Darwin
formalism

The spin properties of confined excitons in magnetic fields have been studied extensively
over the last few years, both experimentally [TRA95, [KOT01, BRA97]and theoretically
[KOTOI] . This has been triggered by the possibility of using confined spin systems
in several device applications, including solid state qubits. Major interest has been in
studying the Zeeman spin-splitting of the bright excitonic state and associated studies,
i.e. tuning of the g-factor (magnitude and sign) by varying the size and composition
of QDs (and also quantum wells). In addition the diamagnetic shift of the excitonic
transition in magnetic fields has also gained considerable attention [TRA95]. In the
following discussion, diamagnetic and paramagnetic properties of QDs are discussed

because of their relevance to this thesis work.
Diamagnetism is a type of magnetism expressed as a weak repulsion from a

magnetic field and exhibited only in presence of the field. Pure diamagnetic
materials have all electrons paired, which implies the absence of a net magnetic
moment.

When an external magnetic field B,, is applied, the electron changes its velocity,
generating an induced magnetic moment that opposes the magnetic field gener-
ating it. The change in velocity of the electron is followed by a change of the
electron magnetic moment. The change in the orbital motion caused by B, is
the effect that characterizes the diamagnetic materials. The material studied in
this work are CdSe and ZnSe semiconductors, which have no unpaired electrons
and are therefore with no net magnetic moment at zero field.

Let us consider the electron to be confined in a parabolic potential. The motion of
an exciton confined in a parabolic potential, in a perpendicular magnetic field, can be
expressed by the Hamiltonian:

H o= g (5= SA) + gy’ 2.9
= o P 5T .

where m, is the electron effective mass, A the vector potential of a magnetic field B
and p is the momentum. The first term describes the kinetic energy of a free electron
and in an external magnetic field B. The two-dimensional parabolic well is described
by the second term of eq. 2.9 This Hamiltonian, solved in the Fock-Darwin formalism

[TACTO]], gives the eigenvalues:
1
Epm)(B) =hQ(n+1) — éhwcm, (2.10)

with Q2 = wi 4+ 1w?. While n = 0,1,2,... and m = —n,—n + 2,...,n — 2,n are the
principal and the azimuthal quantum numbers, respectively. wy and w,. describe the
frequency of the electron in absence and presence of a magnetic field B, respectively.
The frequency w, is the cyclotron frequency described as w. = eB/mec.
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It is possible to distinguish between two cases, the motion of the electron in a strong
magnetic field (w. > wy) or the case of the motion in a weak magnetic field (w. < wy).
In the weak field regime, the electron is influenced by the QD confinement potential,
while in strong magnetic fields the confined potential can be neglected. Therefore, it
is possible to write the expression of the eigenvalue for the two regimes, separately as:

1 w? 1 e
We < Wwp - Eoo(B) :hw0+—— :hw0+— B (2]_]_)
’ 8 wo 8 mecwy
e
B : Eyo(B) = hw, B. 2.12
we > wo 1 Eoyo(B) = hw t e (2.12)

The quadratic term in B (in Eq2IT]) describe the diamagnetic shift, observed in weak-
field regime. Eq. gives the ground state energy in strong-field regime. In the
present, work all discussions are limited to the weak-field regime. In the above dis-
cussion the motion of an electron in a parabolic potential in presence of an external
magnetic field is considered. However, for self-assembled QDs, the Hamiltonian has to
be extended to an excitonic problem. Consequently, eq. is rewritten taking into
account also the holes:

1 L oe=-\2 1
B oo g (5 EA) it
1 e -\2 1 e?
— (g —ZA ) Z 2 .2 7
+ 2my, <ph o + thwo’hrh elre —
= T.+V.+Th,+ Vi, + Ven, (2.13)

where T, and T}, are the electron and hole kinetic energies, V., and V), are the elec-
tron and hole potentials, while the last term V_;, describes the electron-hole Coulomb
attraction. Therefore, the eigenvalue in case of an exciton can be written as:

Em,(B) = Ey+vB* — %mnguBB (2.14)

where the first term Ey = hwy is the eigen energy in absence of a magnetic field B,
the second term is calculated within the first order perturbation theory and describes
the diamagnetic shift. While, the last term is the Zeeman energy splitting, with gx the
exciton g-factor obtained from the electron and hole g-factors. m]X is the Z component
of the total angular momentum of the exciton, defined as: m = m$ +m/ = £1. The
coefficient v is called diamagnetic coefficient and can be expressed as:

e,
_ r2) 2.15
where m* is the exciton effective mass and (r2) the squared in-plane radius. Here
one should note that v is always positive and that it changes its amplitude with the
effective mass and size of the dot.
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Fig. 2.7: (a) Zeeman splitting of the dark and bright exciton states. The circularly
polarized emission from the two energy-split bright states are also shown. (b) Magnetic
dispersion of the left and right circularly polarized emission from Zeeman spin-split
bright exciton states, based on Eqn. 2.14

EqR.14] gives the energy splitting of the two circularly polarized components of
the QDs-luminescence versus the magnetic field strength and, at the same time, the
absolute energy shift of the two components. Since + depends on the QD in-plane
radius 7, and on the exciton effective mass m*, it is found that, when e.g. the QD is
small m* is larger, leading to a decrease of the diamagnetic factor v. In Fig. 21 (a)
an example of the energy shift, calculated from eq. 2.14is shown, depicting clearly a
diamagnetic shift of components m; = £1. In this plot the g-factor has been assumed
to be 1.5 and the diamagnetic coefficient to be 20 ueV/T? [GOD06]. In Figl™d (b) a
sketch of the exciton ground state in absence and in presence of a magnetic field B is
shown, neglecting the EHX interaction and the diamagnetic shift. The emissions are
oppositely circularly polarized (o).

Atoms constituting a paramagnetic material have permanent magnetic mo-
ments(dipoles), which in absence of a magnetic field are randomly oriented. Thus
in absence of a magnetic field paramagnetic materials exhibit no magnetism.
When a magnetic field is applied the dipoles are oriented all in the direction of
the applied field, resulting in a net magnetic moment. If sufficient energy is ex-
changed between neighboring dipoles they interact and spontaneously align or
anti-align to form magnetic domains, resulting in ferromagnetism (permanent
magnets) or antiferromagnetism, respectively.

When paramagnetic ions like Mn?* are incorporated into the lattice of a non-
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magnetic semiconductor, for example ZnSe, the latter is rendered magnetic. Emission
from CdSe QDs embedded in such a magnetic host (ZnMnSe), shows a strong magnetic

dispersion [OHO03|, BACOI].

2.2 The KP theory: valence band calculation

In calculating the electronic energy levels of QDs, often the effective mass approxima-
tion is used and the bands are assumed to be parabolic around k= 0. Albeit, this
approximation is valid for the conduction band, for the valence band it turns out to
be insufficient. The valence bands are more complicated than the conduction band
for several reasons. One reason is that the symmetry of the orbitals are p-like and
not s-like as for the conduction band and second difficulty arises from the spin-orbit
coupling. Indeed, when the spin-orbit coupling is significant a splitting in the valence
band with an energy A proportional to Z* arises, where Z is the atomic number. For
some materials this value is very small and can be neglected.

The most well known method to describe the band structure is the k - (KP)
method. The idea is to rewrite the Schrodinger equation for the periodic part un,;(ﬁ)
of the Bloch functions alone, factoring out the plane wave. The new Hamiltonian in
the frame of KP theory is rewritten as:

) 271.2
- . _ . ) 2.1
7k (2m0 +V(R)> + (moff P+ Qmo) (2.16)

The Hamiltonian H F.p can be resolved using different approaches. One approach is to

use perturbation methods (appendix A), which gives good results in proximity of k=
0, but is insufficient for high k-values. Another approach is to resolve H i by the use of
the Kane Model (Appendix A). The Kane model is a standard approximation that uses
various level of complexity. In appendix A some information about the Kane model
in case of a quantum well is given. However, this model does not describe well the
light and heavy hole states for large values of /;, so then in order to simplify the model,
a better approach is the Luttinger model (appendix A). This model not only gives a
good understanding of the light and heavy hole states for k # 0, but also helps in the
understanding of the light-heavy hole mixing effect. It has been already demonstrated
that the biaxial tensile strain, which has an opposite effect on the confinement, was
shown by [PERO0] that the light and heavy hole gap decreases and rises the heavy
hole subband above the light hole, while the opposite is normally observed when the
confinement is present. When such a situation occurs, a valence band mixing (VBM)
study needs to be considered.
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2.3 Diffusion properties

In this section an overview of the basic diffusion laws is provided, as they are important
for the interpretation of thermally annealed QDs. The diffusion process is caused by
the thermal motion of individual atoms, molecules or nano-sized material particles. In
order to get information about the activation energy (E,) and diffusion length (Lp)of
the thermal process, executed on single QDs, an introduction to the first and second
Fick’s law is given.

2.3.1 Fick’s laws

The diffusion’s law is a relationship between the diffusion-rate and the concentration
gradient responsible of the net mass transfer:

J=—-DVC, (2.17)

—

where J(x,y,z) is the flux flowing normally to the plane of diffusion, D is the diffu-
sion coefficient and C the concentration. This expression is known as Fick’s first law
[GLIO0]. In order to derive Fick’s second law the conservation of the mass needs to be
applied.
Mass conservation: If we consider a general point P(x,y,z) in a cube of volume
AxAyAz, the flux J(P) about the point P is the sum of the flux entering or
leaving the opposite faces of the cube. Thus the mass balance is expressed as:

inflow-outflow — accumulation rate

applying this definition, the mass balance becomes:

_(0Js N aJ, N 0J,
ox dy 0z

) AzAyAz = aa—foAyAz, (2.18)

By the definition of the divergence it is possible to rewrite eq. P.1§] as:

- - 0C
-V -J=— 2.19
ot (2.19)
Two cases can be distinguished: (i) If there is a converging flow at a point P
(V- J < 0) the concentration rises with time, (ii) whereas if there is a diverging
flow (V - J > 0) the concentration falls. This equation is known as continuity

equation.

By the use of the above continuity equation (eq. 2I9) Fick’s second law can be
written, inserting eq. .17 into eq. 2.19
1 0C

2 —_
V=550 (2.20)
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Fig. 2.8: Normalized concentration versus the normalized distance, for a slab-width
of 2h.

which is true only for constant values of D. Eq. B.20is known as Fick’s second law or
linear diffusion equation. Fick’s second law is important because it allows to determine
the concentration C, which in one dimension can be written as:

x
C(z,ta) = Coerfe <2\/D—15A> : (2.21)
where Cj is the concentration at the time t = 0 for a slab of unidimensional material.
The problem can be generalized to the case of two slabs, one with concentration Cy
= 0 (i.e. without material) and one with concentration Cy > 0. It results in diffusion
of the material from one slab with Cy > 0 to the other slab with Cy — 0. Generally,
Fick’s second law for can be written as:

where 2h is the thickness of the slab, D the diffusion coefficient and t the diffusion
time. This expression, known as Grube-Jedele (G-J) diffusion [GLIO0] is used in the
calculation of the diffusion properties of QDs in Chapter 4 and Chapter 5. Indeed, eq.
is normally used to evaluate the diffusion length and the activation energy (F4) in
thermally activated processes for QDs or QW systems [CHEQT, [RAO94, BOT.03]. The
activation energy F 4, used firstly in 1889 by Svante Arrhenius, is the energy necessary



26 2. BASIC OPTICAL PROPERTIES OF CDZNSE QUANTUM DOTS (QDs)

to activate a diffusion process and is defined via the diffusion coefficient:
D = Dge Fa/ka (2.23)

where Dy is the pre-factor and k the Boltzman constant. By the use of eq. 2.22] the
concentration function C(x,t) is found, as shown in Fig. 28] for a layer of size h — 2
and an initial concentration C(x,0) = Cy. Varying the annealing time (t4 — 0, 1 s 10
s, 20 s) the concentration profile smears out, thus leading to have different potential
profiles, which characterize the system. By applying this model to thermally annealed
QDs, varying either the annealing temperature (T4) or the annealing time (t4), the
activation energy E4 of the system will be evaluated.



Chapter 3

Experimental Basics

This chapter is mostly concentrated on the description of the spectroscopic set-up used
to perform photoluminescence (PL) measurements, along with a short introduction of
the devices implemented. Experimental setup used to perform polarization measure-
ments and time resolved measurements, in presence or absence of external magnetic
fields, are also presented. Furthermore, a short overview of the sample preparation
method used to characterize single quantum dot (SQD) lines are discussed.

