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Summary

Over the last decade, epitaxially self-assembled quantum dots (QDs) based on II-VI
semiconductor heterosystems have attracted considerable research interest due to their
potential in developing (opto)electronic devices with improved or completely new
functionalities. The wide bandgap II-VI semiconductors are attractive due to their band-
to-band optical transition in the much-coveted blue-green region of the electromagnetic
spectrum. In particular, self-assembly of CdSe/ZnSe(001) QDs, has been investigated in
the past for possible applications in blue-green lasers and light emitting diodes and very
recently, to realize visible single photon sources.

Albeit of high technological import, epitaxial self-assembly of CdSe/ZnSe QDs is non-
trivial and still not clearly understood. The origin and attributes of these QDs appear to be
significantly different from those of their well-established III-V and group-IV
counterparts. For III-V and group-IV heterosystems, QD-formation is assigned to the
Stranski Krastanow (SK) transition, wherein elastic relaxation of misfit strain leads to the
formation of coherent three-dimensional (3D) islands, from a supercritically strained two-
dimensional (2D) epilayer. Unfortunately, this phenomenon is inconspicuous for the
CdSe/ZnSe heterosystem. Well-defined 3D islands, as characteristic of most III-V and
group-1V heterosystems, are not readily formed in conventional molecular beam epitaxial
(MBE) growth of CdSe on ZnSe. Consequently, several alternative approaches have been
adopted to induce/enhance formation of QDs. This thesis systematically investigates three
such alternative approaches, along with conventional MBE, with emphasis on the
formation-mechanism of QDs, and optimization of their morphological and optical
attributes.

In accordance with several previous investigations it is shown here that no distinct 3D
islands are formed in MBE growth of CdSe on ZnSe. The surface of the CdSe layer
represents a rough 2D layer, characterized by a dense array of shallow (<Inm) abutting
mounds, elongated and weakly oriented in the [110] direction. In capped samples, the
CdSe deposit forms an inhomogeneous CdZnSe quantum well (QW)-like structure. This
ternary QW consists of local Cd-rich inclusions, which confine excitons three-
dimensionally, and act as QDs. The density of such QDs is very high (~ 10'* cm™). The
QDs defined by the composition inhomogeneities of the CdZnSe QW presumably
originate from the shallow mounds of the uncapped CdSe surface. In this work, it is
shown that these shallow mounds are formed due to multilayer growth of CdSe at the
chosen growth temperature (Tg = 300 °C).

While CdSe heteroepitaxy occurs in the multilayer-mode at Tg = 300 °C, a reentrant
recovery of the layer-by-layer mode is reported in this thesis, for growth at Tg <~ 240
°C. The recovery of the layer-by-layer growth at low Tg is assigned to the breakdown of
the Ehrlich Schwoebel barrier at the step edges, due to which adatom “down-climb” is
reestablished.



SUMMARY

By a technique wherein a CdSe layer is grown at a low temperature (Tg = 230 °C) and
subsequently annealed at a significantly higher temperature (T4 =310 °C), tiny but
distinct 3D islands are formed. In this work, the fundamental mechanism underlying the
formation of these islands is reported. While the CdSe deposit forms a quasi-two-
dimensional (quasi-2D) layer at Tg = 230 °C, subsequent annealing at T, = 310 °C
results in a thermally activated “up-climb” of adatoms onto two-dimensional clusters (or
precursors) and concomitant nucleation of 3D islands. The areal density of QDs, achieved
by this technique, is at least an order of magnitude lower than that typical for
conventional MBE growth. It is demonstrated that further reduction is possible by
appropriately delaying the temperature ramp-up to Ta.

In the second variant technique, formation of large and distinct islands is demonstrated by
deposition of amorphous selenium (a-Se) onto a 2D CdSe epilayer at room temperature
and its subsequent desorption at a higher temperature (Tp = 230 °C). Albeit the self-
assembled islands are large, they are severely truncated during subsequent capping with
ZnSe, presumably due to segregation of Cd and Zn-alloying of the islands. The
segregation phenomenon is analyzed in this work and correlated to the optical properties
of the QDs. Additionally, very distinct vertical correlation of QDs in QD-superlattices,
wherein the first QD-layer is grown by this technique and the subsequent ones by
migration enhanced epitaxy (MEE), is reported.

The process steps of the third variant technique, developed in course of this work, are
very similar to those of the previous one-the only alteration being the substitution of
selenium with tellurium as the cap-forming-material. The substitution leads not only to
large alteration of the morphological and optical attributes of the QDs, but also to
formation of unique self-assembled island-patterns. Oriented dashes, straight and buckled
chains of islands, and aligned island-pairs are formed, depending on the thickness of the
Te-cap layer. The islands are partially alloyed with Te and emit luminescence at very low
energies (down to 1.7 eV at room temperature). Unlike the a-Se cap layer in the previous
method, the Te cap layer undergoes (poly)crystallization during temperature ramp-up
(from room temperature to Tp) for desorption. Here, it is shown that the self-assembled
patterns of the island-ensembles are determined by the pattern of the grain boundaries of
the polycrystalline Te layer. Based on an understanding of the mechanism of pattern
formation, a simple and “clean” method for controlled positioning of individual QDs and
QD-based extended nanostructures, is proposed in this work.

To conclude, the studies carried out in the framework of this thesis provide not only a
deeper insight into the microscopic processes governing the heteroepitaxial self-assembly
of CdSe/ZnSe(001) QDs, but also concrete approaches to achieve, optimize, and control
several technologically-important features of QD-ensembles. Reduction and control of
QD-areal-density, pronounced vertical correlation of distinctly-defined QDs in QD-
superlattices, and self-assembly of QD-based extended structures, as demonstrated in this
work, might turn out to be beneficial for envisioned applications in information-, and
communication-technologies.
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Zusammenfassung

Epitaktisches, selbstorganisiertes Wachstum von Quantenpunkten (engl.: quantum dots,
QDs) auf der Basis von II-VI Halbleiterheterosystemen hat im Verlauf des letzten
Jahrzehnts wegen ihres Potentials zur Entwicklung (opto-)elektronischer Bauteile mit
verbesserten oder grundlegend neuen Eigenschaften betrdchtliches wissenschaftliches
Interesse auf sich gezogen. II-VI Halbleiter mit breiter Bandliicke sind wegen ihres
optischen Band-zu-Band Ubergangs im blau-griinen Bereich des elektromagnetischen
Spektrums von groflem Interesse. Bisher wurde insbesondere die Selbstorganisation von
CdSe/ZnSe(001) QDs im Hinblick auf ihre mogliche Verwendung in blau-griinen Lasern
und lichtemittierenden Dioden untersucht, vor kurzem auch die Verwirklichung von
Einzelphotonenquellen im sichtbaren Bereicht.

Trotz ihrer groBen technologischen Bedeutung ist die nichttriviale epitaktische
Selbstorganisation von CdSe/ZnSe QDs noch immer nicht vollstindig verstanden. Die
Ursachen und Merkmale dieser QDs scheinen sich deutlich von ihren wohletablierten II1-
V und IV-IV Gegenstiicken zu unterscheiden. Fiir I1I-V und IV-IV Heterosysteme wird
die QD-Formation dem Stranski-Krastanow (SK) Ubergang zugeordnet, bei dem,
ausgehend von einer hochverspannten zweidimensionalen (2D) Epitaxieschicht, die
elastische Relaxation von durch Gitterfehlanpassung hervorgerufener Verspannung zur
Formation von kohidrenten dreidimensionalen (3D) Inseln fiihrt. Im Falle des CdSe/ZnSe
Heterosystems ist es noch unklar ob das SK-Modell die Formation von QDs zutreffend
beschreibt. Beim konventionellen Wachstum durch Molekularstrahlepitaxie (engl.:
molecular beam epitaxy, MBE) von CdSe auf ZnSe kommt es nicht zur Bildung von gut
definierten 3D Inseln, wie es fiir die meisten III-V und IV-IV Heterosysteme
charakteristisch ist. Infolgedessen wurden mehrere alternative Herangehensweisen
eingesetzt, um die Formation der QDs anzuregen bzw. zu verbessern. Diese Doktorarbeit
beschreibt die systematische Untersuchung dreier solcher alternativer Ansétze im
Zusammenspiel mit konventioneller MBE. Der Schwerpunkt liegt auf dem
Formationsmechanismus der QDs und Optimierung ihrer morphologischen und optischen
Eigenschaften.

In Ubereinstimmung mit fritheren Untersuchungen wird gezeigt, dass beim MBE
Wachstum von CdSe auf ZnSe keine Bildung ausgeprégter, dreidimensionaler Inseln
stattfindet. Die Oberfliche der CdSe-Schicht stellt eine rauhe 2D Schicht dar,
gekennzeichnet durch ein dichte Anordnung flacher (<1nm), aneinander angrenzender
Hiigel, die mit ihrer gestreckte Form anndhernd entlang der [110] Richtung orientiert
sind. In bedeckten Proben bildet die CdSe-Ablagerung eine inhomogene CdZnSe
Quantentrog- (engl.: quantum well, QW) énliche Struktur. Dieser terndre QW enthélt
lokale Cd-reiche Einschliisse, die die Bewegung von Exzitonen in drei Dimensionen
einschrinken und als QDs fungieren. Die Dichte solcher QDs ist sehr hoch (~ 10'? cm™).
Die QDs, definiert durch Inhomogenititen in der Zusammensetzung des CdZnSe-QW,
haben ihren Ursprung vermutlich in den flachen Hiigeln der unbedeckten CdSe-
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Oberflache. In dieser Arbeit wird gezeigt, dass diese Hiigel aufgrund des multilayer
Wachstums des CdSe bei der gewéhlten Wachstumstemperatur (Tg = 300°C) gebildet
werden.

Wihrend epitaktisches Wachstum von CdSe bei Tg = 300 °C im mulitlayer Modus
geschieht, wird in dieser Arbeit die unerwartete Wiederherstellung des layer-by-layer
Schichtwachstums bei Tg <~ 240 °C beschrieben. Die Wiederherstellung des layer-by-
layer Modus bei niedrigem Tg wird dem Zusammenbruch der Ehrlich-Schwoebel-
Barriere an den Stufengrenzen zugeschrieben, wodurch der ,,down-climb* von Adatomen
wiederhergestellt wird.

Mit einer Methode, bei der eine CdSe-Schicht bei niedriger Temperatur (Tg = 230 °C)
gewachsen und anschieflend bei signifikant hoherer Temperatur (T4 = 310 °C) getempert
wird, kommt es zur Bildung winziger aber ausgepréigter 3D Inseln. In dieser Arbeit wird
der Mechanismus, der der Bildung dieser Inseln zugrunde liegt, beschrieben. Wahrend
die CdSe-Ablagerung eine quasi-zweidimensionale (quasi-2D) Schicht bei Tg = 230 °C
bildet, fiihrt das darauffolgende Tempern bei T4 = 310 °C zu einem thermisch aktivierten
,Lup-climb* von Adatomen auf zweidimensionale Cluster (oder Vorgéinger, engl.:
precursor), bei gleichzeitiger Nukleation von 3D Inseln. Die Flichendichte von QDs, die
mit dieser Methode erreicht werden kann, ist mindestens eine GréBBenordung geringer als
fiir konventionelles MBE Wachstum typisch ist. Es wird demonstriert, dass eine weitere
Verringerung moglich ist, indem der Temperaturanstieg auf T, entsprechend verzogert
wird.

In einer zweiten Variante wird die Bildung groBer und ausgeprigter Inseln durch
Aufbringen einer amorphen Selenschicht (0-Se) auf eine 2D CdSe-Epischicht bei
Raumtemperatur und anschlieender Desorption bei hoherer Temperatur (Tp = 230 °C)
demonstriert. Obwohl die selbstorganisierten Inseln grofl sind, werden sie durch
nachtrigliches Bedecken mit ZnSe stark abgeflacht, was vermutlich durch Segregation
von Cd und Legieren der Inseln mit Zn hervorgerufen wird. Das Segregationsphdnomen
sowie sein Zusammenhang mit den optischen Eigenschaften der QDs wird in dieser
Arbeit untersucht. Weiterhin wird die stark ausgepragte vertikale Korrelation von QDs in
QD-Ubergittern beschrieben, in welchen die erste QD-Schicht mit dieser Methode
gewachsen wurde. Darauffolgende Schichten werden duch migration enhanced epitaxy
(MEE) aufgebracht.

Die Prozessschritte der dritten im Rahmen dieser Arbeit entwickelten Variante sind denen
der eben beschriebenen sehr dhnlich. Die einzige Abwandlung besteht in der Substitution
von Selen mit Tellur als bedeckendes Material. Jedoch fiihrt diese Variation nicht nur zu
betrachtlicher Verdnderung der morphologischen und optischen Eigenschaften der QDs,
sondern auch zur Bildung einzigartiger Muster von selbstorganisierten Inseln. Abhéngig
von der Dicke der Tellurbedeckung kommt es zur Bildung orientierter ,,dashes, gerader
und gebogener Ketten von Inseln und ausgerichteter Inselpaare. Die Inseln sind teilweise
mit Tellur legiert und strahlen Lumineszenz in einem sehr niedrigen Energiebereich ab
(bis hinunter zu 1.7 eV bei Raumtemperatur). Im Gegensatz zur a-Se Bedeckung der
vorherigen Methode kommt es in der Te-Schicht zu Polykristallisierung wéhrend der

v
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Temperaturerh6hung (von Raumtemperatur zu Tp) zur Desorption. Es wird gezeigt, dass
die selbstorganisierten Muster der Inseln durch die Verteilung der Korngrenzen der
polykristallinen Te-Schicht bestimmt werden. Basierend auf dem Verstindnis des
Mechanismus der Musterbildung wird in dieser Arbeit eine einfache und ,,saubere®
Methode fiir die kontrollierte Positionierung individueller QDs und QD-basierter,
ausgedehnter Nanostrukturen vorgeschlagen.

Zusammenfassend kann gesagt werden, dass die Studien, die im Rahmen dieser
Doktorarbeit durchgefiihrt wurden, nicht nur einen tieferen Einblick in die grundlegenden
mikroskopischen Prozesse, die die heteroepitaktische Selbstorganisation von
CdSe/ZnSe(001) QDs bestimmen, liefern, sondern auch konkrete Methoden zur
Herstellung, Optimierung und Kontrolle von QD-Ensemblen mit verschiedenen
technologisch wichtigen Eigenschaften. Es wird erwartet, dass in dieser Arbeit
demonstrierte Phdnomene, wie Verringerung und Kontrolle der Fichendichte der QDs,
ausgeprigte vertikale Korrelation von klar definierten QDs in QD-Ubergittern und
Selbstorganisation von ausgedehnten QD-basierten Strukturen, einen hilfreichen Einfluss
auf die Entwicklung zukiinftiger =~ Anwendungen in  Informations- und
Kommunikationstechnologie haben werden.
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Introduction

On the technology roadmap of the semiconductor industry, the invention of molecular
beam epitaxy, in the 1960s, undoubtedly represents a very important landmark. Aside
from enabling feature-size reduction of conventional semiconductor devices, particularly
transistors, the invention brought a totally new class of structures to existence— the low-
dimensional quantum heterostructures. While charge carriers of a bulk semiconductor are
itinerant in nature, in quantum heterostructures, they are arrested in one, two, or all three
dimensions. More appropriately, the low-dimensionality of quantum heterostructures
results in quantization of energy states, and thereby, in “confinement” of charge carriers.
Engineering of quantum heterostructures began in earnest during the early 1970s, when
the first two-dimensional “quantum wells” were fabricated. Since then, over the last
three-and-a-half decades, semiconductor research has taken on, quite literally, new
dimensions [Reed93]. Today, conduction band electrons, valence band holes, or excitons
(bound electron-hole pairs) are routinely confined to planes (quantum wells), lines
(quantum wires), or mathematical points-the quantum dots.



CHAPTER 1

Mathematical points are however abstract constructs. To comprehend how quantum dots
are realized in practice, it is helpful to consider the de Broglie wavelength, 4, of a charge
carrier in a semiconductor crystal. A is related to the effective mass of the charge carrier,
m’, and the absolute temperature, 7, by the equation

h

Y —
W (L.1),

where /1 and kg are the Planck’s and Boltzmann constant, respectively. The de Broglie
wavelength defines the length-scale below which quantum phenomena start to appear. In
typical semiconductors, with m" value ~10% of the free electron mass, A turns out to be ~
20 nm, at 7 = 300 K. Therefore, by creating potential traps with all three dimensions
measuring in the scale of a few nanometers, charge carriers of a semiconductor crystal
can be confined to completely quantized energy-states. In the state-of-art semiconductor
technology, such traps are easily created either by application of appropriate electric
fields to carrier gases or by embedding nano-size structures of a low-bandgap
semiconductor within the matrix of a larger-bandgap semiconductor. Such
nanostructures, which allow three-dimensional (3D) quantum confinement of charge
carriers, represent the real quantum dots.
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FIG. 1.1: The electronic density of states as a function of the energy of charge carriers residing
within a macroscopic semiconductor crystal (the red box), and a QD (the blue box).

The quantum confinement effect is best visualized by comparing the density of electronic
states of a macroscopic semiconductor crystal to that of a quantum dot (QD). Figure 1.1
depicts the comparison pictorially. For a macroscopic semiconductor crystal of
dimensions L.,. >> A(m* T), the density of states, D(E), shows a parabolic (and
continuous) dependence on the energy of the carriers, E. Within a QD, of dimensions /,,,-
< Am* T), D(E) is composed of discrete O-functions, with non-zero values
corresponding to the quantized states. Due to this discreteness of the electronic states,
charge carriers confined within QDs, lose their itinerancy.
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INTRODUCTION

In effect, the quantization phenomenon in QDs is similar to that of an isolated atom.
Being confined to the attractive Coulomb potential of the nucleus, electrons of an isolated
atom occupy quantized energy states, similar to charge carriers trapped in QDs. Due to
this similarity of quantum confinement, QDs are often dubbed as “artificial atoms”.
However, the two systems have certain subtle, but important, differences. In contrast to
atoms, the confinement potential in QDs does not necessarily show spherical symmetry.
Additionally, the confined charge carriers do not reside in free space, but in the
semiconductor host crystal. The QD host material, in particular its band structure, does
therefore play an important role for all QD-properties. Typical energy scales, for
example, are of the order of 10 eV in atoms, but of the order of ~ 10 meV in QDs.
Finally, in contrast to atoms, the energy spectrum of a QD can be tuned by controlling the
geometrical size, shape, and the strength of the confinement potential. This important
feature allows QDs to be manipulated and engineered to meet the requirements of
practical applications.

Fabrication of nanostructures for 3D confinement of charge carriers began in the early
1980s [Reed86]. Broadly, the efforts may be classified as those relying on chemical
routes to synthesize nano-size semiconductor crystallites [Murray93] and those based on
epitaxial growth and processing of semiconductor heterostructures. Within the second
class, initial endeavors focused on lithographic patterning and etching of quantum wells
(QWs) [Reed86]. Related techniques include selective intermixing of QWs [Werner89],
and use of stressors [Kash88]. Nanostructures are also fabricated by manipulating atoms
with a scanning probe microscope (SPM) [Eigler90]. Alternatively, the SPM tip is used
as a stylus or pen to “write” nanoscale structures [Minne98]. QDs (confining only one
type of carriers) are also created by application of modulated electric fields to two-
dimensional (2D) carrier gases [Sikorski89].

Of all techniques, the one that has proven over the last one-and-a-half decades to be the
most advantageous route to fabricate large ensembles of quantum dots (QDs) exploits the
elegant concept of self-assembly, during heteroepitaxial growth of semiconductors. In
heteroepitaxial self-assembly, nanoscale 3D features (often called “islands”) of one
semiconducting material are spontaneously formed on the substrate of another. Thus, it
has been justly termed as the "Nature's Way" [Madhukar95] to produce QDs. The success
of this way lies in a fortunate coincidence in the variation of two fundamental physical
properties of the majority of technologically-important semiconducting materials. Within
each of group-1V, III-V, and II-VI semiconductor-families, the bandgap energy of a
material is lower, larger its lattice constant is. This is seen in the Fig. 1.2, for some of the
important semiconductors, belonging to all three families [Faschinger99]. Due to this
trend, several combinations of semiconductors naturally fulfill two essential conditions,
imperative for heteroepitaxial self-assembly of QDs: 1) an energetic condition under
which the QDs have to be formed of a material of lower bandgap, embedded in a material
of higher bandgap (such that confining potentials are defined by the difference in the
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bandgaps), and ii) a epitaxial-growth condition wherein the QD-forming material needs
to have a larger lattice constant than that of the host-material in which the QDs are
embedded. This condition is necessary since island formation in heteroepitaxy is driven
by release of compressive strain, which builds up during heteroepitaxial growth (This is
addressed to in further detail in Chapter 2)." In Fig. 1.2, the solid lines connecting some
of materials indicate to the further possibility of realizing alloyed systems, wherein the
bandgaps and the lattice constants can be continuously tuned between the end values.

5.0 -
4.5
4.0
3.5
3.0
25
2.0

1.5

bandgap energy (eV)
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Fig. 1.2: Band gap energy versus lattice constant for several group-IV, III-V, and II-VI
semiconductors. The solid curves connecting selected binary compounds represent the complete
range of the possible ternary alloy compositions. Adopted from [Faschinger99]

For many reasons, self-assembly stands out as the technique of choice for fabrication of
QDs. Firstly, involving merely epitaxial growth by well established techniques, the
process is attractive in terms of technical simplicity and cost- and time-economy. Since
epitaxial growth is carried out in ultra-high-vacuum (UHV), self-assembled QDs are free
of contamination from the atmospheric ambient. Self-assembly involves neither any
chemical processing (as required in lithographic techniques) nor any precise deposition of
metal electrodes (as required for QDs defined by modulated electric fields). Above all,
self-assembled QDs are small (down to diameters of 10 nm) and crystallographically
coherent (defect-free). These advantages make self-assembled QDs the most attractive
candidate for design of practical devices.

t Though claimed by some theoretical works [Korutcheva00], island-formation has been observed
experimentally also for heteroepitaxial growth under tensile strain.
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For different combinations of semiconductors, belonging to the group-1V, III-V, IV-VI,
and II-VI families, self-assembled QDs have been successfully grown and investigated.
The systems which have been studied most widely are InAs QDs on GaAs(001)
substrates and Ge QDs on Si (001) substrates (see Fig. 1.2). The range of applications,
either already realized or envisaged, using self assembled QDs, is also large. Several
opto-electronic devices have been developed, primarily using InAs/GaAs(001) QDs.
These include low-threshold, high differential gain, laser diodes, emitting at 1.1-1.3 um
at room temperature [Huffaker98, Heinrichsdorff97], resonant cavity photodiodes
operating at wavelengths around 1.2-1.3 um [Campbell97, Baklenov98], and normal
incidence infrared photodetectors [Phillips98]. An ideal QD-laser, consisting of an
ensemble of equi-sized QDs, is theoretically predicted to have ultra-low, temperature-
independent, threshold current density and high material and differential gain. Size
homogeneity of QDs is also important for applications in detection devices. However, a
complete uniformity of sizes for self-assembled QDs is not straightforward to achieve,
though considerable improvements have been recently made.

Schemes of memory devices using QDs have also been demonstrated. Electrical detection
of charge storage in self assembled QDs has been reported by Finley et al. [Finley98]. A
charge storage time of 22 mins (8 hours) was found at 200 K (140 K). Lundstrom et al.
demonstrated the possibility of using confined excitons within InAs/GaAs(001) QDs for
storage and retrieval of information by optical methods [Lundstrom99]. Currently,
tremendous research efforts have been directed towards exploiting the 3D quantum
confinement properties of QDs in realizing schemes for generation of non classical light,
i.e. single and entangled photon sources [Michler00, Yuan00, SantoriOl, Zwiller01,
Santori02, Santori04], and the basic building blocks of quantum computers-the qubits
[Loss98, Imamoglu99]. Such devices would revolutionize the next-generation
communication and information technologies.

Over the last decade, the wide-band-gap II-VI combinations, CdSe/ZnSe(001) and
CdTe/ZnTe(001), have also attracted considerable research interest in the context of
epitaxial self-assembly of QDs. The II-VI combinations are attractive due to their band-
to-band optical transition in the much-coveted blue-green region of the electromagnetic
spectrum (see Fig. 1.2). Albeit initially envisaged for blue-green lasers and light emitting
diodes, the II-VI QDs have proven to be promising candidates for novel applications,
such as visible single photon sources operating at room temperature [Aichele04].
However, unlike the prototypical InAs/GaAs(001) and Ge/Si(001) systems, self-assembly
of II-VI QDs is not straightforward and is still not completely understood.

The outline of this thesis

This thesis primarily deals with the epitaxial self-assembly, ordering, and properties of
CdSe/ZnSe(001) QDs. Molecular beam epitaxy (MBE) has been used as the epitaxial
growth technique to fabricate QD-ensembles. Apart from conventional MBE growth,
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three other variant techniques have been studied in this work. The topography of
uncapped CdSe surfaces, and the morphology, chemical composition, crystallographic,
and confinement properties of the QDs have been investigated by several characterization
tools like, reflection high energy electron diffraction (RHEED), high resolution x-ray
diffraction and interferometry (HRXRD and XRI), atomic force microscopy (AFM),
transmission electron microscopy (TEM), resonant Raman spectroscopy (RRS), x-ray
photoelectron spectroscopy (XPS), and photoluminescence (PL) spectroscopy. Based on
a systematic analysis and correlation of the results of these characterization techniques,
this thesis investigates the attributes and formation mechanism of CdSe/ZnSe QDs, self-
assembled in the four studied techniques. The thesis is organized as follows:

Chapter 2 introduces in detail the phenomenon of heteroepitaxial self-assembly of QDs
and related nanostructures. Both, thermodynamics and kinetics of QD-self-assembly are
presented, along with other issues related to practical realization of QD-ensembles, like
intermixing, segregation, capping etc. Vertical and lateral ordering of QDs is also
discussed in this chapter. Finally, the energy levels and exciton confinement in QDs is
presented briefly.

Chapter 3 deals with the details of the tools and techniques used for fabrication and
characterization of different samples.

Chapter 4 addresses to the growth of homoepitaxial GaAs buffers on GaAs(100)
substrates and subsequent heteroepitaxy of ZnSe. These steps preceded the deposition of
the CdSe layer and an understanding of their details was crucial for optimization of the
subsequent QD-self assembly.

Chapter 5 is the first of the four chapters presenting QD-self assembly by different
techniques. In this chapter, the properties of QDs, formed in conventional MBE growth
of CdSe (at a growth temperature of 300 °C) on ZnSe(001) surfaces, are presented first.
The mechanism of QD-formation is analyzed next. Finally, some characteristic features
of CdSe/ZnSe (001) heteroepitaxy are discussed.

Chapter 6 deals with the self-assembly of CdSe/ZnSe(001) QDs by a technique
combining low temperature MBE growth of CdSe (at 230 °C) and subsequent in-situ
annealing at a significantly higher temperature (310 °C). Primarily, the mechanism of
QD-formation by this technique has been investigated in this work, based on an analysis
of the different attributes of the QDs. A method to control the areal density of QDs, self-
assembled by this technique, is also demonstrated in this chapter.

Chapter 7 presents self-assembly of CdSe/ZnSe(001) QDs by the second variant
technique, wherein, QD-formation is induced by deposition of amorphous selenium onto
an epitaxially strained CdSe layer and its subsequent desorption. The properties of the
QDs formed by this technique are discussed in the first part of this chapter. The second
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part deals with growth and positional ordering of QDs in QD-superlattices. For the QD-
superlattices, the first layer of QDs was grown by this technique, while the subsequent
layers by migration enhanced epitaxy (MEE) (refer to section 3.1, Fig. 3.3), an alternative
of conventional MBE.

Chapter 8 addresses to a technique similar to that of Chapter 7, the only difference being
in the fact that instead of amorphous selenium, amorphous tellurium is used to induce self
assembly of CdSe/ZnSe(001) QDs. A key feature of this approach is the formation of
patterned ensembles of QDs. In this chapter, the morphology, composition and optical
properties of these QDs, and the mechanism of pattern formation by this technique are
discussed in detail. An approach for controlled positioning of QDs and QD-based
nanostructures is also presented.

Chapter 9 concludes the main results of this thesis and provides possible future
directions of research in the field of CdSe/ZnSe(001) QD self assembly.
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Epitaxial quantum dots: Self-assembly,
ordering, and exciton confinement

This chapter provides a general introduction to self-assembly, ordering, and confinement
properties of epitaxial QDs. In the first two sections, self-assembly of QDs is discussed
from a thermodynamic standpoint. Section three deals with the kinetics of heteroepitaxy
in general, and of QD-self-assembly, in particular. Different issues associated with
practical fabrication of self-assembled QDs are detailed in the fourth and the fifth
sections, followed by a discussion on the vertical and lateral ordering of self-assembled
QDs, in section seven. The eighth section is devoted to epitaxial QDs of the
CdSe/ZnSe(001) heterosystem, which is the primary topic of this thesis. The final section
deals in brief with the energy levels of confined excitons in epitaxial QDs.



CHAPTER 2

2.1 Heteroepitaxy and the Stranski-Krastanow transition

The term epitaxy, introduced by Royer in 1928 [Royer1928], refers to the growth of a
crystalline layer upon (epi) a crystalline substrate, where the orientation of the substrate
imposes an order (taxis) on the orientation of the deposit layer. If the substrate and the
deposit are identical, the growth process is known as homoepitaxy. If they differ in their
composition and/or lattice constant, the term heteroepitaxy is used. When the bulk-lattice
constant of the substrate differs from that of the epi-material, strain builds up in the
growing epilayer. This is because, the epilayer distorts tetragonally during the initial
stage of growth, to adopt the lattice constant of the substrate. The nature of the strain is
determined by the lattice misfit (alternatively called lattice mismatch), m, given by
m=28"4% @.1),
dc
where ap and ac denote the bulk lattice constants of the epilayer and the substrate,
respectively. A positive (negative) value of m signifies compressive (tensile) strain within
the growing epilayer. It is the relief of this misfit induced strain, or in other words, the
stored elastic energy, which drives the self-assembly of different nanostructures.

As mentioned in Chapter 1, fabrication of QDs requires the self-assembled structures to
resemble tiny “islands”, having all three dimensions in the nanoscale. The simplest
explanation how islands self-assemble in semiconductor heteroepitaxy is provided by the
thermodynamics of equilibrium crystal growth. From a thermodynamic point of view,
crystallization represents a phase transition, wherein atoms/molecules condense from the
vapor/liquid phase (G) to the crystal phase (B). At thermodynamic equilibrium their
chemical potentials, 1 and 5, are equal, i.e.

He(P.T) = py(P,T) (2.2),

where P and T are the pressure and temperature of the two-phase system. If P or T is
changed in a way that the system deviates from equilibrium, the chemical potential of one
of the two phases is lowered and this phase becomes relatively stable. Thus, if the
condition

Ap=p,—pu. <0 (2.3),

is satisfied, crystallization takes place. Au is the driving force for such a phase transition.
In heteroepitaxy, the foreign substrate represents an additional phase C. In presence of
lattice misfit m, the chemical potential of the n-th monolayer (ML) of the epilayer reads

py(n) =y + Q2 (yy+y, (M) —7c) (2.4),

where 3 and y, denote the specific surface energy of the epilayer and the substrate,
respectively and y;, the specific interface energy of the B-C interface (see BOX 2.1)
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[Markov95]. u, denotes the chemical potential of the bulk of B, and Q’ the area per unit
atom. y(n) is given by

71(”):7c+73_703+7e(m2an) (2.5).

Here, ycp denotes the specific adhesive energy (refer to BOX 2.1) and 7, is the stored
elastic energy per unit area, which is a parabolic function of m and a linear function of .
The balance between the three terms y, 75 and y(n) determines the different possible
growth modes in heteroepitaxy.

BOX 2.1 Surface and interface energies

The energy spent to create reversibly and isothermally a unit area of new surface is called
specific surface energy. To create a new surface, chemical bonds between the atoms of a
crystal need to be broken. Thus, the specific surface energy, as a first approximation, is
equal to the sum of the energies of the broken bonds per unit area.

If two crystals B (deposit) and C (substrate) of equal dimensions and lattice-parameters are
cleaved reversibly and isothermally, two new surfaces of each of A and B (of size X) are
produced. The work done to create the four new surfaces is the sum of the energies required
to break all B-B and all C-C bonds within the area ¥, Ugg and Ucc, respectively. When now
each half of B is placed in contact with a half of C, energy equivalent to 2Ugc is gained by
creating two new B-C interfaces. Therefore, the net energy spent in creating the two new
interfaces[ Dupré69]

2U; = Ugg + Ucc -2Upc

Dividing the above Eqn. by 2X gives the expression for specific interfacial energy in terms
of specific surface energies (Ugp/2X and Ucc/2X) of the two crystals. Ugc/ £ denotes the
specific adhesive energy. In Equation 2.5, the additional term 7. is included to account for
the elastic energy accumulated due to the lattice-misfit induced strain between the substrate
and the epilayer.

The condition
7B+71(n)_7c>0 (2-6)

requires minimizing the substrate area covered by the deposit material and growth
proceeds by the nucleation of 3D islands on the substrate. This mode of growth is known
as the Volmer-Weber (VW) growth-mode, depicted pictorially in Fig. 2.1 (a). Substituting
the value of y;(n) from Eqn. 2.5 in Eqn. 2.6, the inequality reads

273_7CB+Te(m2an)>0 (2.7)

From Eqn. 2.7, it is evident that even if ycp exceeds 25, Eqn. 2.6 might be valid for a
large value of z.. Since 7. is proportional to m’, high lattice misfits favor VW growth
[Daruka97]. On the other hand, if m is such that yc5 > 25+ 7., the condition

7B+71(n)_7c<0 (2-8)
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is satisfied. The energy balance requires maximizing the area covered by the deposit and
growth initiates by formation of at least one complete monolayer. For the successive
layers of the deposit, the chemical influence of the substrate (C) is largely screened.
Therefore, for the growth of the (n+1)th layer (of B) atop the n-th layer (n > 1), % = 0.
However, due to the linear dependence on n, 7, accrues progressively within the growing
epilayer, thereby increasing y;(n). Eventually, beyond a certain critical thickness #. (or a
critical number of atomic layers, n.) the condition of Eqn. 2.8 reverts back to that of Eqn.
2.6. This results in the nucleation of 3D islands atop a layer of thickness ¢.. It is these 3D
islands which form the basis of what is known as epitaxially self-organized QDs. The
morphology resulting by this growth-mode, known as the Stranski Krastanow (SK)
growth-mode, is shown in Fig. 2.1 (b). The layer of thickness z., beneath the ensemble of
islands is known as the wetting layer.

/ \ m m 1 [ 1
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@<IML [ | ] ]
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FIG. 2.1: Equilibrium (a) Volmer Weber, (b) Stranski Krastanow, and (c) Frank van der Merwe
growth modes. In case of (b) it has been implicitly assumed that ¢. < 2 ML. The same color of the
substrate and the deposit in (¢) indicates homoepitaxy.

The limiting condition
Ye=rp+y,(n) (2.9)

can only be fulfilled for homoepitaxial systems, for which ycp = o= 7 and 7. = 0. The
resulting growth-mode is characterized by unlimited layer-by-layer growth and is known
as the Frank van der Merwe (M) growth. This is illustrated in Fig. 2.1 (c).

By undergoing the SK transition, the epi-system releases the elastic energy accumulated
due to the misfit strain. On the other hand, formation of a large ensemble of nano-size
islands results in creation of new surfaces. This signifies an accretion of surface energy.
Thus, SK transition is essentially a trade-off between relief of elastic energy and gain of
surface energy. The change in total energy of an epi-system in forming a pyramidal 3D
island from a 2D layer of equal volume has been derived by Tersoff and LeGoues, in a
simple approach combining the elastic and the surface energy terms [Tersoff94]. For the
pyramidal island illustrated in Fig. 2.2 (a), it is given by

AE =4AV?" tan'? 0 — 6k tan 0, (2.10),
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where
A=y cscl —y,cotd. (2.11),

and y, and p, are the specific surface energies for the normal surface and the beveled
edges, respectively. V is the volume of the island and x = o°(I-v)/27n, where vand 7 are
the Poisson ratio and the shear modulus of the island-forming material, respectively. o is
the bulk stress in the uniform epilayer (before island formation), which is proportional to
m. AE is plotted versus V in Fig. 2.2(b) (Both parameters are normalized to the
corresponding critical values, as explained below).
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FIG. 2.2: (a) Sketch of a pyramidal SK island. (b) Energy of the island AE as a function of its
volume V. AE and V are normalized to their critical values (see text). Adopted from [Tersoff94]

Clearly, formation of a 3D island lowers the energy of the system once the “volume” of
the 2D deposit is sufficiently large. However, there is a barrier £; which must first be
overcome. Maximizing Eqn. 2.10, Eg and V., the critical volume for the 2D-3D transition,
are derived to be

64A° cot 6,
E =—— 7 2.12),
S 243k 212)
and
V. =(4A/9x)’ cot’ 6 (2.13).

E, and V. are inversely proportional to the fourth and sixth power of m, respectively.

The SK transition provides a growing hetero-epilayer with an elastic pathway for
relaxation of the strain energy. However, it should be noted that misfit induced strain can
also be released plastically, by formation of an array of misfit dislocations at the
substrate-epilayer interface. Such a case can also be treated within the framework of the
equilibrium crystal growth theory, just by replacing 7. in Eqn. 2.5, by the energy of the
misfit dislocations. For a particular heterosystem, whether elastic or plastic relaxation of
misfit strain occurs, depends on the relative energy cost of forming islands and misfit
dislocations. Also, when the elastic pathway does not lead to sufficient strain relaxation,
island formation is succeeded by generation of misfit dislocations.
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FIG. 2.3: Scanning tunneling microscopy
image of a single self-assembled
InAs/GaAs(001)  island.  Adopted  from
[Marquez01]

Self-organized growth of islands in the SK growth mode has been successfully achieved
for a number of heteroepitaxial combinations [M090, Guha90, Leon95, Ponchet95,
Sopanen95, Carlsson94, Notzel94]. The two most extensively studied island-forming
heterosystems are In; GayAs/GaAs(001) and Ge;«Si,/Si (001). A single self-assembled
InAs/GaAs(001) island is shown in Fig. 2.3 [Marquez01]. In both systems, m can be
varied continuously over a wide range of values by varying the composition (x) of the
epi-layer. For heteroepitaxial growth of B;xCx on C, the lattice misfit is given by

My =m(l—x) (2.14).

where m is given by Eqn. 2.1. Equation 2.14 assumes linear variation of lattice constants,
following Vegard’s law [Vegard21].

2.2 Self-assembly of islands and related nanostructures: Beyond SK mechanism

The SK transition is evidently an activated process, confronted by a barrier given by Eqn.
2.12. Es depends inversely on m’. Thus, for very low misfits, island formation by the SK
mechanism would be delayed or completely suppressed [Daruka97], due to energetic
precedence of plastic relaxation. However, in the SiGe/Se(001) heterosystem, islands
assemble even for very low values of m (< 0.01) [Sutter00, Tromp00]. To comprehend
island formation in low-misfit heterosystems, one needs to turn to the fundamental
phenomenon of morphological instability of stressed (epitaxial) surfaces, known as the
Asaro-Tiller-Grinfeld (ATG) instability [Asaro72, Grinfeld86, Stangl04]. According to
the ATG model, a surface under (compressive) stress and in contact with its liquid or
vapor phase develops undulations of a definite periodicity, resulting in a morphology of
crests and troughs. The undulations allow the compressed lattice planes of the bulk to
relax towards the peaks of the crests [Jesson98]. The minimum wavelength Aarg of the
undulations is determined by the balance between the elastic energy released and the
associated cost in surface energy. It is given by

2nmy
Aurg = (i—o)m” (2.15).

14



EPITAXIAL QUANTUM DOTS

where, v is a general expression for the specific surface energy corresponding to the new
surfaces formed, and the rest of the terms are as defined in the context of Eqn. 2.10 and
2.11. Phenomenologically, the energetics of the ATG instability are similar to that of the
SK transition but the difference is in the fact that in the ATG model there is no energy
barrier involved, except for kinetic barrier to mass transport (see (next) section 2.3).
Undulations are formed for al// misfits with Arg proportional to m>.

To explain island formation in the low misfit (m = 0.1) Geg25Sip75/Si(001) heterosystem,
Sutter et al. resorted to the ATG model. The authors argued that island formation in their
case did not occur by an activated nucleation process, which is characteristic of the SK
growth mode, but by a continuous development of bi-directional surface undulations. The
atomistic origin of the undulations was assigned to step-bunching on strained vicinal
crystal surfaces (For description of vicinal surfaces, refer to BOX 2.2).

BOX 2.2 Singular and vicinal crystal surfaces

When the surface of a substrate is bounded by a low-Miller-index plane, i.e. (100), the
surface is known to be singular [Fig. 2.4 (a)]. However, due to (un)intentional miscut during
processing, the surface plane of a real crystal is always inclined by a small angle « (typically
a few tenths of a degree) to a low-index plane, in one or more directions. For geometrical
reasons such a surface consists of terraces and steps [Fig. 2.4 (b)]. Crystal surfaces with such
morphology of flat terraces, separated by steps, are known to be vicinal.

Fig. 2.4: A (a) Singular and (b) vicinal crystal surface. The miscut direction is shown by the
red dotted line. The miscut angle and terrace width are denoted by o, and L.

When strained, the equi-spaced steps of a vicinal surface interact via a long-range
attractive potential [ Tersoff95]. This results in bunching of the steps, as illustrated in Fig.
2.5 (a) [Phang94], and formation of an undulated surface. A step-bunched surface,
consisting of ripples (unidirectional undulation), is shown in Fig. 2.5 (b) for a 2.5 nm
thick Geg4s Sigss epilayer grown on a vicinal Si(100) surface, with a miscut angle o, =
0.25° in the [110] direction [Teichert02]. The wavelength of the ripple pattern is ~ 650
nm. Sutter et al considered step-bunching in two perpendicular directions such that a
quasiperiodic array of well-defined square cells (prepyramids), bounded by bunched-
steps, formed at the beginning of island formation (Fig. 2.5 (c)). With continuing
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deposition, these prepyramids grew in height but not in their lateral size, which was
limited by the presence of the neighboring features. The inclination of the beveled surface
increased continuously until it approached a value of 6, =11° (refer to Fig. 2.2). At this
stage a first order transition from a morphology of step-bunched prepyramids to that of
facetted pyramids (bounded by (105) facets, corresponding to & =11°) took place (Fig.
2.5 (d)).

()

FIG. 2.5: (a) Schematic illustration of step bunching. The grey profile corresponds to the equi-
spaced steps of a vicinal substrate. The black profile illustrates the step-bunched surface of the
strained epilayer grown atop the vicinal substrate.(b) AFM-image of a typical ripple-pattern on
the surface of a 3 nm thick Ge45Sig 55 layer grown on vicinal (001) Si substrate, with a miscut o,
= 0.25° along the [110] direction. (¢) Low-energy-electron-microscopy (LEEM)-image of step-
bunched prepyramids on the surface of a 60 ML-thick Gey,sSip7s epilayer. (d) (105)-facetted
pyramidal islands formed from stepped prepyramids after deposition of an additional 18 ML of
the alloy. (e) Energy of a pyramidal island AE as a function of its volume V. The solid dark line is
the plot for islands bounded by (105) facets, having 6 = 11°. The grey lines correspond to
prepyramids with different . The dotted line is an envelope of the grey lines for all & values
between 0-11°. Fig. (b) adopted from [Teichert02], Fig. (¢), (d) and (e) from [Sutter00].

The argument of barrierless formation of islands (without activated nucleation) does not
contest the model of Tersoff presented before (section 2.2, Figs. 2.2 (a) and 2.2 (b)). To
understand this, it is imperative to note that for the plot of Fig. 2.2 (b), €, is fixed. When
during the course of island formation 6, is allowed to vary, it is revealed that the island
formation process is not confronted by any energy barrier. Fig. 2.5 (e) shows AE-versus-
V plots, similar to that of Fig. 2.2, but for different &, [Sutter00]. The black (solid) curve
corresponds to pyramidal islands with 6 = 11° (bounded by (105) facets), whereas the
grey ones to some prepyramids with 6, < 11°. The dashed curve is an envelope of several
grey curves, for prepyramids with &, varying between 0-11°. Evidently, the formation of
prepyramids with € < 11° is not confronted by any energy barrier, so that they evolve
continuously in height and 6. However, at a certain value of V' (the crossover point in
Fig. 2.5 (e)) it becomes favorable to form pyramids with (105) facets, rather than
prepyramids, bounded by step-bunches (see the inset).

2.3 Kinetics of island-self-assembly

So far, in discussing the formation of islands, aspects of heteroepitaxy have been
delineated based on thermodynamics and without reference to any particular epitaxial
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growth technique. However, molecular beam epitaxy (MBE), the technique routinely
used for the fabrication of QD-ensembles, represents a process far from thermodynamic
equilibrium. While in equilibrium crystal growth, Au (in Eqn. 2.3) is ~ 10 meV/atom, in
MBE, Au can be as large as ~5 eV/atom. Such high Ay is an enormous driving force,
similar to binding energies of atoms in crystals. The large difference in Au between MBE
and equilibrium crystal growth implies a conceptual difference in the description of these
two situations. For atoms passing the phase boundary from the vapor to the solid phase
under crystal growth conditions, only the stable binding sites of the crystal are available
for condensation. Metastable binding sites with higher chemical potential can be accessed
only temporarily, as otherwise the energy balance between the phases would be invalid.
Atoms in the metastable binding sites either re-cross the phase boundary or rapidly switch
to stable binding sites. In such a situation, thermodynamics is sufficient to give an
adequate description of the process.