3.1 Experimental methods

The PL measurements where performed in the following way. After the laser has been
focused on the sample, photoluminescence was generated and focused onto the en-
trance slit of a spectrometer. The spectrometer is composed of a monochromator and
a liquid-Nitrogen (LNj) cooled CCD camera. The PL goes through the spectrometer’s
slit (normally ~ 50 -100 pm opened) and is reflected by a curved mirror. The colli-
mated beam is then diffracted by a grating, which separates the incoming light into
different wavelengths. Then, the dispersed beam is re-focused by a second mirror. As
a result, different wavelengths are then focused to different positions on the out-going
slit. The wavelengths that go through the slit are then collected onto a liquid N5 cooled
CCD camera. The spectrum is then analysed. CCD stands for charge-coupled device,
which is a piece of a silicon wafer micro-manufactured and segmented into an array of
individual light-sensitive cells called "photo sites." Each photo site is one element of
the whole picture that is formed, this is called a picture element or "pixel." The CCD
camera used in this work has a resolution of 1100 pixels on the x-axis.

3.1.1 Micro-PL for the detection of SQD

The set-up used to resolve SQD lines is depicted in Fig. Bl The sample was excited by
a GaN solid state continuous-wave laser emitting at 405 nm. The laser beam (LB) first
passes through attenuator filters F1, then is reflected by a mirror (M) before passing

27
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Fig. 3.1: Set-up used for micro-PL in order to resolve SQD. Following acronyms were
used: L, lens; M mirror; BS, beam splitter; LB, laser beam; MO, microscope objective;
LP, linear polarizer.

through a 50:50 beam splitter (BS). Afterward, the LB was reflected onto a microscope
objective (MO) which then focuses the beam onto the sample. A MO with a numerical
aperture (NA=0.4) was used to obtain a beam size of ~ 3 ym. The measurements were
carried out in continuous flow LHe cryostat which is able to reach a temperature of
~4K. The photoluminescence generated from the QDs-sample is then emitted backward
and, by using the confocal geometry, passes through the MO again and then toward
the spectrometer. Afterward, the PL-signal was collected by a monochromator with a
spherical lens with a focal length of ~ 30 cm. An appropriated color filter (OG450)
was used to diminish the laser wavelength.

3.1.2 Detection of linear polarized components

In order to be able to measure the linearly polarized components, 7, and m,, from
an asymmetric QD, a linear polarizer in combination with a \/4-plate was placed in
front of the monochromator as shown in Fig. Bl To avoid the passage of the laser
inside the monochromator a barrier filter F2(OG450) has been used, which works as a
wavelengths selector cutting out the wavelengths smaller then 450 nm.

The monochromator (Jobin Yvon) has two gratings allowing to work with either
600 or 1800 lines and has a focal length of 1 m. It will resolve a single line with a
0.05 meV resolution. Then a CCD camera was used to convert the optic signal to an
electric signal, which is then sent to a calculator. The measurements carried out with
this setup are described in chapter 5.
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Fig. 3.2: a) Schematic top view of a set-up where an external magnetic field is applied
up to 8T. The magnetic field works both in Faraday and Voigt geometry. b) A schematic
cross section shows several chambers of the cryostat. Following abbreviations are used:
L, lens; M mirror; FM, finger mirror; LB, laser beam; LP, linear polarizer.

3.1.3 Photoluminescence of QDs in an external magnetic field

Magnetic properties of QDs have been also studied by using another set-up, where
an external magnetic field was applied. The set-up is shown in Fig. B2 (a). In
this set of measurements an argon ion (Ar") laser, emitting in the visible range, was
used as excitation source. In most of the measurements the 458 nm line was selected.
However, a GaN solid state continuous-wave laser emitting at 405 nm was also used
in some measurements. The laser beam was reflected by several mirrors, then guided
onto a finger-mirror and finally focused onto the sample. The distance between sample
and outer window of the cryostat was ~17 cm, which requires the use of a spherical
lens instead of the microscope objective. In this way the lens (L1) has been used to
focus the laser on the sample. The diameter of the laser beam obtained on the sample
was estimated to be 70 ym. The PL emitted from the QDs then passes through the
L1 and, then is focused onto the monochromator by L2. Finally, a LN, cooled CCD
camera was used to collect the spectrum.

The measurements were collected when the sample was cooled to ~ 2K. This tem-
perature was obtained by flowing liquid He into the sample chamber through a pin-hole.
The helium chamber is normally filled with ~ 30 - 40 1 of He. In order to keep the
system in thermal equilibrium there are two more outer chambers, one filled with LN,
and another one under vacuum up to 10~¢ mbar. Furthermore, the cryostat has four
windows, which allows for measurements both in Faraday (B || z) and in Voigt ge-
ometry (B L z), where z is the direction perpendicular to the surface of the sample.
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However, in this work only measurements in Faraday geometry were executed. In the
lower part of the cryostat magnet coils are present, which allow to generate magnetic
fields up to 8T.

3.1.4 Detection of circular polarized components

When a magnetic field is applied, circular polarized components of the PL can be
detected. In particular, the condition Am; = +1 refers to o*, whereas the condition
Amy; — -1 refers to o—, with m; the angular magnetic quantum number. In order
to resolve experimentally the circular polarized components (¢ and ¢7), the light
emitted from the QDs was collected through a linear polarizer and a \/4-plate, that
were placed in front of the cryostat. The \/4-plate was kept constant at 45° and the
linear polarizer were rotated between 45° and 135°, which allowed thus a selection of
o and o~ polarized ligth, respectively. Afterward, a spectrometer, shown in Fig. 3.2
(a) was used to analyze the two circular polarized components. These measurements
were applied for the investigations of Zeeman splitting and diamagnetic shifts of QDs,
which will be discussed in chapter

In order to study more systematically the degree of circular polarization (DCP) of
the QDs a 50 kHz photoelastic modulator operating as a A/4-plate in combination with
a linear polarizer was placed in front of the monochromator.

3.2 Time resolved measurements

In order to obtain a complete overview of the QDs properties, the time evolution of the
electron - hole annihilation (exciton lifetime) was collected by the pico-second setup
described in Fig. B3l An Ar" ion laser has been used to pump a Ti-Saphire laser
emitting infrared light, LB2, between 840 - 1000 nm and with a repetition rate of 82
MHz, which corresponds to a pulse to pulse duration of ~ 12 ns. The Ti-Saph laser
was able to generate laser pulses in two operating modes, picosecond and femtosecond,
that are 1 - 2 ps and 80 - 200 fs, respectively. If a second harmonic generator BBO
crystal was used, it was possible to generate light in the visible range. Indeed, the
BBO crystal or beta BaB5O4 is a non linear optical crystal, that is used in order to
excite photons in the visible to UV range.

After the laser energy was doubled in the BBO crystal the laser beam passed
through a BG 39 bandpass filter, which block all the residual infrared light still ex-
isting after the BBO crystal (see Fig. B3]). Next, the produced visible laser beam,
LB3, passed through a gradual attenuator filter (GF), which was used to continuously
attenuate the power of the laser. Later on, LB3 is reflected by several mirrors and
finally, by a finger mirror (FM) reflected toward the cryostat. By the use of a lens,
the LB3 is focused onto the sample, which is placed inside the cryostat and cooled
to ~ 2K. The PL generated from the sample is then redirected backward toward the
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Fig. 3.3: Pico-second setup used to detect the exciton lifetime of MQDs. An Ar™
ion laser beam (LLB1) has been used to pump the Ti-Saphire laser operating in the
picosecond mode. The infrared light (LB2), emitted from the Ti-Sa laser, is doubled
by a non-linear BBO crystal. Thus a visible laser light LB3 is generated. Finally, by the
use of a streak camera the lifetime of QDs, excited by BL3, were analysed. Following
abbreviations are used: L, lens; M mirror; FM, finger mirror; LB, laser beam; GF,
linear filter.
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Fig. 3.4: Typical sample structure of CdSe/ZnSe heterostructure. The 2-3ML CdSe
QDs embedded between the ZnSe matrix have a random size and material distribution.

spectrometer. The lens L2, having a focal length of ~ 20 cm, allows to focus the PL
in the monochromator.

By this configuration, it is possible to analyse the PL energy of MQDs or SQDs,
as described for the previous set-up. However, this set up provides the redirection of
the PL toward the streak camera. In this manner, the lifetime of the PL can be also
collected. The streak camera has a resolution time of 20 ps.

3.3 Sample fabrication

The QDs investigated in this work are composed of CdSe layers embedded in a ZnSe
matrix, as shown in Fig. B4 which are formed by molecular-beam-epitaxy (MBE). It
includes 2-3 ML of CdSe, which is grown on top of a 50 nm thick ZnSe barrier and a
300 pum thick GaAs substrate. The QDs are protected by the deposition of a ZnSe cap
layer 50 nm thick. The QDs formed have a height of 1.5-2 nm and 8-20 nm in-plane
extension. The QDs density is about p — 10! cm 2. For more details about the growth
conditions of the samples studied, see appendices C, D and E. The respective results,
obtained with the above samples, are described in the later chapters.

3.3.1 Single quantum dot detection

The large QDs densities and the size distribution lead to a broad photoluminescence.
Then, in order to be able to resolve a SQD, the number of excited dots were reduced by
fabrication of mesas structures. In Fig. a comparison between the characterization
of multi QDs (MQDs) and SQD lines are shown. Fig. (a) shows the broad PL spec-
trum recorded from MQDs, with a sketch of the typical sample during the excitation
(see Fig. (b)). On the other hand, Fig. (c) shows the pu-PL spectrum of SQD
when only few QDs have been excited. In this last case the excited area contains only
few QDs delimited by the mesa, as shown in Fig. (d).
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Fig. 3.5: (a) A broad PL is photo-generated by (b) excitation of an ensemble of multi
QDs (MQDs). (c) SQD lines are selected by the (d) fabrication of a small mesa (~ 80
nm large).

3.3.2 Mesas fabrication

Usually, the fabricated mesas have sizes ranging from 100 gm to 60 nm, with respective
distances between different mesas chosen accordingly of the needs. When the setup in
use has a microscope objective that can lead to a laser beam with a size of ~ 5 um, the
distance between the mesas can be of ~ 10-20 ym. On the oder hand when the size of
the laser beam is about 50-70 um the distance between the mesas must be much larger
if one want to avoid multi mesas excitation.

A typical method used to fabricate mesas is schematically shown in Fig. B.6l The
mesa fabrication requires spin coating a thin film of polymeric material, such as a
positive resist (PMMA) (FigB.6l (b)). The part of the resist exposed to the electron
beam (Fig3.8 (c)) modifies the chemical properties of the resist, which then can be
selectively removed from the sample by using an appropriated solution. Thus a resist
mask is obtained (Fig[3.0 (d)). However, the PMMA mask is not sufficient to protect
the sample from the chemical etchant, and a layer of titanium (Ti) is deposited for
further protection. In this way, the Ti-layer is not only deposited on the resist, but
also in the inner part of the mask previously formed (see Figl3fl (e)). By selective
removal of the resist, the Ti on the top of the resist is removed and then only a Ti-
mask remains on the sample. This process is known as the lift-off. In Fig[3.@ (f), the
last step of the fabrication process is shown, where a mesa is formed after the wet
chemical etching is performed. Accordingly with the size of the mesa fabricated the
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Fig. 3.6: a) Sketch of processes to build mesa structure, starting from an as-grown

sample. b) Deposition of the positive resist (PMMA). ¢) Lithography by exposing the
sample with an electron beam. d) A resist-mask is obtained. e) Further deposition of
Ti-layer. d) The selective removal of the PMMA leads to obtain a Ti-mask, known as
lift-off. The mesa so obtained has a low number of QDs.

number of active QDs carried by the mesa will change. After the mesa fabrication the
sample is characterized by the use of a liquid helium (LLHe) bath or cold-finger cryostat
for PL detection.

3.4 Rapid thermal annealing

The main work of this thesis deals with thermal annealing (TA) of QDs samples. The
thermal annealing of the QDs-sample was done in two ways, one known as rapid ther-
mal annealing (RTA) process, where the RTA process consisted of a fast temperature
ramp, followed by a temperature plateau of t4 (annealing time) at T4 (annealing tem-
perature). During the annealing, the sample was placed inside a graphite box in order
to ensure a fast heating as well as a fast cooling down of the sample. The above instru-
ment allowed minimum annealing temperatures of 230 °C. For this reason a second way
to perform rapid thermal annealing was used. It consist in using a hot-plate during
the heating process and a cold-plate to cool down quasi instantaneously the sample.
During the heating and the cooling process Ny gas was blown on the surface of the
sample for 30s. In this way a rapid quench of the annealing process was ensured. Also
water condensation 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 very
low temperature (around 100°C) was enough to change the energy position of single
QDs lines. Most of the thermal annealing were executed by this method. The anneal-
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ing was performed in the range of temperatures between 100 °C and 220 °C in steps
of 20 °C for an annealing time of 30 s.