Arrival (R) Desorption

v

FIG. 2.6: Atomistic processes in MBE growth (heteroepitaxy)

To the contrary, a manifold of metastable sites on the substrate are populated during
MBE growth. Chemical potentials of such sites are higher than that of an atom in the bulk
but still significantly lower than the gas phase chemical potential. Thermodynamics in
this case might set the boundary conditions but would be insufficient for a complete
description of the process. Therefore, for practical epitaxial growth scenario, kinetics of
the atomistic processes needs to be considered. In heteroepitaxy, energetic (e.g. due to
lattice misfit and differences in surface energy) and kinetic effects due to far from
equilibrium growth conditions are usually intertwined. Thus, classification of epitaxial
growth in terms of Volmer-Weber, Stranski-Krastanow, and Frank van der Merwe
equilibrium-models is an oversimplification and sometimes even misleading. Indeed, the
discussion of section 2.2 indicated also to other mechanisms of island-formation.
Nonetheless, both thermodynamic and kinetic models have been extensively used in
describing the formation of islands by the SK phenomenon. While thermodynamics
assumes all kinetic processes to be adequately fast for the epitaxial system to reach its
equilibrium configuration, kinetic approaches consider that the equilibrium state is never
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reached and the attributes of the epitaxial system is determined by particular kinetic
pathways.

The atomistic processes responsible for the nucleation and growth of epitaxial layers (thin
films in general) are indicated in Fig. 2.6. Atoms arrive from the vapor phase at a rate R,
or at an equivalent gas pressure p, such that

R = p /(2ﬂmAkBT;ource)l/2 (216)7

where m, is the atomic mass of the evaporated species and 7., the absolute
temperature of the source. This creates single adatoms (or admolecules) on the surface of
the substrate, whose areal density n;(7¢) increases initially as n; = Rt. Here, T is the
temperature of the substrate or the growth temperature. At high T, these adatoms reside
on the substrate surface for a short duration—the adsorption residence time z,. During this
time they migrate over the surface with diffusion coefficient D. 7, is given by

' =v, exp(-E,/k,T,) (2.17),

where v, is the atomic vibration frequency, of the order of 1-10 THz and E,, the
activation barrier to desorption. In terms of the diffusion barrier £; and frequency v,
(typically somewhat less thanv,), D is given by

D=(v,a;*/4)exp(-E, | k,T,) (2.18),

where a; is the jump distance, of the order of 0.2-0.5 nm. The number of substrate sites
visited by an adatom in time 7, is Dz,/N,, where Ny is the areal density of such sites. The
rms displacement of the adatom from the arrival site before evaporation is

X, =(D7,)"* =a, (vd/va)”2 exp[(Ea ~E,)/2k, TG] (2.19),

Since typically E, 1s several times Ey, (x.ms/a;) can be large at suitably high temperatures.
Adatoms in this case encounter, during their migration, other adatoms and form small
clusters. While many clusters disintegrate once again, those larger than a critical size, i*
(in terms of number of atoms), become stable. The temporal variation of the
concentration of adatoms, n;, and stable 2D clusters, N,, on the surface of a growing
epilayer is solved based on a set of coupled differential equations, established by
Venables et al [Venables84]. In homoepitaxy, N, depends on the deposition rate R,
diffusion rate D (in terms of number of diffusion jumps per unit time), the amount of
material deposited, or in other words, the coverage ©, T, the energy of the critical cluster
E(i*), and i* as

—i*(i%+2) e
N, o @YD) D exp —.*E(l ) (2.20),
R (I*+2)k, T,

With subsequent deposition, stable clusters grow in size, due to attachment of mobile
adatoms to their edges. A competing adatom-detachment process might also occur at this
stage. Both attachment and detachment of adatoms are thermally activated processes.
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Finally, when the separation between the clusters becomes comparable to their size,
coalescence sets in. Ideally, complete monolayers are formed at the end of coalescence.

In heteroepitaxy, the lattice-misfit-induced strain acts to modify the chemical potential of
adatoms at the growth-front and also the activation barriers of the different atomistic
processes mentioned above. D, i* and activation barriers to adatom-attachment and -
detachment are influenced by the misfit-induced strain. Furthermore, 2D islands “roll up”
to form 3D islands, beyond a critical cluster-size, by “up-climb” of adatoms from the
edges to the top of the islands.
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] FIG. 2.7: Areal density of InAs/GaAs
(100) islands, obtained from rate
equations (solid lines), as a function of
InAs coverage (ML). The experimental
data shown are from Leonard et al.
[Leonard93],  Kobayashi et al
[Kobayashi96], and Belk [Belk96]. The
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The relative role of kinetics and thermodynamics in the context of QD-growth is
highlighted in the fact that self-assembly of InAs/GaAs islands takes place only on the
(001) surface, but not on the (110) and (111) A surfaces of GaAs. This would be
unexpected if strain-relaxation would be the only driving force for the SK transition.
Furthermore, the 2D-3D transition is sensitive to the ratio of In and As fluxes and the
reconstruction (see Box 3.1) of the (001) GaAs surface. For the InAs/GaAs heterosystem,
Joyce et al. studied the kinetics of 2D and 3D island nucleation in presence of misfit
strain, following the rate equation model of Venables et al [Joyce97]. The density of 3D
islands, calculated considering increased (infinite) barrier to adatom-detachment from
strained 2D (3D) clusters, reduced attachment-barrier to 3D clusters, and a critical cluster
size for 2D clusters to roll-up to 3D islands (driven by the possibility of strain relaxation),
is shown by the solid curves in Fig. 2.7. The calculated plots show good agreement to
experimentally determined values, shown in the figure by the scatter data [Leonard93,
Kobayashi96, Belk96].

3D nanostructures are also formed by a purely kinetic phenomenon known as mounding.
While a thermodynamic argument predicts perfect layer-by-layer FM growth for
homoepitaxy, kinetic limitations might lead to deviations from the ideal scenario and
result in what is known as “multilayer growth”. When 2D clusters of a particular layer are
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sufficiently large, atoms from the vapor phase might directly land on top of them. For
smooth layers to grow, it is important at this stage that these adatoms diffuse down from
the top to the edges of the 2D clusters. Thus along with intralayer diffusion, interlayer
diffusion assumes a governing role. When downward interlayer diffusion (“down-climb”)
is fast, coalescence is efficient and layer-by-layer growth proceeds. When it is slow, the
growth-front is characterized by multiple levels of incomplete layers.

BOX 2.3 Elrich-Schwoebel (Step edge) barriers

The energy-barrier to adatom hopping is higher at the edge of surface steps or at the
peripheries of 2D clusters, compared to that on a flat surface. This is because the co-
ordination number of an adatom is reduced at the edge positions.

r
d
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Y

Fig. 2.8: Schematic illustration of adatom hopping (diffusion) across a step-edge. The
energy-barrier to adatom hopping shows an increase by AEgs at the step-edge.

Fig. 2.8 schematically shows an adatom (blue block) atop a 2D cluster. It has one (four)
nearest-neighbor (next-nearest neighbors), with which it shares one face (four edges). The
number of nearest-neighbors increases when the adatom climbs down to the positions
marked in green (edge sites). However, in the intermediate dark-grey positions, the number
of nearest-neighbors remains constant, but that of next-nearest neighbors reduces by one.
Occupying these positions is therefore unfavorable for the adatoms. This gives rise to the
additional diffusion-barrier at the step-edges, AEzs, which is known as the Elrich-Schwoebel
barrier, or the step-edge barrier.

What hinders efficient down-climb of adatoms is the so called Ehrlich-Schwoebel (ES)
barrier [Ehrlich66, Schwoebel66], or the step-edge barrier (see BOX 2.3). Mounding
might be considered as a special case of multilayer growth, where (intralayer) surface
diffusion is operative but adatom down-climb is hindered or inhibited, due to the
presence of ES barriers [Orme98]. An example of a surface morphology consisting of
uniform mounds is shown in Figs. 2.9 (a)-(c) [Michely04]. Clusters of the first layer
provide the template on which subsequent clusters of progressively decreasing size, but
similar shape, nucleate. The similarity of cluster shapes at different levels substantiates
the fact that surface diffusion is existent.
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It is interesting to note that, with continuing growth, the slope of the mounds remains
constant. This implies that the uncovered terraces at each level have similar widths.
Regularization of terrace widths during growth has its origin also in the ES barrier. Due
to the ES barrier, adatoms impinging on a particular terrace are reflected from the
descending step (impeded down-climb) and are incorporated preferably at the ascending
step bounding the terrace.

[ 0

560nm
e

FIG. 2.9: Scanning-tunneling-microscopy-images, recorded after deposition of (a) 0.15 ML, (b) 1
ML, and (c) 5 ML Pt on Pt (111). Adopted from [Michely04]. (d) Atomic-force-microscopy
(AFM) image of a 200 nm thick GaAs(001) homoepitaxial layer, grown at Tg = 600 °C. AFM
image of a Ge(001) homoepitaxial layer (¢) 100 nm thick, grown at Tg = 155 °C and (f) 1000 nm,
grown at Tg =230 °C. Adopted from [Van Nostrand95]

The number of adatoms on a wide step is larger than that on a narrow one, merely due to
the larger surface area offered by the former. Hence, preferential attachment of adatoms
to ascending steps necessarily causes the wider steps to grow slower than the narrower
ones. This phenomenon, after an initial transient period of growth, regularizes the step
widths at each level and thereby, conserves the slope of the mounds. Interestingly, even
after long duration of growth, the hollow spaces between the mounds are not filled up.
This is because the impinging adatoms find it increasingly difficult to climb down the
multitude of steps in presence of the ES barrier [Elkinani94].
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Mounding occurs also in homoepitaxial growth of semiconductors. In Fig. 2.9 (d),
mounds on the surface of a GaAs homoepitaxial layer, grown on nominally singular
(001) substrates (o0 < 0.1°) at Tg between 550-620°C are shown [Orme94]. The mounds
in this case are elongated along the [1-10] direction. At very low values of Tg, the
mounding instability has been also observed in Ge(001) homoepitaxy. Fig. 2.9 (e) and (f)
shows mounds formed in MBE growth of Ge(001) at Tg =155 and 230 °C, respectively.
The similarity of the regular mound shapes in both images suggests that surface diffusion
is existent at both growth temperatures. The smaller size of the mounds of Fig. 2.9 (e),
compared to those of Fig. 2.9 (f), might then be assigned to suppressed surface diffusion
at a lower Tg. The fact that surface diffusion, though suppressed, is not completely
inhibited, and that the mounds have similar shapes, irrespective of the growth
temperature and epilayer-thickness, underscores the role of ES barrier in mounding
phenomenon.

The mounding instability is an inherently non-equilibrium process. It occurs only when
the evolution of the surface is dominated by kinetics rather than by the energetics. When
growth is terminated and the surface is allowed to relax to its equilibrium state by
annealing, the mounds dissolve.

2.4 Interdiffusion and segregation during heteroepitaxial self-assembly

During heteroepitaxial growth, interdiffusion processes might also occur, as illustrated in
Fig. 2.6. Being a thermally activated process, interdiffusion increases with increasing Tg.
For both GeSi/Si and InAs/GaAs heterosystems, interdiffusion occurs for typically
chosen values of Tg. Interdiffusion, and concomitant alloying of the epilayer, delays the
2D-3D transition and therefore, results in self-assembly of larger islands. This is
comprehensible following Eqn. 2.14, which, for x > 0, implies mpc.c < m. Consequently,
V. 1in Eqn. 2.13 increases and the onset of the 2D-3D transition is delayed.

300 (a) | vy ¢ @ U)) .
[al __
— = ~— 0.8
£ 200 . g *
< e % L
2 100} » 0.4} ¢
m O L 4 .
ok L ? . . | 02y ) ) -
900 600 700 800 9S00 500 600 700 800 900

T, (°C

T,..(°C) aepl )

FIG. 2.10: (a) The critical 2D cluster size for the SK transition, b, as a function of growth
temperature for Ge/Si(001) heteroepitaxy. (b) The average Ge-content of the corresponding self-
assembled islands, as a function of the growth temperature. Adopted from [CapelliniO1]

For Ge/Si heteroepitaxy, Capellini et al. investigated the Tg-dependence of the critical

island-base-size, b, (equivalent to V), beyond which 2D islands assume a 3D character
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[CapelliniO1]. The plot is shown in Fig. 2.10 (a), for Tg (Tqep in figure) = 500-850 °C.
While for Tg < 600 °C, b, remains constant and equal to 25 nm, for growth at 850 °C, it

increases to 270 nm. The concomitant decrease in Ge content of the islands is shown in
Fig. 2.10 (b).

Alloying and concomitant enlargement of InAs/GaAs(001) islands has been observed by
Joyce et al., for Tg = 420 °C. At a low Tg of 350 °C, interdiffusion is completely
suppressed [Joyce97, Belk97]. Interestingly, the amount of material consumed by the 3D
islands for growth at Tg = 350 °C corroborates well to that deposited after the occurrence
of the 2D-3D transition. For Tg > 420 °C, on the other hand, the islands accumulate
material from the underlying alloyed wetting layer, substantiated both by measurement of
their volume and composition. Based on this observation, Joyce et al. [Joyce04] consider
island formation in the InAs/GaAs heterosystem at typical values of Tg to follow a
mechanism different from classical SK growth-mode.

While interdiffusion leads to alloying, a reverse process, segregation, results in
“dealloying”. Segregation has been studied intensively in the context of InGaAs growth
on GaAs. During InGaAs/GaAs heteroepitaxy, a certain fraction, Z, of In atoms migrate
from the penultimate layer to the surface layer, possibly by site-exchange with Ga atoms.
This results in a non-uniform In-distribution within the growing epilayer. In presence of
segregation, the In-concentration of the n-th monolayer is given by [Muraki92]

x, =x,(1-2") (2.21),

where x( is the nominal In-concentration of the deposit. Within the purview of this
model, the amount of In which is not incorporated in the deposit, i.e. which forms a
floating InAs-layer at the surface is given by [Toyoshima93]

n Z y
®_ﬂoat = (nxo _le;j = 1—7 xo(l_Z ) (2.22),

For a particular value of xo, @, saturates to a value given by @j‘,’éat =7Zx,/(1-Z) . In case

of In-segregation, Z has been determined to be ~ 0.85. This implies that when x¢ > 0.31,

0., exceeds 1.8 ML InAs. This value corresponds to . for pure InAs/GaAs SK

transition. Some reports in literature claim that the critical coverage for 2D-3D transition
in ternary InGaAs/GaAs(001) heteroepitaxy essentially represents the thickness of the

InGaAs deposit for which ©% , reaches 1.8 ML, i.e. the z. for pure InAs/GaAs(001)

[Toyoshima93, Gerard92]. This idea is in variance with the argument that the SK
transition is delayed in case of ternary InGaAs/GaAs heteroepitaxy due to a reduced
lattice-misfit. Experimentally, the minimum In-content for which 3D islands have been
observed to self-assemble is xyp = 0.25 [Cullis96].

Walther et al. studied the 2D-3D transition in Ing,s5Gag7sAs/GaAs heteroepitaxy and

analyzed the composition of the resultant islands [Walther01]. According to the authors,
In-concentration increased from the base to the apex of the islands and reached a peak
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value of 0.62. The authors assigned this to In-segregation to the surface prior to islanding.
Tersoff investigated the thermodynamics of island-nucleation for alloyed epi-systems,
wherein, in addition to the surface and elastic energy terms, a term due to the enthalpy of
mixing was taken into account [Tersoff98]. The calculations revealed that dealloying by
segregation of the larger misfit component reduced the barrier to island nucleation and
resulted in In-enrichment of islands, as observed by Walther et al.

From a thermodynamic standpoint, it is intriguing to consider both segregation and
interdiffusion processes in the island growth of a particular heterosystem. During
InAs/GaAs growth, interdiffusion sets in from the very beginning of the growth. This
would not be expected if In atoms tend to segregate to the growth front. In other words, if
in InGaAs/GaAs heteroepitaxy In atoms segregate to the surface, no intermixing would
be expected for growth of pure InAs on GaAs, since both processes involve a site-
exchange mechanism. Tentatively, the discrepancy is explained by the fact that initially,
interdiffusion provides an effective channel for partial strain relaxation. However, with
increasing coverage the epi-system anticipates more efficient strain relaxation by
islanding and segregation (or, more appropriately, dealloying phase separation) is
switched on.

In conclusion, albeit heteroepitaxial self-assembly of 3D nanostructures is often assigned
to the Stranski-Krastanow equilibrium growth mode, the details of the phenomenon
reveals several peculiarities, which are yet to be fully understood.

2.5 Capping of self-assembled islands and formation of QDs

For QDs to form, self-assembled islands must be capped by the substrate (or some other
higher-bandgap barrier) material. Capping is far from a simple encapsulation process and
modifies the islands significantly [Garcia97, JoyceOl, Sonmuang03] . The main effect is
vertical truncation and lateral expansion of the islands. In the extreme case, the islands
“collapse” completely in an inhomogeneous QW-like structure [JoyceOl1].

Figure 2.11 illustrates the morphological evolution of InAs/GaAs(001) islands, during
capping with GaAs [Joyce01]. Typically, the sidewalls of self-assembled InAs islands are
bounded by well-defined facets. This leads to the characteristic RHEED pattern, wherein
the spots appear with chevron-shaped wings [left image of the inset of Fig. 2.11(a)]. The
chevron-angle is related to a particular aspect ratio of the islands, and therefore, to a
particular inclination of the sidewalls. During the initial stages of capping, the chevron-
angle reduces rapidly, which signifies truncation of islands. Vertical truncation and
concomitant lateral expansion of islands have also been directly observed by STM and
AFM [JoyceOl, Sonmuang03]. The evolution of the island-height with increasing
nominal coverage of GaAs is depicted by the plot of Fig. 2.11(a) (From in-situ STM
measurements) . The straight solid line in the plot indicates the height of the islands, (/-
heap), as would be expected if the deposited GaAs simply filled up the regions between
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the islands. The measured values decrease significantly faster. Furthermore, it is evident
that the islands collapse rapidly during the initial stages of capping. Fig. 2.11 (b) shows
the evolution of the length (measured along [1-10] direction) and width (measured along
[110] direction) of the islands with capping. A rapid increase in size, along both
directions, is observed. The size enlargement is however anisotropic and is faster along
the [110] direction.
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FIG. 2.11: (a) Variation of InAs island height with GaAs coverage, during capping. Inset: Spots
of the RHEED pattern corresponding to GaAs-cap-layer thickness of 1 ML (left image) and 5 ML
(right image) (b) The variation of the length (along [-110]) and width (along [110]) of the islands
with capping. Inset: Schematic illustration of a partially capped island, explaining how the
different parameters are defined. Adopted from [JoyceOl1]

Capping-induced truncation/collapse of self-assembled InAs islands is explained as
follows [Srolovitz89, Xie94, Barabasi97]: During capping, GaAs growth initiates
preferentially in regions between the InAs islands. This is because GaAs growth is
unfavorable atop or in the vicinity of the strain-relaxed InAs islands, due to the large
lattice misfit. Therefore, adatoms landing close to the islands migrate quickly to regions
in-between (Fig. 2.12 (a)). With progressive capping, regions around the InAs islands are
eventually filled up, due to which, compressive strain accumulates at the island-edges.
This compressive strain at the island-edges forces lateral segregation of In from the
uncapped regions of the islands (Fig. 2.12 (b)). The segregated In atoms then migrate
long distances on the GaAs cap-surface and form a continuous layer. This leads to the
observed truncation/collapse of the islands.

Theoretical calculations further reveal that due to segregation of In atoms from the
islands, and subsequent formation of a 2D InAs layer, the total energy of the epi-system
is lowered [Songmuang03]. Before capping, it is energetically favorable for In-atoms to
reside within the islands, rather than being incorporated in the wetting layer.
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FIG. 2.12: Schematic illustration showing (a) growth of GaAs between the islands during initial
stages of capping and (b) In-segregation and Ga-intermixing of islands at a later stage.

After capping partially with GaAs, the energy of the epi-system is lowered when In atoms
detach from the islands and form a complete layer (a second wetting layer) on the GaAs
surface. This is because InAs has a natural tendency to cover GaAs(001) surfaces (due to
a lower energy of the InAs(001) surface compared to that of a GaAs(001) surface
[Wang00]). This energy benefit, which is not available to the island-system before
initiation of capping, drives the segregation of In. Additionally, the possibility of strain
relaxation by alloying results in Ga-admixture of the islands.

Fig 2.13: HRTEM image of a Ge island (a) capped (by 15 nm of Si) at 300 °C, (b) capped in a
two-step process, wherein the first 30 nm of the cap layer was grown at 300 °C and the next 30
nm at 550 °C, and (c) capped (by 60 nm Si) at 550 °C. Adopted from [Rastelli02]

Rastelli et al. demonstrated for Ge/Si(001) heteroepitaxy that while capping at
temperatures above 450 °C led to truncation of Ge islands, the morphology of the islands
was completely preserved, when capped at 300 °C [Rastelli02]. Due to the reduced
temperature of capping, Ge-segregation and Si-alloying of the islands could be arrested.
However, for low temperature capping, the Si-cap was observed to follow the profile of
the QD-layer, as shown in Fig. 2.13 (a). This is possibly due to reduced surface diffusion
of Si adatoms at 300 °C. Based on the explanation given before (for capping of InAs
islands with GaAs), it is comprehensible also for Ge/Si(001) heteroepitaxy, that the Si
cap layer grow preferentially between the islands. However, this happens only when the
adatoms arriving in the vicinity of the islands are able to migrate to regions between them
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(see Fig. 2.12 (a)). In case surface diffusion is suppressed, this process is hindered, and
the profile of the islands is retained in the cap layer.

To obtain a flat cap layer, and at the same time preserve the morphology of the islands,
Rastelli et al. followed a different approach. The authors capped the Ge islands first at
300 °C by 30 nm Si, and then ramped up the temperature to 550 °C, where the rest of the
capping was performed. Fig. 2.13 (b) shows the TEM image of a Ge island, capped by
this approach. For comparison, Fig. 2.13 (c) shows another image where the whole
capping was carried out at 550 °C. It is clearly seen that by adopting the two-step capping
approach, the authors could preserve the island morphology, and also obtain a flat cap
layer.

2.6 Vertical and lateral ordering of self-assembled islands

An important factor affecting the optical performance of self-assembled QDs is the
uniformity of their size, shape, and composition. The size of a developing 3D island is
affected by the area from which the island “collects” adatoms. Therefore, island-size-
homogeneity is enhanced when the islands are periodically arranged on the growth
surface. An ordered array of islands is desirable not only to achieve size-uniformity but
also to realize novel device applications.

Growth
Direction

Fig. 2.14: Cross-sectional transmission
electron microscopy image of self-ordered
stacks of Ge islands in a 6 x (8§ ML Ge/30 nm
Si) multilayer deposited on (001) Si at Tg =
700 °C. Adopted from [Brunner02].

Typically, the intraplanar spatial distribution of heteroepitaxially self-assembled islands,
in a single island-layer, is random and devoid of any long-range order. However, when
multiple layers of such islands are grown, i.e. in so-called QD-superlattices, the island-
positions in successive layers tend to exhibit certain correlation. In both InAs/GaAs(001)
and Ge/Si1(001) QD-superlattices, islands of a particular layer nucleate directly atop the
islands of the previous layer, as shown in Fig. 2.14 [Brunner02]. For certain other
heterosystems, the direction of positional correlation is inclined at a particular angle to
the surface-normal of the QD-superlattice (growth-direction). Interestingly, both vertical
and oblique interplanar correlation of islands has been observed to induce a uniformity of
size and lateral separation of islands. Unlike the islands of the first layer of a QD-
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superlattice, which are randomly positioned, those evolving after several repetitions, tend
to exhibit a long-range intraplanar ordering.

Vertical correlation occurs also as a result of elastic strain relaxation in islands. In a
Ge/Si(001) QD-superlattice for example, consecutive Ge-island-layers are separated by
Si “spacer layers” (see Fig. 2.14). In the immediate vicinity of the strain-relaxed Ge
islands, the Si spacer layer is strained (tensile). On the other hand, in regions far away
from the islands, the cap layer is unstrained or even weakly compressively strained.
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FIG. 2.15: (a) Strain variation at the surface due to point islands buried at a depth L. (b)
Evolution of vertical and lateral ordering in a QD-superlattice wherein the island-spacing of the
first layer is (b) much smaller and (c) larger than L. Adopted from [Tersoff96]

Consequently, the strain within the subsequently evolving Ge-island-layer is not
uniformly compressive but modulated by local minima at positions directly above the
buried islands of the previous layer. Tersoff et al. studied the evolution of a 1+1
dimensional QD-superlattice in the framework of continuum elasticity theory
[Tersoff96]. According to their theory, an island buried at a depth L leads to a surface
strain g(x) at lateral position x (relative to itself), where

£(x)=C(x* + )P [1-30(x" + 1) | (2.23).

The coefficient C is proportional to the volume of the buried island and involves the
lattice misfit m and the elastic constants [Maradudin80]. The strain distribution is shown
in Fig. 2.15 (a), for an arbitrary assembly of buried islands (denoted by the arrows at the
bottom of the panel). The evolution of vertical ordering has been studied by the authors
assuming growth to be a completely deterministic process wherein, all adatoms diffuse to
the nearest island. With this assumption the island volume is proportional to the area of
its Voronoi polygon (the region closer to the island in consideration than to any other).

Considering a random distribution of islands in the first layer, with an average intralayer
island-spacing much smaller (larger) than the spacer layer thickness L, the evolution of
the superlattice is shown in Fig. 2.15 (b) (Fig. 2.15 (c)). Vertical correlation is observed
in all cases whenever the inter-island spacing is large enough for their strain fields not to
overlap.

28



EPITAXIAL QUANTUM DOTS

What is more striking is the fact that, for successive layers, the island size and spacing
become progressively more uniform. Regardless of the initial distribution of islands, the
lateral island spacing saturates to a value of 3.5L. This evolution is explained as follows:
For initial island-spacing much greater than 3.5L, new islands nucleate not only vertically
atop the buried ones, but also in spaces between them. Conversely, for islands which are
closely spaced, no distinct minimum in &x) exists above each island, due to an overlap of
the corresponding strain fields. These two opposite effects “select” out an optimum value
for the intralayer island spacing. The spacer layer thus acts like a band pass filter for the
spatial frequency, in a way that its successive application leads to regularization of the
island-spacing.

Within the purview of 1+1 dimensional Tersoff model, vertical correlation and an
induced lateral ordering of islands is well-elucidated. However, the model does not
address to the case of non-vertical or oblique correlation. Oblique correlation has been
studied extensively by Springholz et al. [Springholz98, Holy99, Springholz01].
According to their model, a// forms of inter- and intraplanar ordering of self-assembled
islands can be explained considering the elastic anisotropy of the host-lattice, in which
the islands are embedded. Considering an island to be a point stress source, the authors
determined the relative change in the strain energy density, p(7) (a parameter equivalent
to &(x)), at the surface of a buried island. p(7) is determined by two parameters namely,

(a) the elastic anisotropy of the host lattice and (b) the crystallographic orientation of the
surface. The elastic anisotropy is characterized by the anisotropy ratio

A=2cy, e, — ) (2.24),
where c;,, ¢, and ¢;, are the elements of the elastic-compliance-matrix. It is roughly
equal to the ratio of the Young’s modulus along the <111> and <001> directions. Fig.
2.16 (a) shows the variation of p(#) with 7 (measured relative to the position of the
buried island), along the [110] direction of a (001) surface. The numbers in the
parentheses are the values of 4 of the corresponding semiconductor materials.
Representative contour plots of o(#) are shown in the insets of the figures. While for II-
VI, 1II-V, and group-IV semiconductors (diamond or zinc blende crystal structure) 4 >1,
for rock-salt IV-VI semiconductors, 4 < 1. The hypothetical case 4 = 1 represents an
isotropic host crystal. It is observed that for 4 < 1, p(#) exhibits a minimum directly
above the buried island. On the other hand, for 4 > 1, p(¥) is characterized by four

minima along the <I110> directions. The depth of the minima increases with increasing 4.
The inclination of the correlation-direction to the QD-superlattice normal,a, is
determined by the position of the side minima of p(#)(in turn, dependent on 4), relative
to that of the buried point island. Figure 2.16 (b) shows, for growth on (001) surfaces, the
A-dependence of o. a increases linearly with increasing A4. If several minima are formed
on the surface, they naturally define a correlation of the intralayer island-positions.
Together with the vertical correlation, this results in 3D self-ordering of QDs in QD-
superlattices. For (001) growth and 4 >> 1, the four side minima define a preferred
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square lateral arrangement and a body centered tetragonal 3D lattice, with ABAB vertical
stacking sequence, as shown in the upper inset of Fig. 2.16 (b).
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FIG. 2.16: Variation of p(? ) with 7 (a) along [110] direction on a (001) surface. The insets

show complete contour maps of p(i7 ) versus 7, for a Si and GaAs (b) Dependence of o on 1/A

for growth on (001) surface and 4 >>1. The lower inset shows a schematic, which defines the
anglea.. The upper inset shows the 3D ordering of QDs. ((Adopted from [Holy99]).

The above model assumes the buried island to be a point stress source. However, real
islands have a finite volume, and this fact results in significant modifications to the
predictions of the model. The nature of interplanar correlation in case of real islands
depends on the ratio of the island in-plane-diameter (dgpp) to the spacer layer thickness, L
[Springholz00, Springholz01]. For dpp/L < 1, the above model holds and oblique
correlation is observed. However, for dpp/L > 1, the interplanar correlation switches back
to a vertical one.

2.7 Self-assembly of CdSe/ZnSe QDs: Previous work and current understanding

The success in fabricating and optimizing the morphological, compositional, and optical
properties of QDs of several semiconductor combinations, belonging primarily to the III-
V and group-IV families, encouraged attempts to realize similar QD-ensembles of the
wide bandgap II-VI heterosystems, like CdSe/ZnSe(001) and CdTe/ZnTe(001). QDs of
both heterosystems are characterized by luminescence in the blue-green region of the
electromagnetic spectrum (see Fig. 1.2) . Therefore, initial attempts to fabricate II-VI
QDs were aimed at realization of improved photonic devices, like low-threshold blue-
green lasers and light emitting diodes. However, several characteristic features, i.e. large
exciton binding energies, strong electron-hole exchange interaction, and strong oscillator
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strengths impart other interesting and useful properties to II-VI QDs. Recently, II-VI QDs
have gained renewed interest in the context of developing visible single photon emitters.
The first self-assembled epitaxial CdSe/ZnSe(001) QDs were grown by MBE, way back
in 1996, by Flack et al [Flack96]. Since then, considerable progress has been made in
fabricating and understanding the attributes of II-VI wide-gap QDs [Xin96, Zhu97,
Hommel97, Merz98, Ivanov98, Passow(00, Kim00, Kurtz00, Ohishi00, MaehashiOO0,
Schikora00]. However, before delving into the details of the previous work carried out in
this field, it is worth considering some material-properties of the CdSe/ZnSe
heterosystem. ZnSe crystallizes in the Zinc-blende crystal structure (azns. = 5.6684A),
similar to the III-V semiconductors. When grown on ZnSe, CdSe also assumes the same
structure (acgse = 6.05A), although the equilibrium structure of bulk CdSe crystals is
Waurtzite-like (acgse = 4.298A, ccase = 7.01A). Thus, the lattice-misfit between ZnSe and
CdSe is m = 0.067, i.e. very similar to that between InAs and GaAs. Apart from this
similarity, the two systems differ significantly in their other attributes. Firstly, the II-VI
bonds are more ionic than the III-V bonds. The Philips’ ionicity of GaAs is 0.3, while
that of II-VI compounds is between 0.6-0.7. Therefore, the II-VI compounds are more
prone to plastic deformation by formation of dislocations. Secondly, both group-II and
group-VI elements are characterized by high vapor pressures. The vapor pressure of Zn at
344 °C is ~ 107 Torr while that of Ga at 619 °C is ~ 10® Torr. Due to this limitation,
MBE growth of II-VI compounds is performed at temperatures between 250-350 °C,
which is 70-250 °C below the growth temperature of InAs on GaAs. At such low
temperatures, surface diffusion of adatoms is suppressed and growth of smooth layers
often becomes a formidable challenge. In the MBE of II-VI compounds and in
determining the morphology of the resultant surfaces, growth kinetics therefore plays an
important role.

In the first report of self-assembly of CdSe/ZnSe(001) QDs, Flack et al. demonstrated QD
formation by MBE at a growth temperature of Tg = 425 °C [Flack96]. The authors
claimed QD formation beyond a CdSe coverage of ® = 3 ML. Subsequently however,
Ivanov et al. reported QD-like 3D exciton confinement in CdSe layers of all coverages
beyond ® = 0.5 ML [Ivanov98]. Samples were grown in this case at Tg = 280 °C.
Formation of 2D QDs was directly observed by transmission electron microscopy
(TEM)', for ® = 0.7 ML [Toropov99]. With increasing CdSe coverage, the morphology
of these QDs did not change appreciably but their areal density increased rapidly. Ivanov
et al. claimed that such QDs formed in CdSe/ZnSe(001) MBE due to composition
inhomogeneity and thickness fluctuations of a ternary CdZnSe QW-like structure
[Ivanov98]. This claim was later substantiated by cross sectional TEM and composition
evaluation by lattice fringe analysis (CELFA) of the same samples [Peranio0O,
Litvinov00]. The details of the CELFA technique are beyond the scope of this thesis.
However, for the purpose of this discussion it is enough to note that the technique
provides cross sectional composition-maps based on the analysis of lattice fringes of high

" The details of the experimental techniques are presented in Chapter 3
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resolution TEM images. Color-coded composition maps of the samples fabricated by
Ivanov et al. are shown in Fig. 2.17, for different ®. Based on these images, Peranio et al.
demonstrated in [Peranio00] that the CdSe deposit formed a compositionally
inhomogeneous CdZnSe layer, approximately 3 nm thick and consisting of flat Cd-rich
inclusions. The effect of increasing ® was to enhance the Cd-content and number of such
inclusions, while the QW thickness remained practically constant.

“5nm

B Snm |

{p) i MLj (e) 3 ML

Fig. 2.17: CELFA-generated color-coded composition-maps corresponding to embedded
CdSe/ZnSe(001) QD layers, of different CdSe coverages. The numbers in the color scale
represent the % of Cd. Adopted from [Peranio00]

In the same report, it was also demonstrated that two different types of QDs co-existed in
the QD-layers, i.e. small 2D QDs < 10 nm in diameter and those which extended laterally
between 30 to 130 nm. Islands of both size groups were reported to be 2D in character.
Such bimodal distribution of QD sizes was subsequently reported by Strassburg et al.
[Strassburg00] and Kurtz et al. [Kurtz02]. The former authors claimed that the large
islands had a 3D morphology and formed in the SK growth mode, in contrast to
[ Toropov99].

Merz et al. reported in 1998 the formation of a dilute ensemble of large CdSe/ZnSe(001)
islands, based on atomic force microscopy (AFM) imaging [Merz98]. The islands were
grown by MBE at Tg = 375 °C and were observed to be ~ 20 nm in height and 35 + 5 nm
in diameter. The areal density of the QDs was determined to be as low as 2x10° cm™.
Interestingly, the authors observed a rapid decrease in the areal density and increase in
the height of islands on a time-scale of days. This was explained in terms of Ostwald
ripening, wherein large islands grew in size at the expense of the smaller ones [Lee98].
Later however, it was disputed whether the observed features corresponded to CdSe QDs
or certain SeO,-related nanostructures, since similar features and a similar phenomenon
of ripening were also observed on bare ZnSe surfaces [Smathers98, Zhang98]. Also, the
QD-areal-density measured in these samples by micro-photoluminescence spectroscopy
was found to be two-orders of magnitude higher than the areal density of islands
measured in AFM [Jones03]. Thus, it might be inferred that the QDs of the capped
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samples did not correspond (only) to the islands of the uncapped samples, observed by
Merz et al. Nonetheless, several authors thereafter have assigned similar features
observed in AFM to CdSe QDs [GrahamO04, Perez-Paz05, Lai06].

By MBE and related techniques (e.g. atomic layer epitaxy (ALE), refer to section 3.1,
Fig. 3.3), several other groups have grown CdSe/ZnSe QDs (Flack96, Hommel97,
Arai00, Maehashi00, PreisO1) at different growth temperatures, ranging from Tg = 250-
425 °C. The morphological and optical characteristics of QDs obtained in these works are
by and large similar. However, from the above discussion it is clear that the origin and
attributes of the II-VI QDs appear to be significantly different from those of their III-V
and group-IV counterparts. Several features accepted as typical indicators of QD-
formation by SK growth are not very clearly established for the II-VI heterosystems. For
example, a change from a streaky to a spotty pattern in reflection high energy electron
diffraction (RHEED), the first-hand signature of island-formation, is inconspicuous for
MBE growth of CdSe on ZnSe [Tinjod04]. Secondly, distinct islands, which might be
correlated to the QDs of a capped sample, have not been observed by AFM. Cross-
sectional TEM images of capped CdSe deposits reveal that QDs are defined by Cd-rich
inclusions of a ternary CdZnSe QW, which form almost from the beginning of CdSe
deposition [Peranio00]. Finally, in PL-spectroscopy, the red shift of the QD-emission
with increasing CdSe coverage is monotonic [Maehashi00, Rabe98]. This is in contrast to
what is known for InAs/GaAs(001) QDs, where the SK transition is manifested in a
drastic red-shift of exciton ground state energies at the critical coverage (see section 3.5,
Fig. 3.14).

Non-occurrence of distinct, 3D islands in CdSe/ZnSe heteroepitaxy has been attributed to
several inhibiting factors. Alternative routes of strain relaxation, i.e. through cation
interdiffusion [KurtzO1], low activation barrier to formation of dislocations [Tinjod03],
high surface energy cost of forming 3D nanostructures [Tinjod03], and low surface
diffusion of adatoms at typical growth temperatures [Schallenberg04], are some of them.
Indication of strong intermixing is evident from the CELFA images of Fig. 2.17. The
authors of [Peranio00] studied in detail Zn-Cd interdiffusion in CdSe/ZnSe(001)
heteroepitaxy and also segregation of Cd during capping. Both effects were found to be
particularly strong in the samples studied by them, i.e. CdSe/ZnSe(001) QD-layers grown
by ALE at Tg = 280 °C. Based on the Muraki model (Eqn. 2.21), the Cd-segregation
coefficient was deduced to be 0.6. A similar value was deduced by Passow et al., based
on high resolution x-ray diffraction (HRXRD) studies [Passow2001]. The authors
demonstrated that Cd not only segregated but also tended to desorb, when Zn was offered
to the surface of a CdSe deposit, and growth was interrupted thereafter. Similar
segregation-induced etching of Cd due to exposure of the CdSe surface to Zn flux has
been reported very recently also by Kruse et al [Kruse07].

To enhance formation of CdSe/ZnSe QDs, and also in part, to explore the nature of the
islanding process, several alternative approaches have been adopted over the last decade.
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Passow et al. argued that formation of CdSe QDs took place during capping with ZnSe
rather than during deposition of CdSe itself [Passow02]. QD-formation was assigned
phenomenologically to segregation of Cd during capping and concomitant Zn-Cd
interdiffusion, although no atomistic mechanism was discussed. The authors claimed
enhanced segregation of Cd and concomitant QD-formation when the first few
monolayers of the ZnSe cap layer were deposited by ALE instead of MBE. However, in
TEM images the islands appeared to be Cd-rich inclusions in a QW-like structure, much
similar to previous works.

Fig. 2.18: AFM image (recorded in-
situ) of CdSe islands formed by low
temperature MBE growth of CdSe and
subsequent in-situ annealing at a higher
temperature. Adopted from [KratzertO1]

Kurtz et al. reported formation of SK CdSe/ZnSe(001) QDs by using CdS as the source
of Cd [Kurtz02]. The advantage of using a CdS source was reported to be the high
sublimation temperature of CdS (650 °C) in comparison to a standard elemental Cd
source (250 °C). This was argued to result in enhanced adatom mobility, due to the larger
kinetic energy of the CdS molecules, subliming at 650 °C. However, no distinct transition
in RHEED or formation of 3D nanostructures was demonstrated. Keim et al.[Keim00],
Toropov et al.[Toropov06], and Mdck et al.[Mock01], used fractional-ML (FM) clusters
of BeSe, CdTe, and MnSe, respectively, as nuclei to enhance formation of CdSe QDs.
FM clusters of both BeSe and MnSe led to a red-shift of the PL emission of the QD-
layers, signifying, possibly, suppression of Cd-Zn interdiffusion.

In 1998, Rabe et al. demonstrated the formation of distinct 3D QDs by a technique which
combined MBE growth of CdSe at Tg = 230 °C and subsequent in-situ annealing at T =
310 °C [Rabe98]. Self-assembly of tiny, but distinct islands was clearly observed in AFM
and substantiated by sharp single emission lines in micro-PL measurements. The density
of QDs determined by both methods agreed very well. By CELFA, these islands, as well
as the CdSe layers grown at Tg = 230 °C, were found to contain up to 100% Cd
[Litvinov02]. Kratzert et al. extensively studied the morphology of these QDs by AFM
[Kratzert0O] and also determined optimal conditions for their self-assembly [Kratzert01].
Fig. 2.18 shows AFM images of such islands, recorded in UHV, before exposure of the
island-layer to ambient atmosphere. Kurtz et al. also obtained similar results,
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independently [Kurtz00]. Both Rabe et al. and Kurtz et al. observed a weak streaky-to
spotty transition in RHEED during the annealing step [Rabe98, Kurtz00].

Another unique approach was developed by Tinjod et al. in 2003 [Tinjod03], initially for
self-assembly of CdTe/ZnTe(001) QDs. The authors demonstrated the formation of large
CdTe islands on ZnTe by a method of capping a 2D CdTe layer at room temperature with
amorphous Te (a-Te), and subsequently decapping it at 220 °C. A bright and spotty
RHEED pattern was observed after desorption of the a-Te layer and well-defined islands
were observed in in-situ AFM.

Snm

Fig. 2.19: (a) Cross sectional HRTEM image of a CdSe island, formed after deposition of
amorphous-Se onto a 3-ML-thick CdSe layer and subsequent desorption. To protect the island
from oxidation, amorphous-Se was re-deposited on the island layer before removing from MBE
chamber. (b) Cross sectional HRTEM image of a similarly-grown CdSe island-layer, after
capping with ZnSe (Note that the GaAs substrate is seen at the top left corner of the Figure). Fig.
(a) adopted from [Robin2006] and Fig. (b), from [Bougerol2006]

Subsequently, the technique was applied to the CdSe/ZnSe heterosystem by the authors
[Robin05] (and independently in the framework of this work [Mahapatra06]), wherein
amorphous Se (a-Se) was deposited onto a 2D CdSe layer and subsequently re-desorbed
to induce formation of CdSe/ZnSe(001) islands [Robin06]. However, after capping with
ZnSe, these islands were also found to collapse into an inhomogeneous ternary ZnCdSe
QW-like structure [Bougerol06, Robin07]. Fig. 2.19 (a) and 2.19 (b) show cross-sectional
TEM images of a CdSe island before capping and the corresponding QD-layer after
capping with ZnSe, respectively. While a well-defined island is seen in the former
[Robin06], the later reveals a 2D layer-like structure [Bougerol07, Robin07].
Nonetheless, over the last couple of years, CdSe QDs grown by the last two alternative
techniques have shown several interesting properties.

2.8 Energy levels of confined excitons in QDs
This section describes in brief the energy levels and spin properties of carriers confined in

epitaxial QDs. Determination of the energy states of a real self-assembled QD is far from
straightforward. Many attempts have been made to deduce the energy eigenvalues
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through sophisticated numerical models, which include realistic shapes of the QDs and
the influence of strain [Pryor98, Stier99, Wang99]. The outcome of such models depends
critically on the chosen parameters of the QDs. However, for the purpose of this thesis, as
well as for a general qualitative understanding, adequate insight may be gained by
adopting the effective mass approximation. For the periodic potential of a semiconductor
crystal, Bloch’s theorem gives plane-wave-like solutions for the wavefunction of an
electron in the conduction-band, i.e.

v (F) = u, () (2.25),

where, u . (F)= u_ .(F +R), R being an arbitrary lattice vector. In the effective mass

approximation, the wave function of an electron close to the centre of the Brillouin zone
(experiencing a slowly varying potential), is represented by

v, (F)=f(Fu,,(F) (2.26),
where f(7)is the envelope function, which satisfies the Schrodinger equation
n'v?
H,f.(F)=|- T +V, () | f.(F)=E, [,(F) (2.27),

e

wherer, ,V (7)), m: ,and E, denote the position, effective potential, effective mass, and
eigenenergy of the electron, respectively, andz=h/2rx .

Self-assembled QDs in most cases are highly flattened in the growth direction (z-
direction) and the corresponding confining potential ¥, (z) is often assumed to be infinite

square well like. The QD-confining potential, within the plane of the QW (in x- and y-
direction) is chosen to be simple harmonic-like [Biolatti02], i.e.

1.
Ve(x,y)=5mew§(x2+y2); 2| < hyp (2.28),

where hgp defines the height of the QD. The energy eigenstates of an electron, confined
within a QD with effective confining potential V,(¥) =V, (z)+V,(x, y), is then given by

222
h

Ee(nxﬂny’nz):(nx—i_ny +1)ha}0+ ﬂ*—z n22 (229)7

2m,hyp,
where n, and n, are integers > 0 and #. is an integer > 1. Usually Agp is assumed to be so
small that only the n, = 1 states are considered. In epitaxially self-assembled QDs, both
electrons and holes might be confined. Each particle must then separately satisfy the
Schrddinger equation, consisting of the respective confining potential V, ,(z)+V,,(x,y).

The total Hamiltonian is given by
H,,=H,+H, (2.30),
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Fig. 2.20 shows schematically, an electron and a hole, occupying the respective ground
states, within a QD. The Figure depicts the band diagram along the growth direction (z),
for a typical QD formed in CdSe/ZnSe(001) heteroepitaxy. At the top of the Figure, a
section through a particular Cd-rich inclusion of Fig. 2.17 is also shown (rotated by 90°).