Chapter 4

Method to calculate the activation
energy

4.1 Eigen energy of annealed quantum dot

Hereby the method used to calculated the energy of electron and hole states for ther-
mally annealed quantum dots by using the second Fick’s law is presented . In order
to simplify the problem, QDs with cylindrical shape (symmetric group Dyy) are con-
sidered. The Hamiltonian can be expressed as in eq. neglecting the Coulomb
interaction. Therefore, the Hamiltonian is written as:

n? o,

Ag - Q—TnIhAh + ‘/e<7/'> + Vh(T) (41)

H =

2me

where the first two terms describe the kinetic energies of the electron and hole and the
third and forth terms are the electron and hole potentials, respectively.

In order to calculate the exciton eigen energies of a QD subject to a thermal treat-
ment, the Cd and Zn contents after any annealing step have to be evaluated. The early
step-potential changes size and shape when the interdiffusion between the barrier and
the QD take place. In order to evaluate numerically the exciton eigen energies at any
TA step, the G-J solution is used to describe the potential profile, which was previ-
ously calculated for a slab of material (eq. 222)). By taking the complementary of eq.
and subtracting it from the unity, one obtains an equation describing 100% of Zn-
content in the barrier and 100% of Cd-content inside the QD. When TA is performed,
part of the Zn diffuses from the barrier inside the QD and part of Cd diffuses from the
QD into the barrier. In this way the potential in the growth direction becomes:

Clet) = V(z) = 1— % {erfc (#) +erfe (%LD/Z)} , (4.2)

where L, is the size of the QD, Lp = /Dt 4 the diffusion length and Cgy the Cd-content
before TA. In the Lp expression, D is the diffusion coefficient and t4 is the annealing

36
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Fig. 4.1: (a) Electron and holes states prior to TA. (b) Potential profile of a QD
thermally annealed. The diffusion length is Lp=2 nm. The number of electron and

hole states are strongly increased with narrowed energy spacing compared to the case
prior to TA.

time. By varying either t4 or T4, C(z,t) changes accordingly to the Cd/Zn content in
the QD. Indeed, when the annealing time, t4, or annealing temperature, T 4, increase,
Lp increases as well and, consequently, the potential changes its shape, accordant to
eq.

The PL energies obtained experimentally were used in order to evaluate the acti-
vation energy. By the use of eq. it is possible to have different potentials profiles
by varying Lp. Since different potential profiles refer to different QDs, also different
electron and hole energies can be calculated. As a result, varying the potential profile
means to vary the exciton energy. By doing so a correlation between the PL-energies
and the Lp’s can be found. In Fig. @] (a) and (b) an example of the QD-potential as
a variation of the Cd/Zn content versus the growth direction is shown. Figure 1] (a)
refers to a QD box-potential typically applied for a QD prior to TA (Lp — 0), whereas
the shallow potential in Fig. (b) refers to the QDs-potential after TA (Lp # 0). As
can be noted from the above calculation, when L increases, the energy gap increases
as well. In this figures only L, — 0 and L, — 20 nm are considered for an initial
QD-size, L, — 2.2 nm, and an initial Cd content, Cq = 100%.

In addition, prior to TA a typical step like profile is shown with only one ground
electron state (green lines) in the conduction band, and heavy hole (red lines) and light
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Fig. 4.2: Comparison between three characteristic curves, with different initial Cd-
contents (100 %, 70 % and 50 %). The QDs-layer size has been fixed at L, = 2.2nm
and Lp has been varied in small step.

hole (blue lines) states in the valence band. It should be mentioned that stress was
not considered in this calculation. However, a very good agreement with data from the
literature [TON94| was found. These calculations were used to fit the experimental data
shown in chapter 5. Both the activation energy and diffusion lengths of CdSe/ZnSe
QDs were determined.

4.1.1 Evaluation of the characteristic curves

As already mentioned in sec. 2.2 the valence states in bulk material are degenerate
at k—0. However, when QDs are grown, the degeneracy at k — 0 is lost due to the
strong confinement. It should be mentioned that such loss of degeneracy might change
with the size of the QDs. In the present work, an energy difference between the lowest
light hole and the highest heavy hole is ~ 100 meV for as grown CdSe QDs. In
such configuration, the light and the heavy hole do not interact with each other and
consequently, the exciton is formed with the electron and the heavy hole.

As mentioned above, when the dot undergoes a thermal treatment the potential
is smeared out and the reduced confinement induces energetically narrowed states.
The decrease of the interlevel states can lead to emission from excited states. Also

the interaction between light and heavy holes is enhanced [HEISS|, [TWAS5, [TWART,
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MAHT0]. In chapter 7 of this thesis it will be shown, that by varying both the size and
the material concentration, the light and the heavy hole can mix in such way that the
hybrid hole state might have a strong light hole character.

By the use of the above calculation, a correlation between the PL energies and the
Lp’s was obtained and shown in Fig. further referred to as characteristic curve.
The characteristic curve changes with the initial QD-size and material content. The
curves are calculated for three different initial Cd-contents, 100 %, 70 % and 50 %.
The choice of the parameter used to calculate the characteristic curve is related to the
best measured energies of thermally annealed QDs.



Chapter 5

Optical characterization of CdZnSe
QDs

5.1 Structuring of the sample

The results on thermal annealed QDs are hereby presented. The samples defined as
S1 and S2 are described in Appendix B and C. As discussed in the first chapter, II-VI
semiconductor QDs allow the observation of fine structure splitting (FSS), biexciton
binding energy (BBE) and charged exciton emissions. In this respect, a study of
CdSe/ZnSe QDs is presented, whose morphological nature has been altered by ex-situ
thermal annealing.

5.1.1 QDs-formation

In lattice-mismatched semiconductor heteroepitaxy [LITOIL [PERO0|, the formation of
self-assembled quantum dots is driven by elastic strain relaxation. Elastic strain results
due to the different lattice constants of the substrate and the QD-forming materials.
For example, the lattice mismatch between InAs and GaAs is 7%. Elastic relaxation
of strain leads to a morphological re-organization of the growing surface, resulting in
the formation of well-defined 3D nanostructures [AKIOT, [CHA98]. This mechanism
of epitaxial growth is known as the Stranski-Krastanow (SK) transition and has been
successfully employed to realize QDs of several heterosystems. Though the lattice-
mismatch between ZnSe and CdSe is also 7%, the SK mechanism has not been ob-
served for this heterosystem. The resultant structures are appropriately described as
inhomogeneous quantum wells of ternary CdZnSe. The formation of 3D islands is
hindered by other routes of strain relaxation in this case, i.e. through interdiffusion
[KIMOO] or by dislocation formation. Nonetheless, the local compositional
inhomogeneities of the ternary QWs (Cd-rich inclusions) confine electrons and holes
(or excitons) three-dimensionally, as in ideal QDs. Such QDs, formed in case of the
CdSe/ZnSe heterosystem are also known as natural QDs [ZRE94]. Description on the

40
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morphology of such QDs and further information about them can be found in Appendix
B.

5.1.2 Single QD photoluminescence

A major part of the work done in this thesis involves the study of single QDs. Access
to single QDs by optical spectroscopy requires fabrication of small mesas containing
only a few QDs. For construction of mesas a combination of electron beam lithography
(EBL) and wet-chemical etching has been used, as described in chapter 3. The smallest
mesa fabricated in this work measured 80 nm in diameter.

..a). man

InSe cap layer
= 100mm " 56 QDs
InSe barrier

GaAs buffer

norm. PL intensity (arb. units)

240 244 248 252

Energy (eV)

Fig. 5.1: (a) PL spectra recorded from a 100 ym and a 80 nm mesa. (b) A sketch
of a 80-nm-mesa (upper panel). The blue region represents the CdSe QD-layer. SEM
image of the mesa, prior to Ti mask removal, is shown in the right bottom panel.

In Fig. EI (a) PL spectra from two different mesas, of size 100 pum (bottom
spectrum) and 80 nm (top spectrum) are compared. For a 100 gm mesa the excitation
beam probes a large number of QDs, which vary in size, morphology and composition.
Due to this spread in the physical properties of the QDs, their ground-state energies also
exhibit a dispersion, which is reflected in the inhomogeneously-broadened (Gaussian
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profile) PL spectrum. On the other hand for the 80-nm mesa only a few QDs are
probed and the PL spectrum deconvolutes to sharp emission lines, due to individual
QDs. A sketch of the 80-nm mesa is shown in Fig. B1] (b), upper panel and a SEM
image of the real mesa (prior to removal of the metal mask) is shown in the lower panel.
The blue region of the sketch corresponds to the CdSe QD-layer.

5.2 Annealing of CdZnSe QDs

As mentioned in chapter 1, this thesis deals primarily with the evolution of CdSe/ZnSe
QD-properties due to post-growth thermal annealing (TA). For the first investigations,
large ensembles (without fabrication of any mesa) were annealed at different annealing
temperatures, T 4, ranging between 300-550 °C, for a constant duration, t,, of 10 s.
PL was recorded using the set up described in section 3.2. Figure shows the PL
spectra of the entire series of samples. For ease of analysis, the spectra are displaced
on the vertical axis and normalized, to the maximum intensity.
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/\ 400°C
_/\ 350°C
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Fig. 5.2: Photoluminescence spectra of QDs annealed for the same duration t4 — 10
s at different annealing temperatures, varied in steps of 50 °C, starting from T 4 — 300
°C to 550 °C. At T4 = 300 °C, the QD emission is centered at 2.44 eV. Up to 400 °C,
the spectra remain almost unchanged. For T, > 450 °C, a pronounced blue shift of
the photoluminescence peak is observed.



5.2. Annealing of CdZnSe QDs 43

Thermal annealing up to T4 = 400 °C leads to no significant change in the PL
of the ensemble of QDs. However, a drastic blue shift of up to 100 meV is observed
for T4 ranging between 450-550 °C. Prior to TA, the PL peak is inhomogeneously
broadened with a maximum registered at 2.44 eV and a FWHM = 36 meV. Such broad
emission is typical of CdSe based QDs, where the formation of QDs results essentially
from composition fluctuations within a ternary QW [OUA90]. The blue shift for higher
T4 are explained by annealing-induced Cd-Zn interdiffusion between the QDs and the
surrounding matrix. Interdiffusion changes an abrupt interface, prior TA, to a graded
interface, after TA. A numerical solution of a Schrodinger equation was used to extract
diffusivity values from the experimental data, as explained in section 2.8 and more
extensively in chapter 4. The concentration function uses standard error function:

Clzyt) = 1 — % [e'r’fc (#) terfe (%LD/Q)} (5.1)

where Lp is the diffusion length and 1., the size of the QDs in the growth direction,
while Cy is the Cd-content prior to TA. This equation provides potential profiles at
different TA. In this way a correlation between the ground exciton energy and the
diffusion parameters was made. By use of the Arrehnius law it is possible to determine
the activation energy, E 4, from the slope of the plotted diffusion coefficient, D, as a
function of the 1/kT4 (see Fig. 3]). The activation energy was determined to be 2.2
eV, which is in good agreement with the literature [TON94].

In addition to the blue-shift, the efficiency of the QDs-luminescence is considerably
enhanced due to TA. As seen in Fig. B4 (a), the integrated intensity of the QD-
luminescence, for a constant excitation power, increases with increasing 74. For the
range of T4 between 300 °C and 450 °C, a continuous increases of the PL intensity is
observed. This is the range of T4 wherein no PlL-energy-shift was observed. Similar
results were found also for the InGaAs heterosystem [LEO97|, but the observations
were not extensively discussed. In absence of a spectral shift of the PL-energy, the
enhancement of the PL-intensity, might not be attributed to any diffusion-related pro-
cess. Instead, it might be assigned to annihilation of point defects and particularly
vacancies [HARO5] [(OSH92, [YABSS, MAR93, [KOT91 [LTP96].

On the other hand, for T4 = 450 - 550 °C, a drastic PL-blue-shift is seen. Addi-
tionally, from Fig. B4l (b), it is seen that in the range between T4 = 300 - 450 °C,
the FWHM is constant (at 36 meV) and beyond T4 = 450 °C, it reduces strongly,
down to 12 meV. While the PL-blue-shift indicates the onset of Zn-Cd interdiffusion,
the narrowing of the spectra strongly suggests suppression of QD-size distribution.

In order to have more information about the changes that TA induces on the optical
properties of QDs, measurements of the exciton decay time were performed. Exciton
lifetimes for the annealed samples were compared with those of the unannealed (as-
grown) samples. Fig. (a) shows the time evolution of the spectrally-integrated-PL-
intensity of the unannealed (as-grown) sample and that annealed at T 4= 500 °C.
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Fig. 5.3: Determination of the activation energy, E 4, by fitting the experimental data
for an ensemble of CdSe/ZnSe QDs.
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To determine the exciton recombination time, one needs to consider the rate equa-
tion describing the electron-hole recombination process. The rate equation for the
exciton recombination can be described as:

dU)X o Wx
dt n TX*

(5.2)

where wy is the probability of forming an exciton in a quantum dot and 1/7x«=1/7x+
+1/7xg, with 7y, the radiative exciton lifetime and 7x, the spin relaxation time. How-
ever, it is known that 7x, >> 7y, thus 7x+ = 7y, in agreement with Puls and Hen-
neberger [PUL97|. By using the rate equation, it is possible to fit the experimental
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Fig. 5.5: (a) Time evolution of the integrated PL intensity for an unannealed sample
and for an annealed sample, with T, = 500 °C and t4, = 10 s. From the exponential
fitting of the decaying part of the plots, the exciton decay time is determined. (b)
A plot of all the exciton decay times calculated for all samples thermally annealed at
different temperature, between 300 °C and 550 °C.

data plotted in Fig. (a) and extract the exciton lifetime for the different annealed
samples. The exciton decay time for the unannealed sample TA has a value of (330 +
20) ps and stays almost constant up to T4 = 350 °C. Beyond this, the exciton decay
time strongly drops down to 80 ps, as seen in Fig. (b).

The series of annealing at different temperature shows that the PL intensity is
enhanced almost linearly up to T4 — 450 °C, whereas the exciton decay time decreases.
This observation is a sign of an enhanced quantum efficiency due to annealing. Several
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reasons for an improved PL emission can be given. One reason could be the annihilation
of point defects in the surrounding of the dots, which in turn reduces the non-radiative
recombination channels and enhance the QD luminescence efficiency. Another reason
could be the enhancement of oscillator strength I'gp, as suggested by the reduced
exciton decay time, since 7y = h/2'gp. In Fig. is shown that the PL-energy is
not shifted up to T4 = 450 °C, meaning that in this range of measurements the QDs
size and composition are not modified. Since, it is known that the oscillator strength
is a function of the QDs size [FONO5, [GIL0O2], it can be concluded that the second
hypothesis does not support the above results. In conclusion, TA improves the QDs
luminescence efficiency by decreasing the defects around the dots, and thereby reducing
the probability of Auger-like effects.

5.3 Enhanced diffusion of single CdZnSe QDs

A series of PL spectra, recorded from an 80-nm-wide mesa after each TA step, as well
as prior to annealing, is presented in the left panel of Fig. While the bottom-most
spectrum (prior to TA) is dominated by a single-QD exciton emission line, further
referred to as the A line, additional luminescence features appear at higher energies,
immediately after the first TA step. However, the A line can be clearly traced in the
spectrum after each TA step. In the subsequent steps of TA, both the A line and the
additional lines at higher energies show similar blueshifts, indicating a gradual interdif-
fusion of Cd and Zn between the studied single QD and the surrounding ZnSe matrix.
The blueshift is low up to T4, = 180 °C, beyond which, however, it increases more
rapidly. For the present mesa, the observed blueshift after annealing to temperatures
up to 240 °C is about 100 meV. Interestingly, such large blueshifts for this range of
TA is observed only in the spectra of the small mesas. For 10-pum-wide mesas similar
TA processes result in no appreciable blueshift in a comparable range of TA values,
as shown in the right panel of Fig. In this case, blueshifts in the order of 10
meV were recorded for T, — 400 °C and beyond, from which E,4 for interdiffusion in
large mesas was extracted. In the corresponding inset, the PL blueshift AE of the A
line (80 nm mesa), a single-QD line in a 180-nm-wide mesa (not shown), and the peak
maximum of the 10 ym mesa are plotted as a function of TA. The TA-induced blueshift
is larger the smaller the etched mesa is. This observation is associated to an enhanced
cation intermixing in small mesas. However, unlike in Ref. [WELOI|, where enhanced
intermixing in small mesas has been attributed to TA-induced generation of defects at
the upper surface of the sample (due to different thermal expansion coefficients of the
epitaxial semiconducting layers and the Ti mask), the dependence of the energy shift
on the mesa sizes in this case rather suggests that the etched sidewalls contribute to
the enhancement of cation interdiffusion. Possible origins are strain gradients in the
vicinity of the sidewalls, induced by partial relaxation of elastic strain or the presence
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Fig. 5.6: Left panel: Photoluminescence spectra of a small QD ensemble embedded in
an 80-nm-wide mesa, annealed at different temperatures between 100 and 240 °C for 30

s. The inset shows a scanning electron microscope image of the mesa (side view), taken

prior to mask removal. Right panel: Photoluminescence spectra of a 10-pum-wide mesa

which was processed and annealed in an identical manner as the 80-nm-wide mesa.

The inset shows the energy shift of the A line (80 nm mesa), a line in the spectrum of

a 180-nm-wide mesa, and the emission maximum corresponding to the large mesa (10

pum), vs the annealing temperature TA.
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of defects at the side walls.

In addition to the pronounced blueshift, biexcitons in the annealed QDs were ob-
served. In order to identify biexciton recombinations, emission intensities have been
recorded as a function of the excitation power, which was ramped to a maximum of P
= 20 kW/em™2. For the present mesa no biexcitons were observed prior to annealing.
Also in the spectra of other mesas biexciton lines were detected only very rarely with-
out TA. A different behavior was found for thermally annealed mesas. In Fig. (left
panel) a new emission line (labeled XX) is seen on the low energy side of the A line, for
T4 = 200 °C and P = 20 kW /cm 2. This XX line, e.g., corresponding to T4 = 220 °C,
vanishes for small excitation powers. At even higher annealing temperatures additional
emission lines appear for high excitation powers; e.g., the B line in the spectra for T 4
— 240 °C is accompanied by an additional XXp line for high excitation power. In Fig.
the integrated intensities of the A line and the XX, line is plotted as a function of
the excitation power. The straight lines I ~ P and I ~ P2 are depicted as a guide to
the eye. The integrated intensity of the A line depends approximately linearly on P,
whereas the integrated intensity of the XX 4 line scales quadratically. Such a behavior
is typical for excitons and biexcitons, respectively [ZAIOT, [HER97]. Thus we associate
the XX lines to biexciton emissions. The first biexciton emission line was observed
(XX 4 line) after TA at 200 °C. The corresponding binding energy, which is the energy
difference between the exciton and the biexciton lines, was determined to be 14.6 meV,
a value which is notably smaller than the biexciton binding energies reported for as-
grown CdSe QDs [KUL99, [XTEOT]. At an even higher annealing temperature T 4 = 240
°C, a biexciton binding energy of less than 10 meV was observed. This behavior clearly
indicates an increase in the quantum dot size [HER97] due to TA. The TA-induced
lowering of QD confinement has been recently observed also by a reduction of exciton

lifetime [MACO03-1].

5.3.1 Model

For the analysis of the TA-induced energy shift, a change in the QD size and the
effective band gap was considered. Since the lateral dimensions of the CdZnSe QDs
are considerably larger than their heights L., it was assumed that the quantum con-
finement and its variation due to TA is predominantly determined by the QD height.
Typical values of L, range between 1 and 2 nm with lateral dimension of about 20 nm.
Therefore, the diffusion process in one dimension was determined, i.e. in the z direction
(direction of growth). The diffusion coefficient D(T) is given by the Arrhenius law:

Ey4

D(T4) = Doexp(— T

) (5.3)

where E 4 is the activation energy of the Zn-Cd interdiffusion, T4, the annealing
temperature, kg the Boltzmann constant and Dy a prefactor. D(T) in turn is related
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to the diffusion length Lp by the relation

Lp = \/Dta, (5.4)

where t4 is the annealing time. To determine L from the PL blueshift, a concentration
profile of Cd in the z direction

Clzt) =1— % [e’r’fc (#) +erfe (%LDQ)} (5.5)

was taken into account with Cy as the initial Cd content (prior TA) and erfc(z) as
the error function. Initial values of L, — 1.5 nm and Cy = 71% were chosen based on
the fact that the corresponding calculated energy fits very well to the experiment. In a
first step we have calculated the energy shift AE versus the diffusion length, L, using
a Schrodinger equation solver, taking into account the diffusion-modulated energy pro-
file according to eq. B30l With increasing Lp, a funnel-like potential profile evolves.
Then, by comparison of the calculated AE(Lp) with the experimental data, the diffu-
sion length corresponding to each value of AE(Lp) was determined. As the annealing
temperature was varied for different TA steps, one can extract the diffusion coefficients
only from the change of the diffusion length between two consecutive TA steps using
eq. B3l From the slope of the D(1/kgT4) vs 1/kgT 4 plot on a semilogarithmic scale,
the activation energies E4 for the different structures were determined (see Fig. 5.7).
Es—=09+0.1,1.2 £ 0.1, and 2.2 4+ 0.3 eV were extracted for the 80 nm, 180 nm and
the 10 um mesas, respectively. The activation energy of the small mesa is more than
a factor of 2 smaller that that measured for a large QDs ensemble. Thus, these results
show that the Zn-Cd interdiffusion is enhanced significantly in small mesas.
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Fig. 5.7: Semilogarithmic plots of D(T) vs 1/kgT 4 determined for different mesas.



Chapter 6

Study of the anisotropy of a quantum
dot

6.1 Control of QD-isotropy by thermal annealing

By mapping the anisotropy fine-structure splitting of the exciton ground state in the
luminescence spectra of individual Cd,Zn;_,Se quantum dots, treated by postgrowth
rapid thermal annealing (TA), a preferred in-plane axis of Zn-Cd interdiffusion has
been identified. In particular, a TA-induced sign reversal of the fine-structure splitting
is demonstrated. Additionally, in the annealed quantum dots, the binding energy
of the charged exciton reaches a maximum value when the fine-structure splitting
is minimum. The studies demonstrate that by post-growth thermal annealing the
symmetry of individual quantum dot can be modulated.

6.1.1 Tuning of the QDs symmetry

A key result of the studies presented in the previous chapter is that the processing-
induced defects on the sidewalls of the mesas strongly influence the Zn-Cd intermixing
between the QDs and the surrounding matrix, during TA. For small mesas, this turns
out to enhance interdiffusion, since the QDs are more likely to be close to the edges of
the mesa. In this chapter it is demonstrated that the defects on the mesa side-walls not
only change the composition and size of the QDs due to enhanced TA-induced inter-
diffusion, but also can strongly modify their shape. As-grown QDs are well-known to
be elongated along a particular in-plane direction [AICO7, MARO07, SEGO06]. On small
mesas, TA introduces drastic changes in the QD-shape, changing its direction of elon-
gation in a perpendicular axis, passing through a symmetric intermediate step. This
changes of the SQD in-plane dimensions has been studied by analyzing the evolution
of FSS (see sec. 2.1.4) under TA, in u-PL spectroscopy. As mentioned in section 2.1.4,
in asymmetric QDs, the EHX interaction leads to splitting of the degenerate ground
state, whose emissions are perpendicularly linearly polarized. In this work TA-induced

51
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Fig. 6.1: a) X and XX recombination-scheme changing in presence of EHX-induced
FSS in an asymmetric QD. b) Elongated-QD and its evolution with TA when it is
within a small mesa structure. The sketch and the inset are referred to the cases prior
to TA and after TA, respectively.

interdiffusion has been used to tune the QD in-plane shape and thereby the EHX in-
teraction. The energy level scheme of the biexciton and exciton states in presence of
EHX splitting of the ground excitonic state is schematically shown in Fig. (a). Fig.
611 (b) shows a sketch of a small mesa with a QD, elongated along the [110] (desig-
nated as H-axis). Such a QD, close to the mesa wall, after some TA-steps, changes
its elongation from the H-axis to the perpendicular V-axis, through an intermediate
symmetric shape. Such changes in the QD-shape can be explained with the presence
of surface states formed during the fabrication of the mesa structures. In order to
investigate the evolution of FSS by TA, measurements of SQDs were executed by using
a linear polarizer placed in front of the monochromator, as described in section 3.3.
Such measurements were performed several time for different annealing temperatures,
T4, and for QDs inside a small mesa.