Lo |

Eqp(Cd,_7Zn Se)
E.(ZnSe)

Fig. 2.20: Schematic energy band
diagram, across a CdSe/ZnSe QD,
typically formed in MBE growth. The QD
is formed by a Cd-rich inclusion (shown
in the top panel) within a CdZnSe QW.

A 4

As mentioned before, the CdSe deposit represents a ternary Cd;_xZn,Se QW-like structure
with local Cd-rich inclusions (Cd;.,ZnySe), such that y < x. The band gap of the ternary
ZnCdSe alloy decreases almost linearly with increasing Cd-content (refer to Fig. 1.2).
Thus, the difference in the bandgaps of Cd;.xZnSe and Cd;.,Zn,Se defines V,,(2). QD-

states are formed, in the regions of the inclusions, due to the additional in-plane potential,
V,,(x,y). Above the QD-states lies the 2D continuous density of states of the QW. It

should be noted that the band-diagram of Fig. 2.20 is a simplified schematic which
assumes sharp band discontinuities by neglecting a gradual variation of Cd-content across
the ternary QW.

For electrons in the conduction band, the atomic orbital functions contained in u, ()

have s-like symmetry and thus, there is only one spin-degenerate conduction band in bulk
semiconductor crystals. Consequently, the “ground-electron-states” of the QD are

represented as ‘mf :1/2>=‘m,e =0,m; :1/2> and ‘mf =—1/2>=‘m,e =0,m; :—1/2>,
where, m;,m/,m; are the z-projections of the total-, orbital-, and spin-angular-

momentum, respectively. Due to p-like symmetry of the atomic orbital functions, for the
valence band holes, the situation is more complicated. There are three bands, namely,
heavy-hole-, light-hole-, and the split-off-band, which can “mix”. At the centre of the
Brillouin zone (I' point, £ = 0) in bulk semiconductors, the light- and the heavy-hole
bands are degenerate. This degeneracy is lifted in QDs, due to the confinement potential
and strain. For compressively strained QDs (the case of all heterosystems), the highest
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valence band states, or the hole-ground-states, are assumed to be heavy-hole-like, when
the quantization axis is taken to be z (the axis of symmetry). These states are in turn two-

fold  degenerate, and represented  as ‘mﬁ‘ =3/ 2> =‘m,” =lLm' =1/ 2> and
‘mf =-3/ 2> :‘m,” =—l,m'=-1/ 2>. The first light-hole states are similarly represented
by |m) =1/2)=|m =0,m! =1/2) and|m| =—1/2)=|m/ = 0,m! =—1/2).

When confined within a QD, the electron and the heavy-hole inevitably bind together via
the Coulomb interaction and form an exciton. The Hamiltonian of a confined exciton
therefore reads

Hexcit(m = He + Hh + HCoulomb (23 1)9

H,oms » 10 turn, has two components, the “direct” and the “exchange” parts. The direct

part of the Coulomb interaction is given by [Takagahara(00]

2 2

‘//h(;h)

Direct  __ 3 3 —
HC(ml()mb - 5,”@ meé‘mi’,mi’jd reJ-d rh !//e(re)

7

(2.32),

EE, |1, —Th

where, & and ¢, are the permittivity of vacuum and the relative permittivity of the QD-
forming semiconductor, respectively. This term gives rise to the exciton “binding
energy”’. An exciton might be formed even in macroscopic semiconductor crystals due to
Coulomb binding of an electron and a hole. Such an exciton occupies Hydrogen-like
quantized states, characterized by a (excitonic) Bohr radius a.,, given by

ex

2
Taf 509 5 A
me m_/m,

(2.33),
where m, =m_,m, /(m, +m,)and m,, the free electron mass. When the size of the QD is

smaller than a.,, the quantized states are determined by H, and H;, with He,u0ms acting as
a small correction to the energy eigenvalues. This is known as the strong confinement
regime. In the opposite case, the Coulomb interaction determines the quantization energy.
This is known as the weak confinement regime. In CdSe, a,, is ~ 5.3 nm [Nirmal94].

The z-projection of the total angular momentum of an exciton is given by
‘mJX :mj+mf> Therefore the exciton states are represented by the basis set

‘mf =1>, m; :—1>, m; :2>,

‘mJX = il> couple to the light field, while those with ‘mJX = i2> do not. Thus, the former

mf =—2>. In optical spectroscopy, the exciton states

are known as bright-, while the later as dark-exciton states.

The exchange part of the Coulomb interaction, which stems from the antisymmetry of
fermionic wave functions under exchange of particle label, is given by [Takagahara00]
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2
_e % — —_—
e ﬂ—»‘% (rm)w,(rn) (2.34).

Exchange __ 3 3 * -
HCoulomb - 5 f,mjfé‘mj,mfjd re_[d rhl//e (Ve)l//h (re)

glr,—rn

Substituting l//e(;e) from Eqn. 2.26, and an equivalent expression for y, (r1), in Eqn.

2.34, the exchange term reads,

Hemions =0, 0, s [ AT J A0S COLL (S )1 ()

J>

1 ¢ oaop st (Fe 1, (re+r)eu, (rn +ri), (ra + 1) (2.35).
;jd I"ejd I’h . . . .
= = = 808rre+re_rh_rh

The integral in the second line can be decomposed into two parts, i.e. a short range
exchange interaction (7, =r;) and a long range exchange interaction (7, #r). In the

-1),]2),

basis set of exciton states {|+1>,

—2>, ¥, HEY can be expressed in the

matrix form as [Bayer00, Bayer02]

1| +A, +A 0 0
HExchange - 1 0
Coulomb 2 0 0 _AO +A2 (236)
0 0 +A, -A,

The non-zero terms in the matrix lifts the degeneracy of the four basis states, depending
on the symmetry of the QD. For a QD with rotational symmetry about the z-axis
(symmetry group D;z), A=A, #0 and A =0. A, lifts the degeneracy between the

|i 1> and |i 2> states, i.e. the bright and the dark states, while, A,mixes the two dark

states. For a QD which is not symmetric about the z-axis, all three terms are non zero.
Therefore, in addition to the two effects mentioned above, the bright states are also
mixed. The scenario is presented in a tabular form in Table 2.1 [Flissikowski04].

Finally, in presence of a magnetic field B, two new terms due to the Zeeman interaction
and the diamagnetic effect should be included in the Hamiltonian, which then reads

_ Direct Exchange
H - He + Hh + HCoulomb + HC(mlomb + H + HDiamag (237)

exciton Zeeman

However, the details of these two terms are beyond the scope of this thesis and are not
discussed here.

. X
¥ For convenience, “m = ” has been removed.
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D2d < D2d

Eigenenergy  Eigenfunction Eigenenergy  Eigenfunction

1 1 1

il - - 1
5 [+1 Mty $(|+1>+|—1>)

1 1 1 1
+5Ao |_1> +5A0_5A1 $(|+1>_|_1>)

11 1 Ly 1L _
_EAO +§A2 $(|+2>+|—2>) _EAO +5A2 \/5(|+2>+| 2))

1 1

1 1 — |- 1 1 —(|+2)—|2

8= h, ﬁ(|+2> -2)) 8= h, ﬁ(| )=1-2)

Table 2.1: Eigenfunctions and eigenenergies of the exchange-Coulomb Hamiltonian for a
symmetric (D,4) and an asymmetric (< D,q) QD.

In the discussion so far, only single-exciton states have been considered. However,
several other charged and multi-excitonic complexes might be confined within QDs. Two
of them, studied extensively in the past, are the “trions” and the “biexcitons”. The
complexes are shown schematically in Fig. 2.21, along with an exciton.

Exciton (X) (-)ve Trion (X ) (+)ve Trion (X 1) Biexciton (XX)
le'lh! 1e?1h! lel1h? 1e%1h?

——

og

«>

—O—Q—
—o—- 000 9

<«

Fig. 2.21: Schematic representation of an exciton (X), a negative trion (X'), a positive trion (X),
and a biexciton (XX)

A trion is a charged complex composed of either two electrons and a hole or two holes
and an electron. The former is known as a negative trion and is labeled as X', while the
latter is known as a positive trion and labeled as X . A trion may be considered as an
exciton bound through Coulomb interaction to an additional electron (X") or an additional
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hole (X"). The (trion) binding energies can be determined in PL-spectroscopy (see section
3.5). Patton et al. have reported trion binding energies for epitaxially self-assembled
CdSe/ZnSe(001) QDs in the order of 15-22 meV [Patton03].

A biexciton is a complex formed due to Coulomb binding of two excitons. Since it
involves two electrons and two holes, the biexciton is a neutral complex. It is labeled as
XX. Due to the Coulomb interaction, the ground state energy of a biexciton is smaller
than twice the ground-state-energy of an exciton. The difference is denoted as the
biexciton binding energy (BBE). In self-assembled epitaxial CdSe/ZnSe(001) QDs, BBE
values ranging between 19-26 meV [Patton03, Lowisch99] have been measured. In QDs,
other multi-excitonic species, such as negatively-charged biexciton (lezlh22e1 (XX)) etc.
have also been detected.

Summary

In summary, this chapter addressed primarily to the different mechanisms by which self
assembled nanostructures might be obtained in epitaxial growth, or more specifically in
molecular beam epitaxy. Examples were taken from different well-studied homo- and
heteroepitaxial systems to elucidate several instabilities in MBE growth and to present a
few of the self-assembled morphologies which result thereof. The field of QD-self
assembly in the wide-bandgap CdSe/ZnSe heterosystem was also reviewed. Finally, the
energy states of self-assembled epitaxial QDs and the properties of confined excitons and
multi(charge)-excitonic complexes were presented in brief.
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Tools and techniques for sample
preparation and characterization

This chapter presents the MBE system used for growth and the different tools used for
characterization of the samples. The fundamental principles underlying a few of the
characterization techniques are explained in considerable detail.

3.1 The MBE apparatus

In MBE, epitaxial growth of materials occurs due to chemical interaction of one or more
molecular (or atomic) beams of different compositions and fluxes, at the surface of a
single-crystalline substrate maintained at a definite temperature. The schematic diagram
of a typical MBE apparatus is shown in Fig. 3.1. The atomic/molecular beams are
generated by sublimation of ultra-pure, solid sources in ultra-high vacuum (UHV) (~ 10
" Torr). To reach the required UHV conditions, the MBE chamber is provided with
UHV pumps, i.e. cryo-, titanium-sublimation-, and ion-getter pumps. The pumping
efficiency is further enhanced by creating liquid-Nitrogen (LN;) cryogenic traps around
the inner wall of the chamber (bottom part). The solid sources are heated within
resistively heated Knudsen effusion cells. The cells are surrounded by a LN, cooled
shroud to avoid radiation cross-heating of neighboring cells. Each cell is provided with a
shutter, the position of which prevents or allows impingement of a particular beam to the
substrate surface. Individual cells are heated to the required sublimation temperature by
DC power supplies, controlled by PID feedback loops.
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FIG. 3.1: Plan view of a MBE chamber (RIBER 32 design).

The substrate, glued or clamped to a molybdenum block, is transferred to the chamber by
the transfer manipulator and mounted on a heater, held by the substrate manipulator. The
substrate manipulator is capable of rotating the substrate into or out of the beam fluxes
(see the direction of rotation indicated for the substrate manipulator). The beam fluxes are
measured by the flux monitor, attached to the substrate manipulator on the side opposite
to the substrate heater. The temperatures of both the substrate and the effusion cells are
measured by suitably placed thermocouples. The chamber is provided with several ports,
used either as windows to monitor different processes or to mount instruments for real-
time measurements, like RHEED.

The MBE cluster of EP3, Universitidt Wiirzburg, is shown in Fig. 3.2. Six MBE chambers
(denoted by CMT, CT, GaAs, ZnSe, MnGaAs, and NiMnSb) are interconnected through
an ultra-high-vacuum (UHV) transfer module (base pressure: 1-2x10™° Torr).” For the
purpose of this work, III-V layers (mostly GaAs) were grown in the RIBER 2300
(RIBER 32 design), horizontal MBE chamber labeled as “GaAs”. The GaAs chamber is
equipped with sources of elemental Ga, Al, Sb, In, Be (for p-doping), Si (for n-doping),
and As. For As, a special valved cracking effusion cell (VEECO EPI 500 V-S) is used.
All II-VI layers, except those described in Chapter 7, were grown in the chamber denoted
by “ZnSe”. The ZnSe chamber is equipped with effusion cells of Zn, Cd, Mg, Te, Se,
ZnS, Mn and Al. For the samples of Chapter 7, the II-VI layers were grown in the other
II-VI chamber labeled as “CT”. This chamber is equipped with a valved cracker cell for
Se. The heating and cooling of the effusion cells, as well as the movement of the shutters,
can be regulated manually or in remote mode, via a computer.

All samples investigated in this thesis were grown on epi-ready GaAs:Si(001) substrates
(Wafer Technology Ltd., UK), with miscut-angles, a = £0.1° (direction not specified).

" Currently, the MBE cluster is being modified.
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Typically, a quarter of a two-inch wafer was used for most samples. The substrate-piece
was glued with molten Indium on a Molybdenum block and inserted into the load-lock of
the UHV system (denoted by Schleuse on the right hand side of Fig. 3.2). After pumping
down the load-lock to a pressure below 1x107 Torr, the sample was transferred to a
heater, where it was degassed for 20 minutes at 300 °C. The degassed substrate was
subsequently transferred to the GaAs MBE chamber for initiation of epitaxial growth.

Al
Mn Cd Zn ZnCl

CMT CT GaAs Metallisierung eS¢ ZnS Me

(MCdTeCdl Cd As Se Mo Cd N Si Sb Be
(Mg Cd Te Hg Te Be Zn Znl| Al In Ga As

= -
U Ausheiz-
8.4/ station

4

> Transportbox
Anal
SR NiMnSb

FIG. 3.2: Plan view of the MBE cluster of EP3 at the University of Wiirzburg.

Epitaxial growth might be performed either by conventional MBE or by some simple
variants such as atomic layer epitaxy (ALE) and migration enhanced epitaxy (MEE). The
three approaches essentially differ in the mode in which different fluxes are offered to the
growing epi-surface.

—A
— B
-~ QPEN

o — T - OPEN
(b) |_| ‘1 |_||—- \‘ ALE FIG. 3.3: Delivery (shutter
- CLOSE

movement) sequence during (a)

777777 L I_I “ L ~~---- OPEN MBE, (b) ALE, and (c) MEE

growth

In conventional MBE of a binary compound AB, A and B are co-deposited. Both shutters
are kept open during the entire interval of growth, as shown in Fig. 3.3 (a). In ALE, A
and B fluxes are offered sequentially to the growth front, with intervals of “interrupted-
growth” in between (Fig. 3.3(b)). Ideally, each cycle of ALE leads to the growth of a
single ML of AB (An A-atomic-layer plus a B-atomic-layer). When deposited
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sequentially, A-adatoms equivalent to only a single atomic layer are strongly
chemisorbed to the underlying B-atomic-layer, and vice versa. Excess A-adatoms are
only weakly physisorbed to the freshly-deposited A-layer and desorb back to the vapor
phase, during the subsequent interval of growth interruption. Thus, when the substrate
temperature and the durations of delivery of the different fluxes are appropriately chosen,
ALE results in growth of a single ML per cycle.

In MEE, one of the species is delivered continuously while the other in short pulses (Fig.
3.3(c)). Here, the rationale is to provide enough time for the migration of the pulsed
species to energetically favorable sites before incorporation to the growing crystal. Thus
MEE enables growth of layers smoother than those grown by conventional MBE.

Details specific to the epitaxial growth of different layers of the samples are presented in
the corresponding chapters.

3.2 Reflection high energy electron diffraction (RHEED)

RHEED is a tool to probe the structure and chemistry of an epi-surface, during epitaxial
growth (real-time). Further, it provides information on the nature of epitaxy and allows
determination of the growth rate. As the name suggests, RHEED is a diffraction
technique, wherein a beam of high energy electrons are diffracted by the surface lattice of
an epilayer. The necessary elements, i.e. an electron gun to generate a beam of electrons
(with accessories for focusing) and a fluorescent screen to record the diffraction pattern,
are integrated to the MBE chamber in suitable ports (see Fig. 3.1). Typically, a beam of
electrons, with energy ~ 20 keV, is directed to the epi-surface at a glancing angle (1°-3°).
Due to the glancing incidence of the primary electron beam, RHEED is sensitive only to
a few atomic layers at the surface.

The diffraction condition, according to the kinematical scattering theory, is given by

— —

k—k =G (3.1),

l e

where lgl. and /Ze are the wave-vectors of the incident and the diffracted electron beams
E|-JE.
and the diffraction condition can be cast into the geometrical construction of the Ewald
lgl.‘ =785nm"'. This value is

andG , a reciprocal lattice vector of the diffracting crystal. For elastic scattering,

sphere in reciprocal space. For a beam energy of 20 keV,

about 70 times larger than the reciprocal lattice unit of most semiconductor materials.
Consequently, the Ewald sphere in RHEED produces a planar cut through several points
of the reciprocal lattice. All these points satisfy Eqn. 3.1 and produce a diffraction pattern
on the fluorescent screen. The situation is depicted schematically in Fig. 3.4 (a) (Top
view). Due to the small penetration depth of the electron beam, RHEED is insensitive to
the periodicity of the epilayer in the direction normal to the surface (z-direction)
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Consequently, the reciprocal lattice points (RLP) of the plan view translate to 1D rods in
side-view (Fig. 3.4 (b)). The Ewald sphere cuts through every rod and the resultant
pattern consists of equi-spaced streaks, as shown for a Se-terminated ZnSe surface in Fig.
3.4 (c). The streaks exhibit a finite thickness due to lattice imperfections and thermal
vibrations, and also due to the fact that the Ewald-sphere-periphery is broadened by
electron energy spread and beam divergence. The streaks, or equivalently the reciprocal
rods, are labeled with the surface Miller indices (hk), where h and k are integers.
However, additional streaks, between the labeled ones, are seen in the image. The origin
of these streaks is in surface reconstruction (see BOX 3.1).

Ewald Sphere /
(a) i =

02 |
(01)
(00)
(0-1)
(0-2)

Screen

b Reciprocal rods | : /
—

FIG. 3.4: Schematic illustration of the RHEED geometry in (a) top and (b) side-view, along with
a section of the surface reciprocal space. (¢) Streaky RHEED image, recorded along the [110]
direction, from a Se-terminated CdSe surface. The streaky pattern is a signature of a smooth layer
which results in quasi-true-reflection diffraction (d) Spotty RHEED image from a surface
consisting of three-dimensional CdSe islands. The islands act like surface asperities and result in
transmission-reflection diffraction (see text). (a) and (b) adopted from [Hernandez-Calderon83]

The diffraction process in RHEED is not a true reflection, as has been implicitly assumed
in the previous discussion. Most epitaxial surfaces are rough to certain extent and the
diffraction pattern is produced in transmission through the surface asperities. This
transmission-reflection condition results in formation of spotty features superposed on the
streaks. In the extreme case, where the surface consists of a high density of 3D
nanostructures, the streaks disappear completely and a spotty pattern emerges, as shown
in Fig. 3.4 (d). The transition from a streaky to a spotty RHEED pattern serves as a
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signature of island formation during lattice mismatched heteroepitaxy and allows
determination of the critical thickness, ..

BOX 3.1 Surface reconstruction

The energy of a crystal surface depends on the density of unsaturated “dangling” bonds of
the surface atoms. Thus, surface energy is reduced when surface atoms bind together and
reduce the density of such dangling bonds. Bonding of surface atoms results in what is
known as reconstruction of the surface. An example is shown in Fig. 3.5.

O O O

@ se-Top-layer
@® 7now layer

O Se3layer

[-110]

3OO0 0

[110]

-© O

Fig. 3.5: Schematic top view of Se-terminated ZnSe surface. The surface-Se atoms dimerize
along the [110] direction, leading to doubling of the lattice-constant. Consequently,
additional streaks are observed in RHEED along the [110] azimuth.

On the Se-terminated ZnSe (100) surface, Se atoms dimerize along the [110] direction. The
resultant reconstructed surface lattice is characterized by a lattice parameter, along the [110]
direction, twice as large as that of the unreconstructed surface, causing additional rods to
appear in the reciprocal space. Along the perpendicular [-110] direction, the lattice
parameter remains unchanged and the corresponding reconstruction is labeled (2x1). More
complicated reconstructions are known for other (hetero)epitaxial surfaces, which occur due
to periodically missing dimer rows.

RHEED also provides information on the nature of epitaxial growth. When epitaxy
proceeds in the layer-by-layer mode, by nucleation, growth, and coalescence of 2D
clusters, the intensity of the specular reflection (the point S in Fig. 3.4 (a)), exhibits an
oscillatory behaviour, with the period of oscillation corresponding to the growth of a
single ML. The evolution of the specular spot intensity (SSI) for growth of 1.5 ML of an
arbitrary epilayer, in the layer-by-layer mode, is illustrated in Fig. 3.6 [Joyce86]. At the
beginning and end of the deposition of a particular monolayer, i.e. for coverages ® =0, 1
ML ... etc., the SSI is at its maximum. For intermediate ©®, the reflectivity falls, and
passes through a minimum for ® = 0.5 ML, 1.5 ML...etc. In real growth scenario, ideal
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layer-by-layer growth never takes place and the growth-front always consists of some 2D
clusters. This results in damping of the oscillations. If multilayer growth takes place, i.e.
by formation of multiple incomplete atomic layers (see section 2.3, Fig. 2.9), the surface
consists of a high density of asperities. In this case, the oscillations are completely
damped and the SSI profile exhibits an exponential decay. Typically, this occurs for low
growth temperatures, where surface diffusion is strongly suppressed, or in presence of
strong ES barriers.

.
LS

%1 ML M= 1.25 M1,

Fig.3.6: Evolution of the surface during layer-by-layer epitaxy (horizontal panels) and the
corresponding changes in the RHEED SSI profile (vertical panels). Adopted from [Joyce86]

Interestingly, SSI oscillations die out also for very high growth temperatures. This occurs
when the adatom diffusion lengths become comparable to or larger than the separation of
the surface steps (see Box 2.2, Fig. 2.4). Growth in this case does not occur by nucleation
and coalescence of 2D islands but by incorporation of adatoms at the surface steps. This
growth mode, known as step flow growth, has proven to be beneficial for fabrication of
ultra-smooth surfaces and interfaces.

3.3 X-ray techniques

(a) High resolution x-ray diffraction (HRXRD)

Like RHEED, HRXRD is also a diffraction technique and therefore, the fundamental
working principle is governed by Eqn. 3.1. However, instead of generating a diffraction
pattern, HRXRD records the diffraction intensity at a particular RLP. The information
obtained from HRXRD concerns the composition and uniformity of epitaxial layers, their
thicknesses, the built-in strain and strain relaxation, and the crystalline quality related to
their dislocation density and mosaic spread. Furthermore, interfacial phenomena, like
interdiffusion and segregation, can also be probed in certain circumstances.
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FIG. 3.7: Schematic illustration of the geometry of HRXRD in reciprocal space (main Fig.) and
real space (inset) The configuration of the incident and diffracted beams, along with the
respective Ewald “circles”, is shown (in blue) for the symmetric 004-RLP and (in grey) for the
asymmetric 113-RLP.