Fig. (a) shows the PL spectra corresponding to sample S1, after thermal anneal-
ing at temperatures between T 4 = 100-180 °C, varied in steps of 20 °C. The annealing
duration was kept constant at t4 — 30 s. The spectrum for T4 = 100 °C (bottom-
most) shows emission due to a neutral exciton (X), a charged exciton (X7), and a
bi-exciton (XX). Such emissions were not seen in spectra recorded prior to TA. On
further annealing at T4 = 120 °C, a red-shift is also observed. The shift on further
annealing is on the blue side. Fig. (b) shows the excitonic emission spectra corre-
sponding to polarization direction (of detection) parallel to H and V axes, for TA at
three different T 4 values, namely 100 °C, 120 °C, and 180 °C. For T, = 100 °C, the
V-polarized emission is on the red side of the H-polarized emission, and this we term
as positive FSS. The FSS for T4 = 100 °C is 0.1 meV. As T, is increased to 120 °C,
the F'SS is almost zero, signifying an isotropic shape of the QD at this stage. At this
value of T4, the PL-emission is red-shifted (see Fig. (a)) which is also related to
the formation of high symmetric QDs. As the QD assumes a symmetric shape due to
annealing, the initial effect is to release of strain, due to which a redshift results. By
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Fig. 6.2: PL spectra recorded from a 150 nm mesa for annealing at temperatures
between Ty = 100-180 °C, for 30 s. The shift of an exciton, biexciton and trion
emission is shown by the red dotted lines. (b) A zoom of the spectra corresponding to
Ty = 120 °C and Ty = 180 °C, for the H and V polarization of the emission spectra.
The reversal of FSS is demonstrated in (c).
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set up.
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increasing the annealing temperature to 180 °C, it is clearly observed that the F'SS has
a negative sign. The value of the FSS in this case is -0.4 meV. This reversal of FSS
sign establishes the fact that thermal annealing allows changing the elongation axis
of single QDs in perpendicular directions, passing through an intermediate isotropic
shape. The values of F'SS for different annealing temperatures are plotted in Fig.
(a) which demonstrates the shape-anisotropy inversion phenomenon. In addition, TA
leads to an increase in the size of the QD. This, in turn, reduces the EHX interaction,
responsible for the FSS. This contributes to explain FSS tending to zero after pro-
gressive annealing. However, none of the above effects can explain the reversal of the
F'SS. The FSS reversal is brought by the enhanced local interdiffusion close to the mesa
walls, in presence of the defects. Indeed, these defects might work as transient-states,
which enhances the diffusion (see next section). Finally, TA by changing the shape-
anisotropy of QDs on small mesas, also the trion and biexciton binding energies (BE) is
influenced. Fig. (b) shows the variation of trion (blue) and biexciton BEs with T)4.
As is well known, TA induces to an enlargement of the QD size, which in turn means
that the electron-hole wave functions are less overlapping leading to a reduced binding
energy. This is what was indeed measured in the annealing range between 120-180 °C.
However, in the first annealing step, 100-120°C, the binding energy is increased, which
is a sign of an improved overlap between the electron and the hole wave functions. This
further confirms the high symmetry of the QDs obtained at T4 = 120°C.

6.1.2 Strain assisted diffusion

In addition to defect enhanced diffusion, it should also be mentioned, that in QWs
[IRYU95, [LIM00] and more specifically in QDs [THOO03]|, diffusion occurs not isotropi-
cally in the x, y and z directions. Since II-VI QDs are elongated either in the [1 1 0] or
[1 -1 0] crystallographic directions (see section 2.1.4), such QDs are normally defined
to belong to a symmetric group < Ds4, where Do, refers to the cylindrical symme-
try. The competition between the surface and the elastic energy results in the reduced
symmetry of the QDs [THOO3|. Such competition induces to release the strain mostly
in the elastic soft direction than in the elastic hard direction [THOOQ3]. In this way
the system lowers its energy when the dot changes its morphology from a cylindrical
symmetry to elongated shape. Post-growth TA releases the strain in z-direction in
case of QW. However, in case of QDs the release of the strain occurs also in-plane.
Precisely, it is expected to have a major relaxation in the elastic hard direction and
a minor relaxation in the soft elastic direction. Consequently, one should expect that
by a thermal process a spontaneous relaxation of the elastic directions occurs. As a
result, during post-growth TA the surface-wall of an elongated QD converges towards
a symmetric shape, if no further contributions are considered.



Chapter 7

7.1 Introduction

Magneto-optical properties of self-assembled semiconductor quantum dots are of wide
interest in the study of quantum information processing. The basic idea is to be able
to manipulate the spin degree of freedom of a three-dimensionally confined exciton.
Magneto-optical response is investigated by magneto-photoluminescence and polariza-
tion measurements, which in turn give the possibility to get information about the
spin-splitting of the exciton-ground state and the spin lifetime of the electrons and
holes. Studies of the degree of circular polarization have been carried out for epitax-
ially self-assembled QDs of 1- and 2-ML of an ensemble of quantum dots, before and
after thermal annealing.

7.2 Inversion of polarization

The samples under investigation were grown by molecular beam epitaxy. More details
about the growth condition are presented in Appendix C. The evolution of the degree
of circular polarization (DCP) of the PL at magnetic fields of up to 6 T was studied.
In Fig. [[I]is shown the evolution of the PL spectra emitted by the 2ML Zn;_,Cd,Se
QDs samples, before and after thermal annealing. Annealing was carried out at a
temperature of T4 — 500 °C for 10 s, 30 s, and 50 s. A typical red-shift and narrowing
of the spectra of the annealed QDs, compared to the as-grown (un-annealed) QDs, is
observed. Spectral narrowing due to TA is well known and has been observed also for
QDs realized in other material systems (see discussion in chapter 5). The phenomenon
is associated to a TA-induced enhancement of the QDs homogeneity. A close inspection
of the PL spectra corresponding to samples annealed, for t4 — 30 s and t4 — 50 s, also
reveals an asymmetry in the spectral shape. This behavior indicates to the presence of
a bimodal QD when annealing is performed for long duration.

To probe the annealing-induced evolution of the magneto-optical properties of the
QD ensembles, magneto-photoluminescence measurements were carried out in a liquid
He bath-cryostat at a temperature of 2K. Magnetic fields were applied parallel to the

%)
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Fig. 7.1: PL spectra recorded from an ensemble of self-assemble quantum dots, before
and after 10 s and 30 s of thermal annealing executed at the temperature of T4 — 500
°C.

growth direction (Faraday geometry). The PL was excited with the 405 nm line of a
solid state continuous-wave laser, as described in chapter 3.1.3. In order to investigate
the circular polarization of the QD luminescence, a 50 kHz photoelastic modulator
operating as a A/4-plate, in combination with a linear polarizer, was placed in front of
the monochromator. For the magnetic field dependent polarization measurements, we
evaluated the degree of circular polarization, DCP = (I"-I*")/(I"+I"), where T* (I7)
represents the intensity of the o (07) polarized QD emission, recorded at the peak
maximum. These measurements were performed for two type of samples, the 1ML and
the 2ML QDs, prior to and after TA.

The B-field dependence of the DCP of both the as-grown quantum dots and the
thermally annealed samples (T4 = 500 °C, t4 = 30 s) are shown in Fig. [[2 While
for the as-grown QDs (dark-squares), the DCP undergoes a reversal from positive to
negative sign beyond a magnetic field strength of B = 4 T, it is observed that the
DCP corresponding to the annealed QDs (grey-square) exhibits a negative magnetic
dispersion in the entire range of B — 0-5 T. While the DCP for the as-grown QDs
changes 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-field.

From high resolution transmission electron microscope (HRTEM) (see Fig. b
and Fig. ¢) images it is evident that the QD-layer broadens out in the growth
direction (z-axis). Regions of bright contrast represent high Cd-content while those
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with darkest contrast are highest in Zn-content. The lateral dimensions of the QDs
do not change significantly due to TA. As indicated by the white arrow, the typical
diameter of the QDs prior-to and after TA is ~ 20 nm. However, the composition and
size of the QDs along the z-axis changes significantly. This was observed by recording
the variation of the lattice parameter along the growth direction from high resolution
off 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 direction of growth was estimated to
be L., = 2 nm for the as-grown QDs and 6-8 nm for the annealed QDs.

a) 2ML QDs

“4[  T,=500°C

| m  Before TA
tA=303

6 [ N P | 1

01 2 3 4

Fig. 7.2: Squares represent the DCP of 2ML Zn;_,Cd,Se QD luminescence recorded
at the peak maximum. Solid curves are corresponding to the fitting with Mackowski

model. (b) HREM pictures taken prior to and (c) after thermal annealing for 30 s at
T4 = 500 °C

Similarly, the DCP for the 1ML Cd,Zn;_,Se QD-sample was investigated (see Fig.
[C3). In contrast to the 2ML QDs, the as-grown 1ML QDs sample (dark-squares) shows
a constant positive DCP (= 4%) for all magnetic fields B = 0-5T. However, when the
sample is annealed at T4 = 500 °C for t4 = 20s (grey-squares) the DCP changes sign
(DCP = -1.5%). In the same way, for the thermally annealed sample, T4 = 500 °C
for t4 — 30s (light gray-square), the DCP changes sign and shows a larger polarization
(DCP = -9%).

From the DCP measurements versus the magnetic field strength, it is possible to
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extract the Landé g-factor and the spin relaxation time, 7,. These two parameters can
be extracted following the well known Mackowski model [MACO3]|. In the present work
the experiments were done by using a linearly polarized source, which implies an equal
generation rate for up- and down-spins. Therefore, accordingly to S. Mackowski at al.
[MACO3] the equation for the degree of circular polarization can be written as:

AE
1 —e*xT

DCP =

L+ (& + 1)esr (1)
where AFE is the Zeeman splitting of the exciton ground state, 7, is exciton relaxation
time and 7y is the spin relaxation time. For simplicity of notation, the ratio 7/, will
henceforth be denoted as 7. It is worth noting that eq. [LI needs to be modified when
the changes of sign for the DCP is considered. Precisely, the right side of the eq. [l
and the AE must change sign.

1ML QDs u

-8} T,=500°C
m  Before TA g=0.15
= t,=20s =6 |
2r t,=30s
0O 1 2 3 4 5 6 7 8

B(T)

Fig. 7.3: Squares represent the experimental data for the gradual variation in the
DCP of 1ML QD-luminescence for different annealing times. Solid curves are the
corresponding theoretical fitting.

Then, by using the above equation, the experimental data were fitted for both the
2ML and 1ML QDs samples as shown in Fig. and Fig. [[3] respectively. For the
2ML QDs sample, the experimental data of the as-grown sample shows a non linear
behavior. Up to B = 4 T the DCP is positive and changes sign for B = 4-8 T. This
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unusual behavior of the DCP indicates that the g-factor is not constant over the entire
field range. Such behavior can be attributed to a mixing of the excitonic states induced
by the magnetic field [TRA95]|, which is reflected in an anomalous Zeeman effect. By
fixing 7 = 15 and the g-factor g = -0.06 (Zeeman splitting A = -0.014 meV) the DCP
could be fitted for the as-grown QDs sample up to the magnetic field B = 4 T. Since
the exciton relaxation time measured at B = 0 is 7. = 330 ps, the spin relaxation time
becomes 7, — 4.9 ns, which is in agreement with the value found from Mackowski at
al. [MACO3, MACTH].

For the annealed sample (T4 = 500 °C and t4 — 30s), the fitting leads to 7 = 8 and
g = 0.09, which means the Zeeman splitting AE = 0.03 meV. In this case, the exciton
relaxation time at B = 0 is 7. = 71 ps, which leads to 7, = 0.57 ns. The enhancement
of the spin scattering efficiency upon annealing is attributed to an increased mixing
between different spin states in larger CdSe quantum dots.

The same calculation was repeated for the 1ML QDs sample. For the as-grown
sample, the fitting leads to 7 = 20 and g = -0.4, which correspond to AE = -0.1 meV
at B = 5T. For this sample, the exciton relaxation time at B = 0 is 7. = 190 ps, and
therefore the spin relaxation time turn out to be 7, = 3.8 ns. For the annealed sample,
T4 — 500 °C for t4 — 20s, the fitting leads to 7 — 55 and g — 0.33, which correspond
to AE — 0.08 meV at B — 5T. The measured exciton relaxation time at B — 0 is 7,
= 180 ps. Therefore, the extracted spin relaxation time is 7, = 9.9 ns. Finally, for
the IML QDs annealed sample, T4, = 500 °C for t, = 30s, the fitting leads to 7 = 6
and g — 0.15, which correspond to AE — 0.04 meV at B — 5T. In this last case, the
measured exciton relaxation time at B =0 is 7. = 170 ps, that leads to 7, = 1.0 ns.
For clarity, all the above calculated parameters are tabulated in Table [[.1]

Tab. 7.1: Values of the g-factor, exciton and spin relaxation time and Zeeman splitting
extracted from the 2ML and 1ML QDs samples before and after TA.

— B(T)| g |7 (ps)|7s (ns) | AE (meV)
2ML QDs (as-grown) | 0-4 |-0.06 | 330 4.9 -0.014
OML QDs (ta = 30s) | 0-5 | 0.00 | 71 | 057 0.03
IML QDs (as-grown) | 0-5 | -0.4 190 3.8 -0.1
IML QDs (t4 = 20s) | 0-5 0.33 180 9.9 0.08
IML QDs (t4 = 30s) | 0-5 0.15 170 1.0 0.04

It should be pointed out that all the calculated Zeeman splittings are much smaller
than one would expect for CdSe/ZnSe QDs, which normally show g-factors in the order
of g = 1 [KUN98| [MACO3]. In order to understand the reason of such small g-factor,
single quantum dot spettroscopy for the as-grown and annealed samples were carried
out in presence of an external magnetic field. In Fig. (a) and (b) the PL spectra
recorded at B = 6T are shown , for the as-grown and annealed samples (T4 = 500 °C
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and t4 = 10s), respectively. The energy difference between E(o™) and E(o™) reflects
the Zeeman splitting. For the as-grown sample the measured g-factor is gx = 1.1 and
for the thermally annealed samples are gx = 1.7 (QD1) and gx = 3 (QD2). It is worth
noting that the g-factors determined from the single QDs is bigger than to the value
of QD-ensembles determine by using eq. 7.1 and shown in Table [[1]

Before TA (B = 6T) TA:10s, 500°C (B = 6T)

2) ° ° Gpg=3 b)
° gDot2=1 7
=1.1
9 Dotl Dot2

[ 'l 2 'l 2 'l

[l Y [l Y 2 ry
2.396 2400 2404 2408 2466 2469 2472 2475

Energy (eV) Energy (eV)

PL Intensity (arb. units)

Fig. 7.4: (a) Zeeman splitting of a single QDs before TA and (b) after TA at T4 —
500°C for t4 = 10s. The magnetic field strength is B = 6T.

The SQD magneto spectroscopic data presented here (see Fig. 7.4) reveals that
the g-factors of selenide-based QDs are much larger than those calculated from DCP
measurements, based on the Mackowski model. The fundamental difference is in the
fact that eq. 1 assumes that the g-factor is due to one type of carriers, namely the holes
in this case. This can be understood considering the existence of an excess density of
electrons. Indeed, it is well known that Il-selenides exhibit an unintentional n-type
doping, often attributed to native defects [WAL(O2|. Electrons from certain donor-type
native defects [YOAS5]|, as well as from the n-type GaAs substrate, might relax into
the QDs making the QDs negatively charged. With this assumption, the extracted
g-factors from the DCP-measurements correspond to the minority carriers and not to
the excitons, as one would expect.

For the theoretical description we have considered the QDs to be embedded in a
QW-like structure. The spatial confinement of holes and electrons, in the theoretical
simulation is defined by an in-plane potential, V,, = 1/2 m, ,w? (x*+y?), where m,,
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is the carrier in-plane effective mass and w? = h/(mg R?) is the parabolic confinement
strength in terms of the effective lateral extension of the QD, R [DES04]. For the
longitudinal direction, we assume a hard wall QW, with height I.,. The unperturbed
Hamiltonian has the well-known Fock-Darwin solution [DES04]. The kinetic energy for
the valence (conduction) band is treated by the 4x4 (2x2) Luttinger coupled (parabolic
uncoupled) Hamiltonian.

By the use of a multiband calculation it can be shown that the spin splitting of the
ground states of the electrons and heavy-holes depends on the QD-parameters [EFRI8|
KiSoTl, [KOTO01, [KUNOS|, MAC05]. The Cd-content dependence has been introduced
from the reported values of the band parameters of Zn;_,Cd,Se [LAN96, [ZAR05]. Due
to a lack of parameters, a linear interpolation between the corresponding values of ZnSe
and CdSe has been assumed for the alloy composition. In Fig. (a) and (b), the
corresponding Zeeman splittings for the first conduction and the topmost valence band
levels are shown for various Cd-content values. The conduction band is only slightly
affected by the alloy composition. It is the valence band that responds in a much
stronger way. The Zeeman splitting of the valence band ground state changes slope
with the magnetic field, and its sign beyond a certain Cd-concentration. This is caused
by the coupling between the light- and the heavy-hole states. Such an effect leads to
an inversion in the occupation of the spin-split hole-levels which, in turn, results in a
sign- reversal of the DCP. More details about the theory are given in Ref. [MAROS].

P 0-6 T T L] L] 0-4
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o 0.5 x=0.2
eV x=0.3
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ﬁ 0.1 R =100 &
L,=342A4 (g)
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Fig. 7.5: Calculated Zeeman splitting for the a) conduction- and b) valence-band
ground states of the QD as a function of the magnetic field and for different Cd-
contents, X.
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Chapter 8

8.1 Paramagnetic response of TA nonmagnetic SQD

A characteristic signature of nonmagnetic semiconductors (NMSs) is the absence of
a permanent magnetic moment. Typically, the zero-dimensional ground state of elec-
trons and holes in NMS QDs have zero angular momentum and exhibit therefore a dia-
magnetic response of spin-split states to an external magnetic field [TACOS|, [KRO04,
WAL9S, [CIN99]. To realize magnetic quantum dots (MQDs), usually paramagnetic
ions are incorporated, e.g. Mn?" [AWS00, [AND50, BAC02, [HENO7]. In this chap-
ter it is demonstrated that pronounced paramagnetic behavior can also be observed
in the spectra of single nonmagnetic CdSe quantum dots, after post-growth RTA and
without the incorporation of extra manganese spins. Such behavior is associated with
quantum-confinement induced inversion of heavy (hh) and light hole (lh) states when
the Cd-content, x, within the QD is decreased.

8.2 Sample preparation and experimental set-up

The sample-structure investigated in this chapter is described in Appendix E. Post-
growth TA was performed in Ny environment at a temperature of T4 = 500 °C for
a duration of 10 s. The measurements were carried out in a LLHe bath-cryostat at a
temperature of 2K (the set-up is described in section 3.4). Magnetic fields of up to 7T
were applied parallel to the growth direction (Faraday configuration). The QDs were
excited with a 405 nm line of a solid state continuous wave laser. The QD-PL were
dispersed by a monochromator and recorded with a LN, cooled CCD camera. In order
to select the photoluminescence from a SQD, small mesas with a diameter of about
100 nm, carrying only a low number of QDs, were fabricated by EBL and wet-chemical
etching.

63
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Fig. 8.1: PL spectra recorded from a 150 nm mesa prior to (green) and after (blue)
thermal annealing (TA). TA leads to a blue shift of the spectrum due to Cd-Zn inter-
mixing between the QDs and the surrounding matrix. The inset shows a SEM image
of the mesa before mask removal.

8.3 Experimental observation

The investigation of the magnetic properties of QDs were executed by studying a
single layer of CdZnSe QDs embedded in a ZnSe matrix by optical spectroscopy. To
observe single exciton lines, small mesas (=~ 100 nm), containing a small number of
self-assembled CdZnSe QDs, were fabricated. In the inset of Fig. B, an SEM image
of a mesa, prior to mask removal, is shown. A typical PL spectrum, recorded from a
150 nm mesa is presented in the upper part of the same figure. On the low energy
side, the spectrum shows several narrow emission lines associated with SQD excitons.
The bottom spectrum corresponds to a RTA-treated sample with annealing parameters
T, = 500 °C and t4 = 10 s. Typically, the PL spectrum of RTA QDs is blue-shifted
compared to that of the as-grown sample. The energy-shift is caused by interdiffusion
of the Cd and Zn atoms between the ZnSe-barrier and the CdSe QD-layer [MAROG].
The exciton lines in the annealed spectrum are numbered and distinguished into three
regions A, B and C, in order to associate them to data discussed later on. To study
the changes of the magnetic properties of SQD after TA, eight QDs lines were carefully
studied in magnetic fields up to 7T.

On the left panel of Fig. the PL-spectra of a thermally annealed QD (line 4,
Fig. B is shown. Here, spectra corresponding to two circular polarized detection
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Fig. 8.2: (Left part) PL spectra of a thermally annealed QD (line 4). The peak
energies are red-shifted with increasing magnetic field strength, B. Typically, as-grown
QDs show a small energy blue shift of the circularly polarized components (o)
an effect of diamagnetism. (right side) Zeeman splitting of the eight QD lines, after

TA, indicated in Fig. BRIl By increasing the magnetic field B the single exciton lines

, as

split into a 0" (green) and o~ (blue) circularly polarized component, with the center
of gravity, AF, shifted to lower energies.

(0%) are shown for different magnetic field strengths. For clarity, the peak positions,
(full squares) of the spectra, are also indicated and the corresponding peak positions
(empty squares) of the as-grown QD is also given as reference. After TA, already at
1T, both % and o~ emissions are pronouncedly red-shifted. Between 1T and 5T, the
shift increases and saturates between 5T and 6T. In addition, it should be pointed out
that for the same dot the Zeeman splitting is larger compared to the one measured
prior TA. Indeed, the measured g-factor is roughly g ~ 1 prior TA and g ~ 2 after
TA. A weak diamagnetic blue-shift of the Zeeman components for the reference as-
grown QD is determined ISCHO2| to be 0.3 meV at 7T. On the contrary, the
Zeeman splitting of all the annealed QDs, designated by numbers 1 to 8 in Fig. 8.1,
shift towards low energies when B is increased. The trend, for all 8-lines is shown in

Fig. All annealed QDs, except QD1 in panel C', are red-shifted with increasing
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magnetic field, henceforth referred to as paramagnetic shift (PS). The largest shift
measured after TA is -2.8 meV (line 7), whose absolute value is much larger compared
to the positive shift of the unannealed QD. For a better comparison, the energy-shift
for each QD investigated was calculated and presented in Fig. B3l By using eq. 2.15
and eq. 2.16 it is possible to determine the diamagnetic shift for all 8-QDs, above
measured. Therefore, the diamagnetic shift is given by:

AE(B) = — E(0) =~yB? (8.1)

where 7 is the diamagnetic coefficient and E(B)?" and E(B)? ", the energy components
of o™ and o, respectively. As expected, the energy-peak shifts towards high energy
when the unannealed QD (empty circle) is considered. On the other hand, from the
annealed sample, all the other QD-lines (except QD1) show pronounced red-shifts.

8.4 Theoretical calculation

In order to explain the observed red shifted energy of the PL spectra, of both the
circularly polarized emission light, o0&, in presence of an external magnetic field, B,
a comparison between Fock-Darwin model and multi-band calculation was developed.
For the purpose of understanding the magnetic dispersion of the annealed QDs, the
electronic structure of the QDs has been analyzed using the Fock-Darwin Hamiltonian
for the conduction band states and a multiband Luttinger Hamiltonian for the valence
band states. A single Cd,Zn;_,Se QD has been modeled by a cylindrical spatial con-
finement within a region of radius R and height I.,. The band parameters for the
ternary compound have been assumed to be a linear function of the Cd-content. The
vertical confinement (z-axis), V(z), of the QD has been assumed to be square-well like,
while the in-plane confinement (x-y plane), V(p), radially symmetrical, with p? = x?
+ y2. The radially symmetric in-plane potential emulates a smooth (radially symmet-
ric) transition of the Cd-content from the centre (high Cd content) to the periphery
of the QD. With these assumptions, the axial (p) and vertical (z) coordinates inside
this cylindrically shaped QD can be treated as separable variables, without any loss of
generality, even in the presence of magnetic field applied along the vertical direction.

Conduction band: Fock-Darwin model

For the assumed cylindrical confinement, the conduction band Hamiltonian can
be solved within the Fock-Darwin formalism. The electron of effective mass m*-mg is
assumed to be confined within an in-plane parabolic potential V(p) = 1/2mg/m*w?p?,

where wy = I / mg R? is the axial parabolic frequency. In the absence of external field,
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the localization of an electron can be described by the cylindrical Hamiltonian,

0 1 (”? -, 1
Hg)) = 2—7nok + 2m0w

} +V(2), (8.2)

This Hamiltonian can be re-written in terms of creation and annihilation operators, al

and a., using the harmonic expressions:

- 1

ki = 7 (al — ajF) : (8.3)
Equation 8.2 then reads as:

HY = Hpy + —— Ui k2 +V(2), (8.4)

D Yy 2m*m,
where
i . .
My = —o <N+ YN+ 1) , (8.5)

This is the bi-dimensional harmonic oscillator problem with number operators, N —
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Fig. 8.3: As-grown QDs (empty circle) and one of the annealed QDs (line 1) show a
typical diamagnetic shift. In contrast, a paramagnetic shift is observed for all the other

annealed QDs.

T

alar. The eigenstates of Eqn. 8.4 can be labeled as |ny,n_

The eigen states obey the eigenvalue relations Ni|n,, n_) = nyfn,, n_).

), withny,, n_ =0, 1, 2....
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From eq. it is seen that in absence of an external magnetic field, the states |n.,
n_), with n, + n_ = const, remain energetically degenerate. The degeneracy of the
states can be broken when a magnetic field, B — Bz, is applied parallel to the symmetry-
axis of the QD. This field leads to the quantization of the angular momentum, L, =
n, - n_. Consequently, an effective potential is added to the axial quantization, Vg =
my/m*w?p? /8, where w, = eB/myc is the cyclotron frequency.