The diffraction geometry of a conventional diffractometer is shown in Fig. 3.7. The
shown sample is assumed to be a fully strained (pseudomorphic), 100 nm thick, ZnSe
epilayer on the (001) surface of GaAs. Short wavelength x-rays (typically Cu K,; with
wavelength Ay = 1.54 A) are diffracted by the lattice planes of the sample crystal. Albeit
the figure depicts diffraction from two sets of lattice planes, namely those with Miller
indices (004) (shown in blue) and (113) (shown in grey), the following discussion is

—

restricted to the former case only. For the (004) planes, the reciprocal lattice vector, G, ,
points outwards parallel to the surface normal and the corresponding RLP lies on the
[001] axis. This geometry is known to be symmetricft In Fig. 3.7, the RLPs are denoted
by filled and open circles, for the GaAs substrate and the ZnSe epilayer, respectively.
Being compressively strained, the ZnSe epilayer is tetragonally distorted. Its lateral lattice
constant, a,,, is similar to the bulk lattice constant of GaAs, acaas. Therefore the lateral
coordinates of the ZnSe and GaAs RLPs coincide. On the other hand, the vertical lattice
constant of the strained ZnSe epilayer is given by

i I+v
aZnSe = aGaAs 1 + 1_ mZnSe—GaAs (3 2)9

where, mz,se.caas 18 the lattice-misfit between GaAs and ZnSe (0.0027) and v the Poisson
ratio of ZnSe (0.376). Since aZlSe> AGads, the vertical coordinates of the ZnSe RLPs are

 When the chosen RLP does not lie on the [001] axis, as in the case of the 113-RLP, the geometry is
known to be asymmetric.
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smaller that those of GaAs. When the angle of incidence, w;, of the primary beam (lgl.)
and the exit angle, w,, of the diffracted beam (lge) are so adjusted that Eqn. 3.1 is satisfied

for a particular reciprocal vector G,,,, the diffraction intensity exhibits a peak. Another

angle of importance is the so-called angle of diffraction, €. By definition, & is the angle
subtended by the diffracted beam on the corresponding lattice planes, and is related to ;
and o, as

0 +w,=20 (3.3).

For the symmetric geometry, i = ®. = 6. 6 appears in the well-known Bragg’s law of
diffraction, which is essentially Eqn. 3.1 cast in terms of real-space parameters and is
given by

2asin@

Ay =—F—== 4
ST G

where, Ay is the x-ray wavelength and (4k/) represent the Miller indices of the diffracting
planes, or in other words, the co-ordinates of the RLP, and a the lattice parameter of the
crystal under investigation. To record a (004) diffraction pattern, the diffraction geometry
is first adjusted around the (004) RLP of the GaAs substrate (using Eqn. 3.3 and with
aca4s known a priori) and then angular scans are performed to trace the diffraction peaks.
Angular scans across a RLP can be performed in three different directions as follows: (a)
tangential to the reciprocal lattice vector (along the green dotted arc), by changing w; in
small steps, while keeping . fixed, (b) along the circumference of the Ewald “circle”
(along the red dotted arc), by keeping ; fixed and changing ®. stepwise, and (c) along
the reciprocal lattice vector, by changing both ®; and . in steps of equal size. The three
scans are traditionally known as ®-, 26-, and ¢-268 scans. It is easy to imagine that for the
(004) RLP, a 6#-268 scan would reveal diffraction peaks for both GaAs substrate and the
ZnSe epilayer’, when performed over an adequate range. An ideal (004) 6-20
diffractogram for the sample considered here is shown in Fig. 3.8 (a). The intensity (in
counts/sec) is plotted versus ®/6. From the angular separation, A, between the ZnSe and
GaAs peaks, a, ¢, can be determined using Bragg’s law (Eqn. 3.4).

The diffraction peaks of ZnSe and GaAs in Fig. 3.8 (a) are superposed on a background
of oscillating intensity. These are known as the thickness fringes, since they allow
determination of the epilayer thickness, based on the Eqn. [Bowen98]

AD — Ay sinw,

’ o, sin26

(3.5),

where A, is the angular separation of two consecutive extrema.

¥ For typical thicknesses of epitaxial structures (< a few um) X-rays penetrate the substrate without
significant absorption or extinction, provided ; is sufficiently large.
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FIG. 3.8: An ideal (004) 6-26 diffractogram of a 100-nm-thick, pseudomorphic ZnSe layer on
GaAs(001) substrate. The inset shows the sample structure. The diffraction peaks due to ZnSe
and GaAs are separated by A@ and the thickness fringes by A6,

(b) X-ray interferometry (XRI)

When the epilayer relaxes plastically by formation of dislocations, the thickness fringes
disappear and the diffraction peak of the layer is broadened (both in ®- and -2 scans).
On the other hand, thickness fringes are not clearly discernible below an epilayer-
thickness of ~ 60 nm. Thus, a simple HRXRD pattern does not help to determine the
thickness of a highly strained epilayer, where only a few MLs can be grown, before
plastic relaxation sets in. In this case, an alternative technique, known as X-ray
interferometry (XRI), serves as a powerful tool. An epitaxial structure, wherein a thin
layer of composition A (for example, CdSe) is sandwiched between two thick cladding
layers of composition B (for example, ZnSe), serves as a Bragg-case interferometer for
short wavelength x-rays. A typical sample is schematically depicted in the inset of Fig.
3.9. Due to the different lattice constants of CdSe and ZnSe, a phase shift is introduced
between the x-rays diffracted from the bottom- and the top-ZnSe layers. The phase shift
results in a modulation of the thickness fringes of the recorded diffractogram, the pattern
of which depends on the thickness of the CdSe layer. Ideal (004) diffractograms of two
structures, with 6 and 12.032A of CdSe, sandwiched between two 50-nm-thick ZnSe
layers, are shown in the main panel of Fig. 3.9 (in green and red, respectively). For
comparison, the (004) diffraction pattern of a 100-nm-thick ZnSe layer is also shown (in

52



TOOLS AND TECHNIQUES

blue). To explain different aspects of the diffractogram (of the sandwich structure) it is
helpful to consider the intensity of the scattered waves, which, according to the kinematic
theory, is given by [Holloway90]

I =[sin® N,@+sin’ N, ¢+ 2sin N gsin N,#cos(N, + N, +2)¢]/sin’ ¢ (3.6),

for the general case where Nz and N7 planes of A are separated by a B-layer of thickness
nas+Ad, where ay is the lattice constant of A and #n, an integer. ¢ = (27/Ax) a4 sin@ and ¢
= Ad/ay. When Ad = 0, i.e. when the B-layer-thickness is an integral multiple of the
lattice-constant of A, Eqn. 4.4 changes to

I =[sin’ N,p+sin’(N, + N, )¢ /sin’ ¢ (3.7).

This is equivalent to the scattered intensity collected from a standard layer of A with
(Npt+N7) planes, i.e. in absence of the separator B-layer, and is known as the in-phase
condition. Ad# 0 represents the out-of-phase condition. In the extreme case, when Ad =
(1/ng)an (ng= N(h*+k’+1°) being the order of diffraction),

I =[2sin’ N,® +2sin’ N,® —sin’ (N, + N, )®]/sin’ @ (3.9),

with ® = ¢-nyr, expressed relative to the Bragg condition, where ® = 0. When Ny =N;=
N, Eqn. 3.8 simplifies to

I =sin* N®/sin” ® (3.9).

The corresponding diffractogram is characterized by a double peak structure. The
position of the notch corresponds to that of the diffraction peak corresponding to 2N
layers of A, without the separator-B-layer. The second noteworthy feature is that the
pattern repeats, irrespective of the thickness of the A layers, when the B-layer thickness
increases by multiples of a4/n,. In the above ideal case, misfit induced strain has not been
considered. For the (004) diffraction of the interferometer considered here, i.e. thick ZnSe
layers separated by a thin CdSe layer, the vertical lattice constants should account for the
misfit-induced strain. In this case the diffraction patterns would coincide for thickness-
change of the CdSe layer, given by

Ad = aé"&! (1 + ménSe—CdSe) (3 10)

1
M yse_case

where m ¢, cus. = (@5, — Aoss.)/ @, - For CdSe/ZnSe heteroepitaxy, Ad = 12.032A (n, =

4). Therefore, this thickness results in the first in-phase diffractogram, which coincides
with that of a pseudomorphic layer of pure ZnSe.

Typically, the recorded diffractograms are fitted with simulated profiles, generated for

different thicknesses of the CdSe layer. The relative intensity of the two subsidiary
maxima depends strongly on the CdSe-layer-thickness. The precision of the technique is
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illustrated in the inset of Fig. 3.9, where the patterns corresponding to Ad = 5, 6, and 7 A
are shown (Enlarged sections around the subsidiary maxima). Clearly, sub-ML variations
of the amount of deposited CdSe can be detected by this method. Another advantage of
the method is in its insensitivity to the morphology of the separator layer, i.e., whether it
is a smooth 2D layer or an ensemble of 3D QDs. However, if the density of QDs is very
low, such that the 3D features do not contribute to coherent diffraction, then the
determined thickness would correspond only to the wetting layer beneath the islands.
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FIG. 3.9: Ideal (004) diffractograms of a “Bragg-case-interferometer” (schematically shown in
the left inset) consisting of 6 and 12.032 A thick CdSe layers, sandwiched between two 50-nm-
thick, pseudomorphic ZnSe layers. The whole heterostructure is pseudomorphic to the underlying
GaAs(001) substrate. The (004) diffractogram of a 100 nm thick ZnSe/GaAs(001) layer is also
shown. The right inset shows an enlarged view of the subsidiary maxima, simulated using
different thicknesses for the CdSe layer.

(c) Glancing incidence x-ray diffraction (GIXRD)

Finally, another x-ray technique which has emerged in the recent years as an excellent
tool for evaluating the strain, shape, and composition of self-assembled islands is
glancing incidence x-ray diffraction (GIXRD). In GIXRD, the primary x-ray beam is
directed to the sample-surface at a glancing angle «; smaller than the angle of total
external reflection for the substrate, ¢, (0.31° for GaAs) (Fig. 3.10 (a)). This makes the
technique sensitive to a region within 5 nm from the surface (in contrast to conventional
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HRXRD). The diffracted beam is collected by a position sensitive detector (PSD), for a
large range of detector angles, a, (see the detector geometry).

In GIXRD, the diffraction from planes perpendicular to the substrate surface, i.e. those
with Miller indices (hk0O) are recorded. Therefore, the in-plane components of the

incident and the diffracted k-vectors, i.e. lgl.’[ and /Ee,[ , must satisfy the diffraction condition
(Eqn. 3.1). Often intensity maps around a particular RLP, the so-called reciprocal space

maps (RSM), are recorded.” This is done by rotating the sample around its surface
normal (the angle ¢ in Fig. 3.10) in small steps Ag, and recording £-26 scans at every

step.
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FIG. 3.10: (a) Schematic illustration of GIXRD. (b) The QD modelled as iso-strain disks of
different radii r(z) at different heights z.

The co-ordinates of the RSM are defined by the vectors Q, = IQQ’D —lgl.,[ and Qa, which is

perpendicular to Q, . Their magnitudes are given by

0, =j—”sin9, and |0,| =|0,|sin(Ap) 3.11).
X

To evaluate information about the shape and strain of the islands from the recorded
RSMs, the iso-strain model, developed by Kegel et al. [KegelO1], is used. Moving from
the base to the apex of a self-assembled island, for example InAs/GaAs(001), the lattice
spacing of a chosen set of vertical planes ((2-20) in Fig. 3.11) varies continuously, due to
elastic strain relaxation [Krause05]. This leads to a continuous intensity distribution in the

" RSMs can also be recorded in conventional HRXRD geometry. For a RSM around the 004-RLP, o is
varied in small steps and at each position a £-28scan is recorded.
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(b) shows a line-scan along Qr at ‘Qa‘ =0 and along Qa for two different values of ‘Q‘ .
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(Fig. 3.11(a)). Fig. 3.11

RSM, between the radial positions ‘Qr‘ = \éf_“;g

The iso-strain model divides an island into slices of equal strain (iso-strain slices) at

different heights z, across which Q is constant (Fig. 3.10(b)) [KegelO1]. The radius,
r(z), of a particular slice is obtained from the intensity profile along the Qa direction at
- - . 2
the corresponding value of‘Q,‘ .Itis given by I(|Q.|, r) = ‘F (Q.|,r)| , where
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FIG. 3.11: (a) RSM recorded from an InAs/GaAs(001) QD layer around the (2-20) RLP. (b) A

0 |=0 and two Qa -line-scans for two different values of ‘Q‘ .

0,
(c) a.-dependence of the diffracted intensity. Adopted from [Krause05].

—

Q. -line-scan across the RSM at

B 2xr

) =

F( 0,

Qa J\(r

) (3.12),

—

a

and J;(x), the Bessel function.

Finally, the height z of a particular slice is calculated from the a.-dependence of the
intensity, shown in Fig. 3.11(c). z is related to the maximum of the plot, cmax, by the
relation

Z=‘~ €08 (3.13),

0,

, "(z), and z, the shape, and

Based on the three independently-determined parameters,

the strain-status of an island are determined.

For the purpose of this work, GIXRD measurements were performed at the synchrotron
beamline BW2 of HASYLAB, Hamburg. Data presented in this work have been recorded
and analyzed in detail by Kumpf et al. [Kumpf07]
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3.4 Atomic force microscopy

Atomic force microscopy (AFM) belongs to the family of scanning probe microscopic
techniques, developed in 1981 by Binnig, Rohrer, Gerber, and Weibel [Binnig82,
Binnig87]. AFM allows mapping of the surface topography of all kinds of materials, i.e.,
metals, semiconductors, and insulators. A schematic of an AFM is shown in Fig. 3.12 (a).
It essentially consists of a micro-cantilever with a sharp tip (probe) at its end, which is
used to scan the specimen surface. Tips used in this work measured, typically, 4-5 um in
height and ~ 12-15 nm in radius of curvature.
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Fig. 3.12: Schematic illustration of an AFM (b) A typical profile of the interaction potential
between the AFM tip and the sample surface, plotted as a function of the tip-sample separation.
Inset: Schematic of an AFM-tip close to the sample-surface. The red crescents denote the short
range chemical forces and the blue arrows, the long-range forces. Adopted from [Giessibl03]

Attraction

When the tip is brought into proximity of a sample surface, forces between the tip and the
sample, fy;, lead to a deflection of the cantilever according to Hooke's law. Typically, the
deflection is measured using a laser spot reflected from the top of the cantilever into an
array of photodiodes.

If the tip were scanned at a constant height, there would be a risk that the tip would
collide with the surface, causing damage. Hence, in most cases a feedback mechanism is
employed to adjust the tip-to-sample distance in a way such that a constant force between
the tip and the sample is maintained. Traditionally, the sample is mounted on a
piezoelectric tube that can move the sample in the z direction for maintaining a constant
force, and in the x and y directions for scanning the sample. The resulting map of f,
represents the topography of the sample.
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The inset of Fig. 3.12 (b) shows a sharp tip at a distance z from a particular feature on the
sample surface [Giessibl03]. A typical profile of the interaction potential, V', between the
atoms of the tip and those at the surface of the specimen is shown in the main panel of the
Figure. The total energy of interaction is the sum of an attractive and a repulsive
component. The short range chemical forces, measured by the AFM tip, fy;, is essentially
the derivative of the interaction potential Vg, i.e.

__, "

w7, (3.14).
This is denoted by the red crescents in the inset. Certain long range forces may also
originate, which are indicated by the blue arrows. The AFM can be operated in a number
of modes, depending on the application. The primary modes of operation are static
(contact) mode and dynamic (non-contact) mode. In the static mode operation, which is
discussed here, the static tip deflection is used as a feedback signal. Because the
measurement of a static signal is prone to noise and drift, low stiffness cantilevers (with
force constants varying between 0.02-0.5 Nm™') are used to boost the deflection signal.
However, close to the surface of the sample, attractive forces can be quite strong, causing
the tip to “snap-in” to the surface. Thus static mode AFM is almost always done in
contact where the overall force is repulsive (the region marked in red in the potential
profile of Fig. 3.12 (b)). Consequently, this technique is typically called “contact mode”.
In contact mode, the force between the tip and the surface is kept constant during
scanning by maintaining a constant deflection. In non-contact mode, the tip-sample
separation is such that the measurement is carried out in attractive region (marked in blue
in Fig. 3.12 (b)) of the interaction potential.

AFM allows quantitative analysis of the morphology of self-assembled islands with high
accuracy, provided the size and separation of the islands are larger than the tip-diameter.
While the lateral resolution in AFM is limited by the tip-diameter, the vertical resolution
can be in atomic dimensions. Typically, AFM is carried out in atmospheric ambient.
However, surfaces which tend to easily oxidize, and thereby change their topography,
may exhibit additional unwarranted features, in atmospheric-ambient-AFM. Nowadays, it
is possible to integrate the AFM apparatus to the UHV system of MBE.

3.5 Photoluminescence

Photoluminescence (PL) spectroscopy is a very useful tool to probe the discrete energy
levels of QDs. The basic idea of a PL experiment is shown in Fig. 3.13 (also refer to Fig.
2.20). A laser beam of appropriate wavelength excites the electrons of the valence band
to the conduction band and creates electron-hole pairs. These pairs might be directly
excited into the discrete levels of the QDs (resonant-excitation), or above them (non-
resonant excitation), i.e., within the 2D density of states (DOS) of the QW or the ZnSe
barrier. For the purpose of this work, in all cases, non-resonant excitation has been used.
Excitation above the barrier bandgap is convenient since a large area of the ZnSe layer
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acts as an absorber. Once excited, the charge carriers diffuse to the discrete levels of the
QDs. Electrons and holes might be “captured” by the QDs separately or together as
excitons. Within the QDs, the electrons and holes relax to the ground state non-
radiatively. Relaxation to the ground states is a fast process and is attributed to
longitudinal optical (LO) phonon scattering. The confined electron-hole pair (or more
appropriately, the exciton) resides in the ground QD-state for a definite period of time
(the exciton lifetime or radiative decay time) before recombining radiatively
(luminescence). The energy, intensity, and polarization of the emitted photons are then
analyzed. The evolution of PL with time (time-resolved PL), external (magnetic and
electric) fields, temperature, and the energy, power, and polarization of the exciting
photons, provides a host of information regarding the electronic and confinement
properties of the QDs and the energies and momenta of different confined (quasi)-
particles.

° @
Oa

Resonant excitation

Non-Resonant excitati

}

. ]

0, |
00 ¢
O

» 7

Fig. 3.13: Schematic illustration showing the excitation and emission of photoluminescence in a
CdSe/ZnSe(001) QD.

In the simplest approach, PL emission is recorded in a macro-optic set up, i.e. where the
exciting laser is focused to a spot size of 50-100 um (macro-PL). In this case (for the
CdSe/ZnSe(001) heterosystem), an ensemble of as much as ~10° QDs is probed
simultaneously. The ground state energies of different QDs within the ensemble differ
due to their different size and composition. Thus, the PL spectrum of a QD-ensemble is
inhomogeneously broadened and has a Gaussian shape. The full width at half maximum
(FWHM) of such a spectrum (typically a few tens to few hundreds of meV) is a
qualitative measure of the size and composition homogeneity of the QD-ensemble. The
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energy-position of the spectrum vyields information on the strength of quantum
confinement.

Macro-PL measurement also allows determination of the critical thickness for 2D-3D
transition, #,, in SK growth. As the coverage of the island-forming epi-material is
increased to 7. or beyond, the PL emission undergoes a drastic red-shift and a broadening
of the spectrum. This is illustrated for the InAs/GaAs heterosystem in Fig. 3.14, for
which the spectral position and FWHM of the PL spectra are plotted versus the InAs
coverage [Seifert96]. Both parameters show a discontinuous jump at z. = 1.7 ML.
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Fig. 3.14: Variation of the PL-intensity-maximum (left panel) and the FWHM of the spectra
(right panel) with increasing InAs coverage, during InAs/GaAs(001). Adopted from [Seifert96]

The condition for obtaining clear emission peaks in PL spectroscopy of QDs, which is
characteristic of systems with strong spatial confinement, is the lack of thermal
broadening. Therefore, PL spectra are often recorded at temperatures in the order of few
K, so that the thermal energy (kgT) is less than the energy-spacing between the quantized
QD-levels. At low temperatures, the intensity of the PL-emission is generally the highest
and governed primarily by the radiative lifetime of the excitons. With increasing
temperature the intensity falls off exponentially. This is because, with the additional
thermal energy, the excitons overcome the localization barrier of the QDs and are emitted
into the 2D continuum of the QW or even into the barrier layer. Subsequently, they find
their way in non-radiative recombination channels, like defect- or surface-states. The
temperature dependence of the integrated PL-intensity is given by

1y,

IPL (T) = Tgff(T)

(3.15),
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where, 7z and 74(T) are the radiative- and temperature-dependent effective-PL-decay
times, respectively. /; is the normalization factor that depends on the number of photo-
excited carriers (equivalently, the excitation density). zi(7) includes the effect of
thermally activated non-radiative loss of excitons and is given in terms of 7z and a non-
radiative decay time zyg as [Bacher91]

_ Tr
1+ (7, /TNR )e

Top TAE, kT (3.16),
where AE, is the localization energy. At higher temperatures, z;(7) might be
approximated as 7, = rze™"™" and the value of AE, might be obtained from Eqn.

—AE, /kyT

3.15. At low temperatures, (7, /7, )e ~ Oand the PL intensity is governed by zz.

AE4; might also be determined from temperature-dependent, time-resolved PL
spectroscopy. In time-resolved PL, short (picosecond) laser pulses are used to produce
photo-excited carriers and the temporal evolution of the PL emission is studied. The
temporal decay of the PL intensity, at a particular temperature 7, is given by

Ly (t.T)=1,,(0,T)e ™" (3.17).

From Eqn. 3.17, 7(T) is determined directly. Since at low temperatures, 7 (7) = z,
time-resolved PL allows determination of the radiative PL decay time. By measuring
7.4(T) at different temperatures, AE is obtained from Eqn. 3.16.
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Fig. 3.15: Schematic representation of the PL-polarization corresponding to (a) a symmetric and
(b) an asymmetric QD. Adopted from [Kulakovskii99]

While the PL spectrum of an ensemble of self-assembled QD, characterized by size- and
composition-spread, is inhomogeneously broadened, that of a single QD is narrow and
Lorentzian in shape. Ideally, the emission of a single QD, at low temperature, is
broadened only due to the radiative lifetime, zz. Several studies of interesting quantum
phenomena and device proposals call for access to emission from individual QDs. For
this purpose, mesas, with diameter as small as 50 nm, are fabricated by e-beam
lithography and etching. The QD-layer is etched away from everywhere other than the
mesas. Additionally, the exciting laser is focused to a spot size of a few um, by using a
microscope objective lens (pu-PL). When the size of the mesa is adequately small,
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emission lines due to individual QDs are detected. The areal density of the QDs can be
estimated from the number of such lines and with a prior knowledge of the mesa size.