The new Hamiltonian for the in-plane motion, in presence of B, can now be written
as:

1 -1 o1
Hip = — |y (Ny 4+ ) +hw (N +5 )| +2£2 B, (8.6)
m > 2 2

where, wy = Q + w./2 and Q = /w3 + w?/4, up = eh/2mgc is the Bohr magneton,
g is the electron Landé factor and o, is the z-component of the Pauli matrix. The
corresponding eigenvalues of the Hamiltonian (eq. B0 are

1 1 Oz
Enin o = — [hQ (ny +n_+1)+ éhwc (ny — n_)] +90M1337- (8.7)

Valence band description: Luttinger model

The description of electronic states in the valence band are not captured adequately
by the Fock Darwin formalism and one needs to go beyond the parabolic band approx-
imation. In the majority of the situations describing wide-gap semiconductor states in
nanostructures, such as QDs, the multi-band Luttinger Hamiltonian model is a fairly
good approximation. The eigensolutions of (eq. B.6]) can be found by using the com-
mutation and anti-commutation relations between momentum operator components,
in the form of

P ~ 1 ~ 1
{k:+, k:_} = (N+ + 5) A+ (N_ + 5) & —cyc (aLaT_ + a+a_) , (8.8)
[l;ur, l%_] = - 4. (8.9)
The Luttinger Hamiltonian then takes the matrix form

DA 0 B

ptY B
HL - th (=) X 5 (810)
Dy, A+)
D},
where
+ 71+ Y2 ~s 1 — 2%\ » 3/ 9 \r. -
Df(zh) = - ( 5 ) {]ﬂa]ﬁ} — (T) k2 + B (H—i- 17 [k+,/{},}(8.11)
Y1 — 7Y P Y 25 N 1 1 PO
Dy = - (71 . %) {m,k;} - (W) B (Fc—i— Zq) [k+,k,}(8.12)
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represent the diagonal terms. The off-diagonal terms are defined by,

Ay = TV3yskiks, (8.13)
3 .
B = -k, (8.14)
with:
hQ h? h? —
Y=y (121,23, R=—k , ge-—q , 7=220 (s15)
myg my mo

As one may note, the opposite spin-states hh* and lh* in the first subband, cor-
responding to the quantization in the z-direction, are coupled through the terms B2
(AL), proportional to the quadratic (linear) operators. They induce hh-lh hybridiza-
tion between states that have an angular momentum difference Am = +2 (Am = +1).
This effect raises or lowers the Fock-Darwin quantum numbers ny. between hybridized
states by a factor 2 (1). The results of last calculation, for the valence bands, are shown
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Fig. 8.4: (a) Calculated valence bands of a quantum dot, with L, = 2 nm and R
= 10 nm, versus Cd-content, x, where strain was taken in account. The light and
heavy hole states are energetically separated due to both strain and confinement. (b)
Valence bands of an annealed quantum dot, with L, = 9 nm and R = 10 nm, versus
the Cd-content, x, where a mixture between the heavy and light states occurs. The
hybridization is now strongly x-dependent.

in Figs. (a) and (b). Fig. (a) shows, for an as-grown QD, the band energies for
the first and the second heavy subbands (hh 1- and hh 2-subband). The first light hole
subband (lh 1-subband) are shown too. The same plot is shown for an annealed QD
in Fig. (b). A comparison of the two figures reveals a striking feature. Annealing

Energy (meV)



70 8. PARAMAGNETIC RESPONSE OF TA NONMAGNETIC SQD

induced reduction of Cd content of a single QD leads to an inversion of the ground
state from a hh to a hybrid state, with contributions from the 1h state.

With the aid of the calculations performed here, based on a combination of FD
formalism for the conduction band states and a multi-band Luttinger formalism for the
valence band states, it is possible to explain the observed magneto-optical dispersion
of the annealed SQDs (see Fig. 8.3).

For an as-grown SQD (i.e. prior to RTA), the ground state is purely hh in character.
The exciton states, defined by an electron and a heavy hole, are well described by the
simple parabolic band model. On the contrary, after TA, the previously well defined
QD-potential is expected to undergo a pronounced change both in size and composition.
The QD is now enlarged and the Cd-content per unit volume is reduced. The result of
the calculations presented before indicates that due to TA the QDs were modified in a
way such that their ground valence band state assumes a hybrid hh-lh character. This
hybridization leads to coupling of the orbital angular momenta of the involved states
and imparts a non-zero m-value for the hole-ground state [IVC97, BRA97a].

The above description can be easily understood by referring to Figs. 8.4 (a) and
(b), which represent the cases prior to and after thermal annealing, respectively. Due
to the selection rule, the bands that mainly contribute are the hh 1-subband and the
lh 1-subband, commonly known as the heavy and light hole states. These bands are
emphasized by green and red thick lines. Prior to TA, when the Cd-content is high,
for instance x — 0.6, the energy difference between the two bands is &~ 300 meV,
which is large enough to avoid a contribution from the light hole states to the valence
band ground state. If the Cd-content is reduced, the energy difference, 1h(0,0)-hh(0,0),
is also reduced. However, this variation is not so relevant for a small and strongly
confined QD. Indeed the hh- and lh-bands still do not influence each other when very
low Cd-content is considered.

The influence of the change in Cd content becomes prominent when the size of the
QD is changed such that the exciton confinement is reduced (Fig. (b)). In Fig.
(b), L, = 9 nm, as opposed to 2 nm in case of Fig. (a). This change in L, (vertical
confinement), for a constant in-plane radius (R = 10 nm) clearly demonstrates a strong
variation of the valence band and a crossover from a hh to a lh valence band ground
state for Cd content < 0.3.

The calculated exciton energy shifts in an externally applied magnetic field (in
Faraday geometry) are shown in Fig. for both as-grown and annealed QDs, for
several QDs size. When one considers a pure hh-ground state, a diamagnetic energy
shift occurs, as indicated by the red line and the dotted lines grouped by a circle (see
Fig. (a)). In this case the height of the QD is L, = 2 nm and the radius R = 10
nm, while the Cd-content is 15%. Keeping the Cd:Zn ratio fixed when L, is increased
beyond 2 nm, the energy shift clearly shows a paramagnetic character (i.e. a red shift).
This paramagnetic shift (PS) increases with increasing L., up to L, = 6 nm, beyond
which it starts to fall again. This is illustrated by the case L, = 9 nm. On the other
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Fig. 8.5: a) Ground state QD exciton formed by hh shows always the diamagnetic
shift. In contrast, when the lh is the predominant components in the ground state, a
red-energy shift is observed. By variation of QD shape, due to TA, it is found that the
lh becomes the ground hole state. For a fixed R = 10 nm. The different holes states
are visualized for clarity by surfaces of constant wave amplitude. b) PS obtained by
changing now the R and let fix L, = 9 nm. ¢) Superposition of severals density of WFs
leads to a hybrid WF with light hole character.

hand, an increase in the in-plane radius R, for a fixed value of L., and alloy composition,
causes the PS to decrease further (Fig. (b)). Indeed, for R = 15 nm, a shift of
-2.62 meV was recorded.

Fig. (a) also shows the valence ground state wave function (WF) prior to (top
inset) and after TA. The disc-shaped density of the unannealed sample corresponds
to a purely hh hole ground state. On the other hand, the density distribution is
strongly modified after TA. The shown distribution is a hybrid of individual WFs,
which are shown pictorially in Fig. (c), along with the respective values of the
magnetic quantum numbers (m). It is due to this hybridization, that the valence band
ground state assumes a predominantly light hole character and a non-zero value of
m. This leads to the observed negative energy shift. The negative energy shift was
observed whenever the lh-state contributes largely to the exciton ground state, which
was demonstrated by varying the parameter space for several different QD-compositions
and -shapes.
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Appendix A

The k - p in the perturbation approach

One of the method used for the calculation of the conduction and valence band
states is accomplished by the E-ﬁtheory [DAV9S|. The Hamiltonian in the E-ﬁtheory
can be written as:

27.2

(Ho + miok‘ P+ %+) uj = e(k)ug (8.16)
obtained by substituting the Bloch wave function into the Schrodinger equation plus
two extra terms, taking into account the perturbation. In order to resolve the above
equation, is possible to distinguish between two cases, that are the study of the Hamil-
tonian in presence or in absence of the spin-orbit interaction. When is considered the
case of absence of spin-orbit interaction, the solutions of the eq. 0l for a direct semi-
conductor crystal are the eigenvalues €,(0) and the correspondlng e1genstates |n >. So

using the perturbation theoryEl the eigenvalues of eq. 6 for small k are:

k2R | <Uo,f|/5 : 17|un,o> ?

o2my  m2 = €n(0) — €, (0)

en(k) & ,(0) + (8.20)

!By the perturbation theory a second order correction is added to the Schrédinger solution resolved

at I point, HO|n > = e%o)|n>, with |n) the eigen function and ) the eigen energy solutions of the

non-perturbed Hamiltonian. When the perturbation is introduced, the Hamiltonian is written as H =
H®+ W, where W is the perturbation. If the eigenvalues are non-degenerate, the first order energy
correction is:

Al ~< n|W|n >, (8.17)

and no correction in the eigenfunctions are expected. On the contrary, in the second order the
perturbation arises from the non-diagonal terms in the matrix element of the perturbation potential.
The energy correction become:

2
AqP ) oo (8.18)
m#n
Consequently, it is possible to write the total energy:
en ~ €D 4 Aelt) £ A (8.19)

In this last case the perturbation arise from the interaction between different eigenvalues. Whether
interaction arise between the states or not is decided by the matrix elements < n|W|m > in eq. BIS
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The above expression can be rewritten more simply as:

- B2 k2
where
11 9 | <uo,f|/5-zﬂun,o> 2
=—]1 8.22
m* mo[ * mok? mz;én €n(0) — €,,(0) (8.22)

This is the reciprocal effective mass of the n'* band. Equation describes the
electron effective mass in a semiconductor crystal. It shows that, due to the coupling
between electronics states of different bands an electron in a semiconductor crystal has
different mass. From the energy solution is possible to have an idea of the band shape.
Taking into account the conduction band at the I'-valley, the largest contribution comes
from the band energetically nearest, that is the top of the valence band. The matrix
elements in eq. do not vanish because the conduction band is symmetric (s-like)
and the valence band is asymmetric (p-like). The conduction band effective mass is
given by:
mo

mem (8.23)

moEy

Since the valence band at I'-point is four-fold degenerate, the i - p theory alone is not
sufficient to resolve it.

Kane Model

The Kane model is a standard approximation that can be used at various level of
resolution. The full Kane model describes the valence bands by taking into account
the spin-orbit interaction, which is significant when the atomic number increases.

The resolution of the H e in the perturbation approach is a satisfactory method only

for small values of k near the I'-point. A better approach is to resolve the Hamiltonian
exactly within a restricted basis set. The basis set is that of all eigenfunctions at k =
0, as used in the perturbation theory, above introduced. By neglecting the spin-orbit
coupling in the Kane model, the valence bands, and specially the heavy hole states are
not well supported for k # 0. Consequently, by considering the spin-orbit interaction,
the solutions of the Schrodinger equation can be expressed with the Kane model using
the following base set |7, j.):

%7+%> = |+1 T)a
45 = JH+1 0 -2,
5 -h=—/H-11-/200D,
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L+ = H+ 1D+ 3o,
-5 =—A-1n+ /i,

In this thesis will be not given detailed information regarding this model. More
information of how to calculate this base set and to derive the Hamiltonian matrix can
be found in the text book of Cordona [CAR96] and J. H. Davies. [DAV9S].

The spin-orbit coupling within the Kane model mirrors better the conduction and
valence band for k < 0.5 nm™!, but for larger k the bands approach the previous
model. Also the description of the heavy hole is quite unsatisfactory, then the simplest
approach is to decouple the band with total angular momenta j = 3/2 from j = 1/2
when the spin-orbit coupling is large enough. Consequently, it is possible to calculate
the heavy- and light-hole-band without affecting the others. In this case the H F.p can
be restricted to j = 3/2 and can be solved exactly. This approach is called Luttinger
model and gives the energies of heavy and light holes as follow:

h?
(k) = B, — 5 —[AK* £ \/ (Bk2)? + C2(k2k2 + k2k2 + k2k2)]. (8.24)

mo

The constants are conventionally expressed in term of the Luttinger parameters:

A =71, B =27y,andC? = 12(v3 — 73). (8.25)

The effective masses along [100] are:

1 1

= 8.26
Y1 — 27 " Y1+ 27 (8.26)

Mpn =

Luttinger Model

In this section an outlook is given as regards the Luttinger model in case of low
confined system. The low confined system has L, and L, as in-plane size and L, the
size in the growth direction, with L, L, > L.. That is the condition for quantization of
states in z-direction. In order to approach realistically this problem the Kohn-Luttinger
(KL) model uses a 3 x 2 valence band matrix and introduces the conduction band by a
Lowdin renormalization [BAH99|. Since here a low dimensional system is considered,
the four-fold degeneracy at k = 0 is broken. Consequently, the SO-band is pushed
down and the light and the heavy hole are energetically separated. Then the states
with j = 3/2 and j = 1/2 are energetically apart from each other. The total angular
momentum j = 3/2 has two components for j,, that are j, = 3/2 and j, = 1/2. Let
distinguish two cases:

e In the first case, when the state |7, j,) = |3/2,3/2) is considered, the wave function
is expressed as a linear combination of the states |X) and |Y'), which refer to the
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valence-band states with the symmetry of p, and p, orbitals. It implies that the
p-orbitals are oriented in the x- and y-direction. The resulting bands have lighter
mass in the xy-plane and heavier in the z-direction, i.e. m%Q < md? (see FigBHl

().

In the second case, when the state |7,7.) = |3/2,1/2) is considered, the wave
function is expressed as |Z), which refers to the valence-band state with the
symmetry of p, orbitals. In this case the p-orbitals are oriented along z and
the masses are consequently heavier in the direction normal to z, that leads to

1/2 1/2
mi* < mg)’ [DAVOS].

ligh and heavy holes states a)
13/2,3/2>=a|X>+ bly> — @@ +f — m,"<m”
[3/2,1/2>=a|z> — g — m°<m"”

valence bands in strong confinement (QWs) b)
0 k

§ /

L [3/2,3/2>
Y 23

A .. .

(strong confinement) —— [ >[
by

Fig. 8.6: (a) Schematic explanation of the heavy and the light holes. (b) Case of
strong confinement for QWs whose in plane size (L, ,) is bigger than the vertical size

L. Also the break of the degeneracy at k = 0 is shown.

Normally, the KI. model is easier to be applied in case of a zinc-blend or diamond

crystal structure, where the symmetric properties of the s- and p-orbitals can be con-
sidered. Nevertheless, this model was further simplified by Luttinger, who considered
a sub-part of the KL valence band matrix. By this model only information about hh
and lh states are given. The Luttinger matrix became:

P+@ S R 0
-St P—-Q 0 R
RT 0o P-Q S
0 Rt St P+Q

(8.27)

The matrix’s coefficients P, Q, R and S are explicated as: P = %%(l{:i + k; + k?),

0

Q = gosa(k? + k7 — 2k2),

R — h_Q[_\/ng(k;g — kz) + i2\/§’73k5xky]

2myg
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S = 2 2y3(k, — ik, k..

It must be remarked that, contrarily to the previous models, these results can be
extended to high k values. In addition, taking into account the axial approximation,
v2 become proportional to 3 (2 ~ 73).

These coefficients contain the Luttinger parameters (7;), describing the energy dis-
persion in k-space. Furthermore, the off-diagonal terms take into account the coupling
between the lh and hh. By the Luttinger model, the heavy and the light hole masses
can be rewriten, where the motion in z and in-plane must be distinguished. If one
considers the motion in the z-direction:

e for j, = 3/2, the effective mass in z-direction is:

mp. = mo/ (71 — 272), (8.28)
e while, for j, = 1/2, the effective mass is:

my. =mo/ (71 + 272). (8.29)

The eqs. B.28 and 829 give the hh- and lh-masses in the Luttinger formalism, when
the motion in z-direction is considered. It results in m;, < mj,. On the contrary, when
the motion in-plane of the QW is taken into account, it is found that,

o forj, = 3/2itis:
mpy = mo/ (1 + 72), (8.30)
e whereas, for j, = 1/2 it is:

my = mo/ (71 — 72)- (8.31)

In this last case, my > my, is found. This behavior known as mass reversal effect,
was experimentally observed by compressive [0 0 1] uniaxial stress
BRA97, TVC96|. Figure Bl (b) shows a sketch of the hh and lh state for a QW where
no coupling was considered. The energy separation between the states, with distin-
guished heavy and light holes character is due to the presence of strong confinement.
Nonetheless, the case of a mixing between the valence band states should also be taken
into consideration. Figure 87 (b) shows the band dispersion versus k, component, for
both the cases of strong confinement left and mixing of states (right), respectively. In
the second case, a mixing between hh and lh bands is considered, which leads to an
anti-crossing between the bands. Since the mixing between hh and lh can be caused
by the confinement and size of the studied system, a mass reversal or mixing between
the bands can be expected when morphological changes of the quantum-system are
considered.
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valence bands in x, y and z direction (QWs)

k.=k =0 k 0 k..

Fig. 8.7: Valence states calculated in case of QWs with (a) size L,, » L,. (b) In the
growth axis direction the confinement induces to the splitting between light and heavy
holes. Whereas (c) in-plane a mixing of the bands might be presented.



Appendix C

Samples preparation: S1

The sample described here was grown in collaboration within the SFB 410 project
in the Laboratory of Experimentelle Physik IIT in the University of Wiirzburg.

e Method of growth: Molecular beam epitaxy (MBE)
e Sample grown by: PhD. Suddhasatta Mahapatra

e Supervisor: Prof. Karl Brunner

Tab. 8.1: Structure of the sample (1794M2)
cap-layer | ZnSe | 25 nm
QDs-layer | CdSe | 2.0ML
barrier ZnSe | 50 nm
buffer GaAs | 200 nm
substrait | GaAs | 600um

The samples S1 was grown by molecular beam epitaxy (MBE). The sample structure
is shown in Tab. 6.1. A Si-doped GaAs (001) substrate has been overgrown with an
undoped GaAs buffer. Then a 50 nm thick ZnSe layer formed the basis of the II-
VT structure. The CdSe-based QDs were realized by deposition of 2.0 ML CdSe by
conventional MBE at a temperature of 300 °C, without any growth interruption at any
stage. At the end, the structure has been capped with 25 nm of a ZnSe layer. By this
method the QDs are embedded in a film like structure forming natural quantum dots
[ZRE9A].

In order to have information of the morphology of the sample prior TA, high resolu-
tion transmission electron microscope (HREM )1 images have been recorded, as shown
in Fig. The well-like QDs formed by MBE, contain a wide range of potential size,
V(x,y), where several lateral dimensions, in the range between 8 nm and 20 nm are
shown. It leads to an inhomogeneous broad PL-spectra with full width half maximum
(FWHM) of 30-40 meV (see section 4.1.2).

2The High resolution electron micrograph (HREM) images have been realized within a collaboration
with C. Bougerol, CEA-CNRS NPSC, SP2M/DRFMC/CEA-Grenoble, France.
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Fig. 8.8: Cross-section HREM images of a 2ML sample (S1). Rough interface of
the Cd(Zn)Se layer is shown. The random size and composition distribution leads to
a random potential profile along the x-y plane, but the large energy gap difference,
between the two material system, leads to a strong and well defined confinement along
the z-axis. From a well established relationship existing between lattice constant and
material content, the HREM gives also information about the Cd-content within the
Cd(Zn)Se layer. Using as reference the ZnSe lattice constant, az,s. = 0.565 nm, the
amount 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 a
box-like potential, V(z), with strong confinement. The cross-sectional HREM images
were obtained with a Jeol 4000EX microscope operated at 400 kV. The variation of
the lattice parameter along the growth direction (2-axis) has been obtained from high
resolution off axis images taken after tilting the sample by 10° around the Z axis from
the [110] zone axis. A Wiener filter has been first applied to the images to remove
the noise |[GAL]. Then, the images have been analyzed by the geometrical phase
method, [HYT98, [NEUO6] which allowed to obtain the lattice parameter along the
growth direction using the lower ZnSe barrier as a reference. By knowing the elastic
constants of both CdSe (acgse — 0.61 nm in literature) and ZnSe (acqs. — 0.565 nm in
literature), the changes of the lattice constant along the growth axis can be followed.
Indeed, using the gray scale of the HREM image, the white region with 0.656 nm
indicates that the CdSe layer is still strained, so explaining the absence of the 3D QDs.
Consequently, assuming that there was no total relaxation along the foil thickness
(thick foil limit). The Cd-composition was estimated to be of 70 % into the QDs.

Finally, Fig. shows the atomic force microscopy (AFM) measurement done
before the capping of the sample with a ZnSe layer. A top view of a prospective
image, Fig. (a), and of an in-plane image, Fig. (b), clearly show the absence of
well defined QDs, but only of a rough interface. Whereas, a well located confinement
evidenced in the gray-dark contrast of a TEM cross-image is shown in Fig. (c),
where the gray-dark contrast is due to the CdSe-ZnSe difference.
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Fig. 8.9: (a) Top view of an AFM image of the sample S1 before the capping with
ZnSe layer. The CdSe epilayer shows only a rough interface. (b) The distribution of
the roughness can be better seen in a plane-view of the AFM image by the brown-white
color distribution. (c) However, QDs-like potentials are formed. Its evidence is given by
the cross section of the TEM image (lateral view). Cd-reach areas, defining the QD, are
described by dark regions on a gray background.



Appendix D

Samples preparation: S2

The sample described here was grown in collaboration within the CEA-CNRS
NPSC, SP2M/ DRFMC/CEA-Grenoble laboratories.

e Method of growth: MBE-ALE
e Sample grown by: Dr. Thomas Aichele

e Supervisor: Prof. Kunthek Keng

Tab. 8.2: Structure of the sample (M1800)
cap-layer | ZnSe | 30 nm
QDs-layer | CdSe | 3ML
barrier ZnSe | 60 nm
buffer GaAs | 1pm
substrait | GaAs | 600 ym

The sample S2 has a 1 um thick GaAs buffer layer grown by MBE on top of Zn-
doped GaAs (001) substrate. The sample was then transferred under vacuum to a
II-VI MBE chamber. A 60 nm ZnSe layer was grown at 280 °C with a growth rate of
typically 0.4 ML/s (Zn flux: 2.5 x 1077 mbar, Se flux: 5 x 107 mbar), controlled by
reflection high-energy electron diffraction (RHEED). Next, using atomic layer epitaxy
(ALE), 3 ML CdSe were deposited, which is just below the critical thickness for strain
relaxation.

The sample was then slowly cooled down (within 2 h) to -10 °C and exposed to
Se for 30 min, creating a 50-100 nm thick layer of amorphous Se. Next, the sample
temperature was slowly increased to 280 °C to desorb the amorphous Se. It is during
this process, where the transition to quantum dot islands occurs (Fig8I0) [ROBO6].
Finally, the islands were overgrowth with a 30 nm capping layer. The QDs formed in
this way shows a clear evidence of 3D-island formation. The structure of the sample
is given in Tab. 6.2. The atomic force microscopy (AFM) image shows an uncapped
sample of 3 ML CdSe QDs on ZnSe (see Fig[RI0 (a)), while a plane view of the same
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Sample S2

Fig. 8.10: (a) AFM scan of an uncapped sample of 3 ML CdSe QDs on ZnSe. (b)
Plan view TEM image of several uncapped 3 ML CdSe QD on ZnSe substrate. The

QDs are elongated along one crystal direction (110) (¢) TEM image of an uncapped 3
ML CdSe QD on ZnSe.

sample shows the elongation of the QDs along one crystal direction (110) (see Fig[8.I0
(b)),

Finally, in Fig[8I0 (c) a three-dimensionality of the QD by a TEM image of an
uncapped 3ML CdSe QD is shown. The light gray on top of the QD is amorphous
selenium.



Appendix E

Samples preparation: S3

The sample described here was grown in collaboration within the SFB 410 project
in the Laboratory of Experimentelle Physik TIT in the University of Wiirzburg.

e Method of growth: in-situ thermal annealing combined with MBE
e sample grown by: PhD Suddhasatta Mahapatra

e Supervisor: Prof. Karl Brunner

Tab. 8.3: Structure of the sample (9115w10)
cap-layer | ZnSe | 25 nm
QDs-layer | CdSe | 3.8ML
barrier ZnSe | 50 nm
buffer GaAs | 200 nm
substrait | GaAs | 600um

The sample S3 was grown by in-situ thermal annealing process combined with MBE,
so ensuring the 3D-island formation, otherwise prevented, as discussed in section C.
The formation of 3D-QDs was explained by the decrease of the layer-rough, wherein
the 3D island are nucleated. The nucleation is caused by an enhanced up-climb of the
residue adatom atop the 2D island, while raising the temperature [MAHOG].

The sample has a homo-epitaxial undoped GaAs buffer grown atop of a GaAs:Si
(001) substrate. The active CdSe QDs formed by in-situ annealing is 3.8 ML thick.
However, before to rump up of the temperature, 310 °C, the sample was kept for 10 s
under Se-Flus. This time of rest is demonstrated to be the threshold-time afterwards
it results in the disappearance of the 3D islands. Finally, the sample was embedded
between a 50 nm thick ZnSe buffer layer and 25 nm thick ZnSe cap layer. The structure
of the sample is given in Tab. 6.3.

From HREM measurements it was observed that the distance between the QD can
be as large as 30 nm. It leads to have lower QDs density compared to the sample S1,
where no time of rest under Se flus was used. From Fig. 1 (a) the QDs are well
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Fig. 8.11: Cross-section HREM images of a 3.8 ML sample (S3) recorded in two
different places of the sample. (a) A zoom image shows a QD with later size of 10 nm.
(b) The Cd-reach zone is described by the green region.

defined and with a lateral extension of 10 nm. By investigation of a larger area of the
sample (again by HREM), it was noted that different later sizes for the QDs can be
found. Indeed, in Fig. (b), QDs with different later size ranging from 10 nm to
20 nm are measured.
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