The shape anisotropy of self-assembled QDs is known from the energy splitting and
polarization of the single-QD-exciton emission. As discussed before in section 2.8, when
the QD symmetry is D4, the bright exciton states, i1> are degenerate. The optical

transitions|+1>—>|0> and |—1>—>|0> are right (c ) and left (c 7) circularly polarized,
respectively, where|0> represents the state after the electron-hole recombination. When

the QD symmetry is < D4, the exchange part of the Coulomb interaction results in
mixing of the two bright states, thereby, lifting the degeneracy (see section 2.8, Eqn.

2.34). The corresponding transitions (|+1>+|—1>)/\/§—>|0> and (|+1>—|—1>)/«/§ —>|0>

are spectrally separated (by 0-0.8 meV, for CdSe/ZnSe QDs) and linearly polarized in
directions parallel and perpendicular to the QD-long-axis (1 ~ and m °, respectively)
[Kulakovskii99]. The transitions are depicted schematically in Fig. 3.15.

Emission from charged and multi-exciton complexes, such as negative (X') and positive
(X") trions and biexcitons (XX), is also often observed, both in macro-PL and p-PL
spectra [Herz97, Bayer98, Gindele99, Kulakovskii99, Besombes00]. Biexciton emission
appears on the low-energy side of the exciton-PL, red-shifted by the biexciton binding
energy (BBE). Trion emission might occur both on the red- and blue- side of the exciton
line [Hartmann0O] While exciton luminescence shows a linear dependence on the
excitation density, both trion and biexciton emission show a superlinear dependence.
Ideally, the exponent of the superlinear dependence is 2 for a biexciton [Lowisch99].

For the purpose of this work, macro-PL spectra were recorded at several temperatures,
between 2 and 300 K, using excitation energies above the band gap of ZnSe. In most
cases, an Ar’ (multiple UV lines) and a solid-state diode laser (A = 405 nm) were used for
excitation. The PL emission was analyzed with a 1 m spectrometer with 1200 mm’
grating, and detected either with a LN, cooled CCD camera or a Si-photodiode. Time-
resolved measurements were carried out using a tunable, frequency-doubled, Ti-sapphire
laser, generating 1.5 ps pulses, with a repetition rate of 82 MHz. The transient PL signal
was spectrally resolved by a 0.46 m monochromator and detected with a Streak camera,
followed by a Peltier-cooled charge coupled device (CCD) camera. The overall temporal
resolution of the setup is about 20 ps. For p-PL measurements, mesas were fabricated and
the laser beam was focused by a microscope objective of 19 mm focal length to a laser
spot of 5 um in diameter.

3.6 Other techniques

(a) Transmission electron microscopy

Transmission electron microscopy (TEM) is an imaging technique wherein a beam of
electrons is transmitted through the specimen. The formed image is magnified and
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directed to appear either on a fluorescent screen, a photographic film, or a CCD camera.
In electron microscopy the transmitted intensity is attenuated due to diffraction by the
crystalline material and not due to absorption, as is common for light microscopes.
Optical contrast in a TEM image results due to several factors, i.e., the volume and
density of a particular material and strain. TEM allows direct imaging of nanostructures,
as well as extended defects in epitaxial samples. In high resolution TEM (HRTEM),
individual lattice planes can be identified. By analyzing the variation of the lattice
parameter, along a particular direction, it is possible to derive information on the strain-
status and the composition of QDs. For the purpose of this work, TEM images were
recorded with a JEOL 4000EX microscope. For HRTEM images, the electron beam was
operated at 400keV. Lattice-parameter variation was analyzed by the geometrical phase
method [Hitch02].

(b) Raman Spectroscopy

Raman spectroscopy relies on inelastic scattering, or Raman scattering, of
monochromatic light, due to its interaction with phonons or other excitations in a system.
The energy of the monochromatic photons is shifted either up (Anti-Stokes scatter) or
down (Stokes-scatter), due to phonon-scattering. The energy shift is known as the Raman
shift. In Raman scattering, both frequency and wave vector are conserved. Therefore,
from the Raman shift, a particular phonon mode of the system can be identified [Yu96].

For typically used laser sources (with wavelengths in near-UV, visible, or near infrared),
(one-phonon) Raman scattering probes only the phonons at, and close to, the centre of the
Brillouin zone. In this work, Stokes-shifted Raman spectra were recorded in a
backscattering geometry at 77 K, using various emission lines of an Ar" laser. Due to the
Raman selection rules, in the back scattering geometry, only the longitudinal optical (LO)
phonons of polar, zinc-blende semiconductors are Raman-active. The LO phonon
frequency depends strongly on the composition of the investigated system and hence, by
Raman spectroscopy, the composition of a layer of self-assembled QDs can be
determined. However, in epitaxially strained layers the contribution of strain to Raman
shift also needs to be taken into account.

Apparently, Raman spectroscopy involves a direct interaction between photons and
phonons. However, unless the photon and the phonon frequencies are comparable, the
strength of such a direct interaction (spontaneous inelastic scattering) is very weak, and
has not been observed so far [Yu96]. When visible photons are used to excite Raman
scattering in semiconductors, the scattering process rather proceeds through different
intermediate states. For example, one possible pathway could be as follows: The incident
photon excites the semiconductor to an intermediate state| a> by creating an electron-hole

pair (or an exciton). The electron-hole pair is then scattered to another intermediate
state|b>, by emission of a phonon. Finally, the electron-hole pair in|b> recombines
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radiatively with emission of the scattered photon. The Raman scattering probability (and
therefore the scattered intensity) depends on the strengths of all the involved intermediate
interactions. Therefore, the scattered intensity is enormously enhanced when the exciting
radiation field is tuned into resonance with one of these intermediate interactions- for
example, the electron-excitation-field interaction, in the pathway considered above. This
is the principle of resonant Raman spectroscopy (RRS). The confined exciton of a QD,
due to its large oscillator strength, is also a good candidate as an intermediary in the
Raman scattering process. Therefore, in this work, the incident laser wavelength was
tuned to resonance with the luminescence of the QD-layer. In resonance with the QD
exciton-transitions, a distinct phonon line could be observed from the CdSe-rich QD-
layer, while out of resonance, the signal of the ZnSe matrix dominated.

(c) Photoelectron spectroscopy

In x-ray photoelectron spectroscopy (XPS), the kinetic energy of electrons, ejected when
a solid is irradiated with monochromatic x-ray photons, is measured. The binding energy
of the ejected electron can then be calculated by taking the difference between the energy
of the incident x-ray photons and the measured kinetic energy. From the calculated
binding energy of the ejected “photoelectron”, elements of the specimen can be
identified. A typical XPS set-up consists of a monochromatic x-ray source, an electron-
energy analyzer and an electron detector. XPS is a surface sensitive technique, since the
depth of the specimen from which the photoelectrons are collected, i.e. the escape depth,
is only 10-20 A. In this work, XPS spectra were recorded using a monochromatized Al
K, source (hv = 1486.6 eV), and without any surface preparation.

Summary
This chapter discussed the fundamental aspects of MBE and the details of RHEED,

HRXRD, XRI, AFM and PL characterization techniques. TEM, RRS, and XPS were also
described briefly.
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GaAs(001) buffer- and ZnSe/GaAs(001)
barrier-layers: Growth and topography

This chapter deals in brief with the growth and topographies of GaAs(001) homoepitaxial
buffers and ZnSe barrier layers, grown atop them.

4.1 Growth of GaAs(001) buffers and ZnSe barrier layers

All commercially-available epi-ready GaAs substrates are covered with a thin oxide
layer. Prior to growing epitaxial layers on such substrates, it is first essential to remove
the “native” oxide. From the GaAs(001) surface, the native oxide desorbs at a sharply-
defined temperature of 582 °C. The oxide-removal process leaves behind an extremely
rough surface, dotted with pits. Such a surface is not ideal for growth of high quality
epilayers. To overcome this shortcoming, ~ 200-nm-thick, nominally undoped GaAs
buffer layers were grown on the oxide-desorbed epi-ready substrates, prior to growth of
the II-VI heterostructures. For this purpose, degassed substrates were inserted in the
“GaAs chamber” (see Fig. 3.2) and heated up to the oxide removal temperature under As
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beam equivalent pressure (BEP)' of 3x10 Torr. Subsequently, the oxide-desorbed GaAs
surface was annealed (also under As-flux) for 5 mins at 620 °C. Then the temperature
was lowered to 600 °C, and GaAs was grown by MBE. A Ga BEP of 2x10” resulted in a
growth rate of ~ 1 A s™'. The growth was terminated by closing the Ga-shutter and the
sample was gradually cooled down to ~ 220 °C. The As flux was maintained till 550 °C,
which ensured a f(2x4) As-terminated GaAs surface for the subsequent growth of the
ZnSe layer.

The interface between ZnSe and GaAs(001) can be formed either by Zn-As or Ga-Se
bonds. While the Zn-As configuration leads to a smooth interface and low density of
defects, formation of Ga-Se bonds, to the contrary, is known to be detrimental for the
crystalline quality of ZnSe epilayers [Kuo97, Ohtake98]. To promote formation of the
desirable Zn-As bonds, it was ascertained that the surface of the GaAs buffer was fS(2x4)
As-terminated. However, this precaution does not completely preclude the formation of
the Ga-Se bonds, when Zn and Se are co-deposited (i.e. in MBE mode) directly atop the
GaAs buffer. Se adatoms are known to replace As atoms of the surface-layer and bind
with the Ga-atoms of the penultimate layer [Ahsan97]. Therefore, certain other
precautions and a specific method were adopted for ZnSe growth. Before insertion of the
GaAs buffer into the “ZnSe chamber”, the Zn shutter was opened for ~ 1 min. This was
performed to passivate any background Se vapor within the II-VI chamber. The freshly
grown buffer was then transferred from the GaAs to the ZnSe chamber, within ~ 2 mins.
This ensured that the substrate temperature did not drop down excessively, so that ZnSe
growth could be initiated immediately after insertion of the buffer. Once the buffer was
inserted, the Zn shutter was re-opened and the substrate was ramped up to 210 °C. During
this interval, the substrate manipulator was fixed in a position where the buffer did not
face the effusion cells. Subsequently, ZnSe growth was initiated with 10 ALE cycles at
210 °C, wherein Zn and Se shutters were opened for 9 s and 1 s respectively, interspersed
by growth interruptions of 2 s. Following this, the substrate temperature was ramped up
to 280-300 °C within 3 mins. During these 3 mins, growth was performed by MEE. The
Se flux was offered in pulses of 10 s, while the Zn shutter was kept continuously open.
Finally, on reaching the required Tg = 300°C, MBE growth was carried out at a Se:Zn
BEP ratio of Fse:Fz,= 2 (Zn BEP: 1x10'6) and a growth rate of 1.7 A s The crystalline
quality of ZnSe epilayers is known to be optimum when grown in a Se-rich condition
(characterized by Fse:Fz, = 2-4) [Riley96].

The specific method described above was adopted for growth of all ZnSe barrier layers,
except those related to the work discussed in Chapter 7. As mentioned before in section
3.1, the samples of Chapter 7 were grown in the “CT chamber”, equipped with a valved
Se-cracker cell. Due to the use of the valved cell, the background partial pressure of Se in
the CT chamber could be maintained to negligibly low values. Thus the low temperature
ALE and MEE steps were considered redundant, for ZnSe growth in this chamber.

" The BEP is related to the flux by Eqn. (2.16)
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GaAs(001) BUFFERS AND ZnSe/GaAs(001) BARRIER LAYERS
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4.2 Topography of the GaAs buffer- and the ZnSe barrier-layers

An AFM image of the surface of a typical GaAs(001) buffer is shown in Fig. 4.1 (a). The
surface is very smooth, with a root-mean-square (rms) roughness of 0.5 nm. However,
very shallow mounds, similar to those mentioned in [Orme94], are also seen here. The
mounds are 1-1.5 nm high and 600-800 nm long. The slope of the mounds is ~ 1°. The
length (measured along [1-10]) and width (measured along [110]) of a particular mound,
indicated in Fig. 4.1 (a) by dotted lines, is shown in the top panels of Fig. 4.2 (a) and (b),
respectively. From the geometry of the sample probed by AFM, it could only be
ascertained that the long axes of the mounds are parallel to one of the <110> directions.
More specifically, based on the work of [Orme94] (Fig. 2.9 (d) of section 2.3), it is
assumed that the mounds are aligned along the [1-10] direction.
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Fig. 4.2: (a) Length (measured along [1-10]) and (b) width (measured along [110]) of mounds,
formed on the surface of the GaAs(001) buffer and ZnSe layers of different thicknesses, #7,s..

The surface of a fully strained (pseudomorphic) ZnSe layer (¢z,sc = 107 nm) grown atop
the GaAs buffer, at Tg = 280 °C, is shown in Fig. 4.1 (b). The morphology resembles
closely that of the underlying GaAs buffer but the rms roughness is 1.5 nm. Similar
mounds are observed in this image as well. However, in this case, they are ~ 4 nm high,
but of comparable lateral dimensions (Second panels of Fig. 4.2 (a) and (b)).
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Fig 4.1 (c) shows the surface of a similarly-grown, 195-nm-thick, ZnSe layer. By in-situ
HRXRD measurements®, it was ascertained that at a thickness of 195 nm, the layer was
still pseudomorphically strained to GaAs, but was on the verge of plastic relaxation. The
mounds in this case appear to be circular and devoid of any preferred direction of
elongation. The lateral extent of a typical mound is ~ 400 nm and its height, ~ 4 nm
[Third panels in Fig. 4.2 (a) and (b)].

In Fig. 4.1 (d), the surface of a 400-nm-thick ZnSe layer is shown. At this thickness, the
ZnSe layer is partially relaxed by formation of misfit dislocations (plastic relaxation). A
very different morphology of the surface is clearly evident. Well-defined mounds are
seen in the AFM image. The mounds are ~ 300 nm long and only 200 nm wide, while
their heights reach up to 8 nm (Fourth panels in Fig. 4.2 (a) and (b)).

Finally, when the ZnSe layer is almost completely relaxed, at a thickness of #zyse ~ 1000
nm, the surface is devoid of any pattern (Fig. 4.1(e)).
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Fig. 4.3 (a) and (b) show the (115) reciprocal space map (RSM) of another 230- nm-thick
ZnSe layer and the AFM image of the corresponding surface, respectively. Unlike the
ZnSe layers shown in Fig. 4.1(b)-4.1 (e), for this sample the growth of ZnSe was not
initiated by the special recipe mentioned in section 4.1, but by conventional MBE,
directly at the growth temperature of Tg = 280 °C. The abscissa and the ordinate of the

* In situ HRXRD has been extensively investigated by Benkert et al.[Benkert07]
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RSM are shown in reciprocal lattice units (r.l.u), so that the scattered intensity at Q,,,= 1
and Q,,, = 5 represent the 115-RLP of GaAs (refer to Fig. 3.7). The RSM clearly shows
that the sample is pseudomorphically strained (The scattered intensity corresponding to
the ZnSe lies also at Q,,,= 1). Despite being pseudomorphically strained, the surface of
this layer consists of a dense ensemble of distinct 3D nanostructures. The nanostructures
are ~ 2.5-3 nm high and asymmetric in their in-plane dimensions. Their length varies
between 70-90 nm and width, between ~ 30-50 nm. The areal density of the
nanostructures is ~ 6x10'° cm™.

4.3 Morphological evolution of the ZnSe/GaAs(001) surface: An interplay
between plastic and elastic relaxation?

For the purpose of this work, CdSe QD-layers have been fabricated on pseudomorphic,
45-60 nm thick, ZnSe layers. Therefore only the ZnSe surface corresponding to Fig. 4.1
(a) is of direct relevance. However, it is interesting to analyze the morphological
evolution of the ZnSe surface, with increasing layer thickness. Epitaxial growth of
ZnSe/GaAs(001) has been widely studied in the past [Petruzello88, Gonsalves90,
Guha93, Kuo97, Nurmikko97, Ohtake98]. Especially, strain relaxation of ZnSe layers has
been the subject of many investigations, due to its importance in fabrication of blue-green
lasers [Tomiya95, Chu96, Heun97, Wang00A]. The lifetime of such devices was found to
be severely limited due to the presence of misfit dislocations and stacking faults, which
formed as a result of plastic strain relaxation [Grillo95, Nurmikko97, Gunshor96].

Presence of dislocations can also lead to morphological modification of a growing
surface. Earlier works have suggested that due to plastic strain relaxation, the epitaxial
growth rate is locally enhanced in regions directly above the dislocations. This has been
argued to cause surface undulations [Jonsdottir95]. However, the morphological
evolution described here is presumably not mediated (only) by dislocations/stacking
faults of the ZnSe layer. This is because the surface reorganization sets in even when the
ZnSe layer is observed (by HRXRD) to be pseudomorphically strained (Fig. 4.1 (c¢) and
4.3 (b)). Albeit pseudomorphic ZnSe layers are not “dislocation-free”, the density of such
defects is expected to be low. An estimate of the dislocation density can be made from
the width of the HRXRD peak (of the layer), in a ®-line-scan [Ayers94]. From the RSM
of Fig. 4.3 (a), the o-width was measured to be 0.00694°. For such a low w-width,
Constantino et al. have shown using Ayers model that the density of dislocations is < 10
cm™ [Constantino98]. The value is five orders of magnitude lower than the density of
nanostructures seen in Fig. 4.3(b). Thus, the formation of these nanostructures might not
be directly correlated to an enhanced growth rate in strain-relaxed regions above
dislocations.

A comparison of Fig. 4.1 (a) and 4.1 (b) shows that the mound-morphology of the ZnSe

surface is remarkably similar to that of the underlying GaAs buffer layer. As argued to be
the case for GaAs(001) homoepitaxy [Orme94, Orme98] (refer to section 2.3, Fig. 2.9),
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also on the ZnSe surface, the mounding phenomenon is possibly related to presence of ES
barriers (see BOX 2.3, Fig. 2.8). The fact that the form of the mounds is preserved, even
after deposition of 107 nm of ZnSe, would then mean that intraplanar surface diffusion of
adatoms is not strongly suppressed-at least on length-scales defined by the lateral
dimensions of the mounds.

Another possibility might be that an ATG-like instability (see section 2.2) is triggered in
the ZnSe barrier layer by the mound-template of the GaAs homoepitaxial buffer. The
mounds of the ZnSe surface might then be assumed to elastically release a small fraction
of the misfit strain. This argument is supported by the surface-evolution closer to the
onset of plastic strain relaxation (fz,se = 195 nm). The AFM image of Fig. 4.1 (c) is
suggestive of a bi-directional periodic modulation of the surface. Such a phenomenon has
been discussed by Jesson [Jesson98], in the context of low-misfit GeSi/Si(001)
heteroepitaxy, and termed as “ripple-fission”. Ripple fission is driven by the possibility of
enhanced (elastic) strain relaxation, by forming a bi-directionally undulated surface.

Fig. 4.1 (d) represents a partially (plastically) relaxed ZnSe layer. Here the mounds are
clearly-defined. According to the ATG model, stress builds up in the trough regions
defined by a bi-directionally undulated surface, which eventually leads to nucleation of
dislocations. Such a phenomenon has been observed by AFM in case of
Ge.03S10.97/S1(001) (liquid phase) heteroepitaxy (m = 0.0013) [Albrecht95]. The authors
observed that initially a bi-directionally undulated surface developed (for thickness < 300
nm), as shown in Fig. 4.4 (a). For larger thicknesses, dislocations were nucleated (Fig. 4.4
(b)). In case of ZnSe/GaAs(001) heteroepitaxy (m = 0.0027), a similar phenomenon
might be expected.

120

Fig. 4.4: (a) Bi-directional undulations on the surface of a 200-nm-thick Ge,3Sij07/Si(001) layer,
grown by liquid phase epitaxy. (b) A “cross-hatch” pattern, related to misfit dislocations,
superposed on the undulated morphology, for a layer thickness < 300 nm. Adopted from
[Albrecht95]

The surface of the ZnSe layer shown in Fig. 4.3 (b) is difficult to comprehend. It shows a
dense array of nanostructures, typically formed due to elastic strain relaxation in highly
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lattice-mismatched heterosystems. The corresponding RSM of Fig. 4.3 (a) suggests that
the layer is pseudomorphically strained. As mentioned before, enhanced growth rate
directly atop dislocations would not account for the areal density of the nanostructures.
On the other hand, the high density of small nanostructures contests also the tenets of
ATG theory. For the surface shown in Fig. 4.4 (a), Albrecht et al. determined the
undulation periodicity to be 11.5 + 0.7 um [Albrecht95]. The undulation-periodicity for a
ZnSe/GaAs(001) surface can then be approximated to be ~ 2.5 um, assuming all
parameters in Eqn. 2.15 (see section 2.2), other than the misfit m, to be similar for the two
heterosystems. This is ~ 40 times the lateral dimensions of the observed nanostructures.
This discrepancy suggests that a complex interplay between elastic and plastic strain
relaxation governs the thickness-dependence of the surface morphology in
ZnSe/GaAs(001) heteroepitaxy. Further insight calls for more rigorous investigations.

Summary
In summary, this brief chapter dealt with the growth of GaAs homoepitaxial buffers and
ZnSe barrier layers, along with an analysis of the morphological evolution of

ZnSe/GaAs(001) surfaces with increasing layer-thickness. Though somewhat speculative,
the evolution indicates to an interplay between elastic and plastic strain relaxation.
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CdSe/ZnSe(001) MBE: Growth and
QD-formation

This chapter deals with the formation and properties of QDs, in conventional MBE
growth of CdSe on pseudomorphic ZnSe(001) barrier layers. In the first and the
second sections, the details of sample growth and evaluation of CdSe growth rate,
respectively, are briefly discussed. The third section presents in details the
morphology, composition, and luminescence properties of the QDs. The last section is
devoted to the understanding of the fundamental mechanism underlying QD
formation, which also reveals interesting peculiarities of CdSe/ZnSe(001) epitaxy.

5.1 Sample fabrication

For all samples discussed in this chapter, CdSe growth was carried out by
conventional MBE, typically, on 40-60-nm-thick ZnSe barrier layers. QD-formation
has been studied systematically for CdSe growth at Tg = 300 °C. Both uncapped
samples for AFM and capped samples for XRI, PL, TEM, and Raman spectroscopy
were prepared. Capping was done by MBE-growth of 35-50 nm of ZnSe atop the
CdSe layer, also at 300 °C. No growth interruption was introduced before capping. To
investigate fundamental aspects of CdSe/ZnSe(001) epitaxy, CdSe growth was also
performed at Tg = 170-235 °C. The BEP of Se and Cd, used for the growth of all
samples (at both Tg), were 2x10°° Torr and 1x107” Torr, respectively.
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5.2 Determination of CdSe growth rate

To determine the growth rate of CdSe, XRI (section 3.3 (b), Fig. 3.9) was employed.
Fig. 5.1 shows the (004) diffractogram (blue) recorded from a sample consisting of ®
=2.38 ML CdSe (grown by MBE at Tg = 300 °C), sandwiched between two 42-nm-
thick ZnSe layers. The Figure also shows the simulated profile (red), from which ®
was determined. While for Tg = 300 °C, the growth rate was deduced to be 0.06 ML
s, for Tg = 230 °C, it was 0.071 ML s. The slightly lower growth rate at higher Tg
is possibly due to lowering of the Cd sticking coefficient with increasing growth
temperature, similar to the behavior of Zn in ZnSe epitaxy [WolfframmO00].

Measured
Simulation

Intensity (Arb. Units)

6000 4000 2000 0 2000 000 6000

0 (rel arc sec)

Fig. 5.1: (004) x-ray diffractogram (blue) of a sample consisting of ® = 2.38 ML CdSe,
sandwiched between two 42-nm-thick ZnSe layers. The simulation-profile is also shown (in
red).

For growth at Tg = 230 °C, the growth rate was also verified by RHEED. RHEED
specular spot intensity (SSI) profiles were recorded during CdSe growth at different
values of Tg. The angle of incidence of the electron beam with respect to the substrate
surface was fixed at ~3°. Fig. 5.2 shows the recorded profiles. SSI oscillations are
observed for CdSe growth at Tg < 235 °C, but not for growth at Tg = 307 °C. The
growth rate of CdSe at Tg =215-235 °C was found to be 0.078 ML s, The value is in
good agreement with that determined by XRI.

5.3 CdSe/ZnSe(001) MBE at T =300 °C: Formation and properties of QDs
To study the formation of QDs by conventional MBE growth of CdSe at Tg =300 °C,

a series of samples, with CdSe coverage varying between ® = 1-4 ML, were prepared.
For the whole range of ®, no transition from a streaky to spotty RHEED was observed

74



CdSe/ZnSe(001) MBE:GROWTH AND QD-FORMATION

during deposition of CdSe. A streaky (2x1) pattern, characteristic of a Se-terminated
quasi-2D CdSe surface, persisted during the entire duration of growth. However, the

individual streaks were observed to be considerably broadened, compared to those
seen during growth of the underlying ZnSe barrier layer.
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Fig. 5.2 RHEED SSI profiles recorded during MBE of CdSe on ZnSe at different growth
temperatures, Tg.

The topology of a few uncapped samples was studied by AFM. In Fig. 5.3 (a), (b),
and (c), AFM images of an uncapped sample, with ® = 3 ML are shown,

corresponding to surface-areas of 1200 x 1200 nm?, 500 x 500 nm” and 217 x 250
nm?, respectively.

6 nm

Fig. 5.3: AFM images, of an uncapped CdSe layer, with ® = 3 ML, corresponding to surface-

areas of (a) 1200 x 1200 nm?’, (b) 500 x 500 nm?, and (c) 217 x 250 nm®> (3D view),
respectively.

The long “ridges” of Fig. 5.3 (a) resemble closely the mounds of the pseudomorphic
ZnSe/GaAs(001) layer, shown previously in Fig. 4.1 (b). It is therefore assumed that
these features (henceforth called ridges) of the CdSe surface are also defined by the
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morphology of the underlying ZnSe barrier layer. However, in contrast to the image
of Fig. 4.1 (b), the entire scanned area of this image is uniformly dotted with very tiny
“mounds”, seen more prominently in the image of Fig. 5.3 (b). The heights of most of
these mounds were found to be below 1 nm (3 ML CdSe). Albeit their contours are
not well defined, their weak tendency to elongate and align in a direction
perpendicular to the long ridges, i.e. along the [110] direction, is observed. The actual
areal density of the mounds could be higher than that observed in the image, since
features smaller than the diameter of the AFM tip (12-15 nm), would not be resolved
separately. However, distinct, well-separated, 3D islands, as obtained in SK growth,
are not observed in the images of Fig. 5.3. The morphology better represents a rough
2D surface, consistent with the absence of a distinct streaky-to-spotty transition in
RHEED.

The morphology of the CdSe deposit, after capping with ZnSe was probed by
HRTEM. Fig. 5.4 shows a bright field image corresponding to the sample with ® =2
ML. The CdSe deposit is seen as a QW-like layer of darker contrast, compared to the
surrounding ZnSe barrier and cap layers. Within the QW, small zones of still darker
contrast are seen. These represent regions, wherein the local Cd-concentration is
higher than the average Cd-content of the QW. The observations are in accord with
several previous reports which have convincingly demonstrated the formation of
compositionally inhomogeneous CdZnSe QWs in CdSe/ZnSe(001) epitaxy, for a wide
range of ® values [Peranio00, Litvinov00, Litvinov01].

Fig. 5.4: Cross sectional HRTEM
image (bright field) of the sample
| with®@=2ML

From the whole series of capped samples with varying ®, PL spectra were recorded
both at 2 and 300 K. The spectra at 2 K are shown in Fig. 5.5. All samples showed
bright luminescence at low temperature. At 300 K, the emission weakened
considerably. The spectra shown in Fig. 5.5 are inhomogeneously broadened and for
® < 2.8 ML, weak low energy tails are clearly visible. Ouadjaout and Marfaing have
demonstrated for several ternary II-VI QWs that such low energy tails arise due to the
presence of local compositional inhomogeneities in QWs [Ouadjaout90]. This
substantiates the fact that the structures formed in CdSe/ZnSe(001) MBE at Tg = 300
°C are alloyed CdZnSe QWs, with local Cd-rich inclusions, possibly of different sizes
and composition. Such inclusions would confine single particles (either electrons or

76



CdSe/ZnSe(001) MBE:GROWTH AND QD-FORMATION

holes) or whole excitons, depending on their size and composition, especially since
the exciton Bohr radius of CdSe is only ~ 5 nm. With increasing O, it is observed that
the PL spectra broaden and the tail weakens. This is attributed to an increase in the
size, Cd-content, and areal density of the local inclusions, wherein most excitons are

confined three-dimensionally, like in QDs.

Fig. 5.6 (a) and (b) respectively, show the peak-positions (of the spectra recorded both
at 2 and 300 K) and the full widths at half maxima (FWHM) (of the spectra, recorded
only at 2 K), as functions of ®. Exciton transition energies derived by variation
calculation, assuming uniform, 1-4 ML thick, pure CdSe QWs, are also plotted in Fig.

5.6 (a) [Puls96].
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Fig. 5.5: PL spectra recorded at 2 K from the series of MBE-grown CdSe layers, with ®
varying from 1-4 ML.

Unlike the QDs formed in SK mode (Fig. 3.14), in this case, both PL-peak-positions
and FWHM-values change monotonically. Further, the ®-dependence of PL-peak-
positions, corresponding to the QD-layers, follows the same trend as that of the
exciton transition energies, derived for the QWs. It is also observed that the PL-peak-
positions of the QD-layers are blueshifted compared to the calculated exciton
transition energies of pure CdSe QWs. The PL-blueshift is necessarily due to Zn-
admixture of the CdSe QD-layer and concomitant widening of the exciton bandgap
(see Figs. 1.2, 2.20, and 3.13).

Three-dimensional confinement of excitons (and hence, formation of QDs) is
substantiated by the results of p-PL spectroscopy. Corresponding to ® = 3 ML (refer
to Fig. 5.5), the pu-PL spectra recorded at 2 K, for mesas of different diameters, ®esa,
are shown in Fig. 5.7 (a). With decreasing @, the broad inhomogeneously-
broadened spectrum de-convolutes into narrow emission lines, characteristic of
individual QDs. By counting the emission lines corresponding to the smallest mesa in
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Fig. 5.7 (a), the areal density of QDs was determined to be ~ 10'* cm™. Such a high
areal-density requires the QDs to be necessarily < 10 nm in diameter. This inference is
also in agreement with previous reports which demonstrated the formation of sub-10-
nm QDs (see section 2.7), characterized by a “speckle” contrast in plan-view TEM
images, when recorded in weak-beam condition [Litvinov00, Strassburg00,
Litvinov01] (section 2.7, Fig. 2.16). However, it should be borne in mind that the
values derived from p-PL spectra provide only an upper limit of the QD-areal-density,
since in counting the emission lines, it is implicitly assumed that multi- and charged-
excitonic complexes are not formed.
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Fig. 5.6: (a) ®-dependence of the spectral position of PL-peaks, recorded both at 2 and 300
K. (b) The evolution of full widths at half maxima of the spectra with ® (recorded at 2 K).

The temperature dependence of the integrated-PL-intensity, corresponding to a
sample with ® = 3.5 ML, is shown in Fig. 5.7 (b). From the slope of the linear fit to
the fast-decaying high temperature region of the plot (following Eqn. 3.15 and 3.16),
the activation energy for non-radiative decay was determined to be AE5 = 55 meV.
The same value of AE, was derived also by Robin et al. for 3-ML-thick
CdSe/ZnSe(001) QD-layers (grown by ALE at Tg = 280 °C) from the temperature-
dependence of the PL-decay-times, in time-resolved PL-measurements [Robin04].
The observed low value of AE, is attributed to the high areal density of QDs. While
the vertical confinement within the QD-layer is strong, the energy barrier to lateral
tunneling of excitons, between the QDs of a dense ensemble, is expected to be small.
Therefore, the low AE, reflects the average lateral confinement barrier within the QD-
layer (V,,(x, y) in the context of Eqn. 2.28).

By a novel, angle-resolved polarised-PL spectroscopic technique [Kiessling06], the
shape of the QDs was investigated. As mentioned before in section 3.5 (Fig. 3.15), the
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shape-anisotropy of the QD-lateral dimensions manifests itself in a linear polarization
of the PL emission along the direction of the QD-long-axis [Kulakovskii99].
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Fig. 5.7: (a) u-PL spectra recorded at 2 K from mesas of different size, ®pes,, for a sample
with ® = 3.0 ML (b) Temperature-dependence of the integrated-PL-intensity of a sample with
® = 3.5 ML. The dotted line is a linear fit to the exponentially-decaying part of the plot.

In angle resolved polarized-PL-spectroscopy [Kiessling2006], = * and © ~ -polarized
PL emission are recorded, while rotating the sample about an axis parallel to the k-
vector of the exciting laser beam (the growth axis, for this work). The degree of linear
polarization (DLP) is then plotted as a function of the rotation angle.
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4 Fig. 5.8 Crystallographic-direction
dependence of the PL-degree-of-
linear-polarization, corresponding to
a QD-sample with @ = 2 ML (for
both right and left circularly
polarized excitation), revealing the
anisotropic shape of the QDs.
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Orienting the sample initially along a known crystallographic direction, the rotation
angle can be related to the different in-plane crystallographic axes. Fig. 5.8 shows a
typical plot for both ¢ © and ¢ ~ excitation, corresponding to ® = 2.5 ML. It is
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observed that the DLP attains a maximum value of 2% along the [110] directions.
This implies that the long axes of a majority of the QDs are oriented along one of the
<110> axes. However, whether it is parallel or perpendicular to the [110] axis, is not
directly evident from this measurement.

The composition of several CdSe QD-layers of the series with varying ® was
investigated by resonant Raman spectroscopy (RRS) (see section 3.6(b)). In Fig. 5.9,
the observed ZnCdSe LO phonon frequencies are plotted versus ®. An increasing Cd
content of the QD-layer manifests in a red-shift of the LO phonon frequency, from the
value corresponding to pure ZnSe to that of pure CdSe. In contrast to bulk crystals
however, a competing blueshift due to lattice-misfit-induced compressive strain has to
be taken into account, in case of the QD-layers studied here. For this purpose, the LO
phonon frequencies corresponding to a pseudomorphic ZnSe layer and a reference,
biaxially strained, ZnCdSe QW sample, containing 33% Cd (determined by XRI), are
also shown in Fig. 5.9. By comparison with the aforesaid reference values, the Cd
concentration was deduced to reach up to 70% for ® = 4 ML.

258 — T T T T T T 1
0
157 | Pseudomorphic ZnSe on GaAs(001) |
I 410
256
,(\255__ .1 20
= 254 Zn,,Cd, ,5¢ QW+ 30 =i
= @ : 1 5
253 | elsereinion : -
: 140 5
% 252 vy :
L T E -
= L 150@
= o *
251 — e g
250 + | ) 190 Fig. 5.9: LO phonon frequencies and
T =77K ] calculated Cd % of the QD-layers, as
249 -'r : _ $ {70 functions of the CdSe coverage, ®
1 L 1 L | L |
0 1 2 3 4
® (ML)

For ® =2 ML, the composition of the QD-layer was also estimated by mapping the c-
parameter-variation in the corresponding HRTEM image (Fig. 5.4). The color-coded
map is shown in Fig. 5.10 (a). Formation of a CdZnSe QW, with local Cd-rich
inclusions is explicitly demonstrated by this map. The Cd distribution, measured
through the middle of the 7-nm-wide inclusion, shown in Fig. 5.10 (a), is presented in
Fig. 5.10 (b). The abscissa of the plot is given by the position along the growth
direction (z-axis). The Cd concentration peaks at 70 % and falls to below 10 % within
a span of 1.2 nm. This outcome is in variance to that indicated by RRS, according to
which, for ® = 2 ML, the Cd-content of the QD layer is ~ 35 % (Fig. 5.9). The
discrepancy might be due to the fact that both RRS and c-parameter analysis have
their own limitations in determining the composition of QDs. The value deduced by
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the former technique represents only an average Cd-content of the QD-layer.
Depending on the actual size and composition of the QDs, the wave function of the
confined exciton spreads out to different extents within the surrounding ZnSe barrier.
Therefore, in resonance with the excitonic transition, RRS would average the
measured Cd-content of the QDs.

0.665 nm L TR D L O D L L
70 | ®=2 ML

| — Lorentz fit

Cd-content (%)
I
S

L L L L 1 L L L
60 1 2 3 4 5 6 7 8 9
Position (nm)

Fig. 5.10: (a) Color-coded map of c-parameter variation, corresponding to the HRTEM image
of the sample with ® = 2 ML (Fig. 5.4). (b) Variation of Cd-content through the middle of the

7-nm-wide QD.

Composition analysis based on the variation of the c-parameter in HRTEM on the
other hand, is limited by the fact that sample preparation affects the measured lattice-
parameter in complicated ways. The volume over which the c-parameter is averaged
is assumed to contain only one QD (Cd-rich inclusion). However, depending on the
thinning of the sample (in the y-direction) this volume might contain more or less than
one QD and thereby over- or underestimate the Cd-content. Secondly, the ambiguity
in the actual strain status of the QD, i.e. whether it is hydrostatically (in case of no
strain-relaxation due to island formation), biaxially (in case of strain relaxation due to
island formation), or uniaxially (due to strain relaxation by island formation and
additional thinning of the sample in the y-direction) strained, would also result in
discrepancies.

5.4 Mechanism of QD-formation and the nature of CdSe/ZnSe(001) epitaxy

Despite a lattice misfit comparable to the prototypical InAs/GaAs(001) system, the
CdSe/ZnSe(001) system evidently does not undergo island formation in the classical
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Stranski-Krastanow growth mode, at least when conventional MBE growth is
performed. Instead, certain features, which might be assigned to roughness of a 2D
layer, act as QDs, after overgrowth with ZnSe. The purpose of this section is to
analyze the formation of these features, and discuss certain aspects of
CdSe/ZnSe(001) heteroepitaxy, based on the characterizations performed in this work
and some previous literature reports.

Fig. 5.2 demonstrates that RHEED SSI oscillations, characteristic of layer-by-layer
growth (also refer to Fig. 3.6), are not seen for CdSe deposition at Tg = 300 °C. On
the other hand, damped but clear oscillations are evident for Tg < 235 °C. Similar
results have been observed before by Rabe [Rabe98A] and Kratzert [Kratzert02]. In
the conventional understanding of epitaxial growth, disappearance of RHEED SSI
oscillations with increase in Tg would be interpreted as a transition from the layer-by-
layer- to the step-flow growth mode (refer to section 3.2). However, in case of
CdSe/ZnSe(001) MBE, the disappearance of RHEED oscillations might rather be
assigned to a transition from layer-by-layer to multilayer growth mode. This is
justified based on the following arguments and observations:

: :
T, =300°C
| G
T, =230°C
G
T, =2K
- ©=3 ML

———

Intensity (Arb. Units)

225 230 235 240 245 250 255 260
Energy (eV)

Fig. 5.11: PL spectra recorded at 2 K from 3-ML-CdSe embedded layers grown at Tg = 300
°C (in red) and 230 °C (in blue).

For commercially-available, nominally-singular, GaAs (001) substrates (used in this
work), the misorientation angle is < 0.1°. This implies that typical terrace widths are ~
150 nm. For step-flow growth to take place adatoms would then be required to
migrate on length scales of at least 75 nm (from the middle of a step to its edges,
assuming absence of ES barrier). In GaAs(001) homoepitaxy, a transition from layer-
by-layer- to step-flow growth mode occurs at Tg = 600 °C [Shitara92]. On a
GaAs(001) surface, the diffusion length (refer to Eqn. 2.19) of Ga adatoms at Tg =
580 °C, has been estimated to be x,,,; = 1 um [Koshiba94]. At Tg = 300 °C, it is easy
to estimate that x,,, drops to a value ~10 nm. In the absence of required surface
diffusion data for CdSe/ZnSe(001) epitaxy, if it is even assumed that the x,,,, values of
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Cd adatoms are comparable to those of Ga adatoms (an overestimation, since the
adsorption residence time 7, for group-II adatoms at 300 °C is less than that of Ga
adatoms at 580 °C), CdSe heteroepitaxy is not expected to proceed in the step-flow
mode for Tg =300 °C.

In addition to the above argument, Fig. 5.11 reveals that CdSe/ZnSe(001) MBE at Tg
=300 °C leads to formation of rougher QWs, compared to those grown at Tg = 230
°C (where RHEED SSI oscillations could be recorded). In the Figure, PL spectra
recorded from two 3-ML-thick CdSe layers, grown and capped at Tg = 300 and 230
°C, are compared. The spectrum corresponding to Tg = 300°C is redshifted by 115
meV, compared to that for Tg = 230 °C. This might not be attributed to enhanced
intermixing or desorption, with increasing Tg, since both phenomena are expected to
blueshift the PL-spectrum. Therefore, the PL-redshift unambiguously demonstrates
formation of roughness-induced QDs, for higher Tg values. This strongly indicates to
a transition from layer-by-layer- to multilayer growth, with increasing Tg. In other
words, the appearance of RHEED SSI oscillations for Tg < 235 °C is related to the
(partial) recovery of the layer-by-layer growth mode.

In absence of additional stabilizing effects, it is not surprising that for low growth
temperatures (Tg = 300 °C), epitaxy proceeds in the multilayer growth mode and
corrugated 2D surfaces are formed (see the examples in section 2.3, in the context of
kinetic mounding (Fig. 2.9)). Interestingly however, the surface roughness in not
completely random, as would be expected in absence of intralayer adatom surface-
diffusion. Instead, tiny and significantly regular mounds, weakly oriented along the
[110] direction, are observed (Fig. 5.3). In analogy to the cases of Pt/Pt (111),
GaAs(001) and Ge(001) homoepitaxy (section 2.3, Fig. 2.9), and also Fe/MgO(001)
heteroepitaxy [Thiirmer95], the formation of fairly regular features, instead of
completely random roughness, might be attributed to the presence of step-edge
barriers (ES barriers) (refer to Fig.2.8). Provided the ES barrier hinders down-climb of
adatoms, the 2D clusters formed in the sub-ML deposition regime would grow
vertically by subsequent accumulation of adatoms impinging directly onto them. The
fact that the mounds are omnipresent on the CdSe(001) surface (Fig. 5.3) and that the
measured QD-density is ~ 10" cm™ (which requires the QDs to abut each other even
when they are 10-nm in lateral dimensions) strongly suggests that the mounds of the
uncapped surface correspond to the QDs of the capped samples. The inference is
substantiated by the fact that the mounds are observed to be elongated in the [110]
direction, which is possibly correlated to the shape anisotropy of the QDs, detected by
angle-resolved polarized-PL spectroscopy (Fig. 5.8). However, certain material-
redistribution during capping with ZnSe does possibly also take place.

Finally, it is imperative to explore how layer by layer growth of CdSe on ZnSe(001) is
recovered by lowering Tg to values (230-170 °C) below those at which multilayer
growth occurs (300 °C). With decreasing Tg, intralayer surface diffusion of adatoms
becomes increasingly sluggish. Concomitantly, during the early (sub-ML) stages of
deposition, 2D clusters nucleate in larger areal densities and tend to be smaller in size,
and more irregular in shape. While at sufficiently high values of Tg, fast surface
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diffusion of adatoms enables 2D clusters to assume their equilibrium shapes, at low
growth temperatures, the edges of the 2D clusters consist of several kink sites, as
shown in Fig. 5.12 (compare with fig 2.8). At these kink sites, the ES barrier is
broken-down/weakened, whereby down-climb of adatoms is re-established. This leads
to the recovery of layer-by-layer growth at very low growth temperatures, despite
suppressed intralayer surface diffusion. The phenomenon, known as the re-entrant
layer-by-layer growth, has been observed previously in a homoepitaxial growth of Pt
(111) [Kunkel90], Ag(111) [Stoldt00], GaAs (111)A [Steans99], and GaAs (001)
[Shen98].

Fig. 5.12: Kink sites at the periphery of
N\ : \ an irregularly shaped 2D clusters (shown
in black).

It is worth noting here that presence of “dendritic” 2D clusters, with a high density of
kinks along their peripheries, as known to nucleate in low temperature epitaxy of
metals [Hwang91, Hwang96], is not absolutely necessary for the re-establishment of
down-climb of adatoms. Merely due to the reduced size of the 2D clusters, the
probability that adatoms impinge directly on the edges of the islands would increase
and thereby, down-climb would be enhanced.

Fig. 5.13: STM images of 2D clusters, nucleated after deposition of 0.5 ML CdTe on a 50
nm-thick CdTe/Cdy96Zn04Se(001) layer , at Tg = (a) 320 °C, (b) 300 °C, (c) 280 °C. Adopted
from [Martrou00]

Unfortunately, the nucleation and growth phenomena in CdSe/ZnSe(001) have not
been studied adequately, which makes the argument presented above partly
speculative. However, the morphology and areal density of 2D clusters, formed
during the initial growth-stages of a similar heterosystem, CdTe/Cdy 96Zng 04 Te(001),
have been studied by Martrou et al. [Martrou00, Martrou99]. Fig. 5.13 (a), (b), and (c)
show the 2D islands nucleated on the surface of a 50-nm-thick CdTe layer, when
additional 0.5 ML CdTe is grown at different Tg. It is evident that indeed with
reducing Tg, the size (areal density) of the 2D clusters shrinks (grows) and 2D
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clusters of more irregular shapes are formed. A similar behavior might be expected
for CdSe epitaxy, performed at comparable values of Tg.

Summary

In summary, the results presented above clearly demonstrated that QDs formed in
CdSe/ZnSe(001) MBE at Tg = 300 °C are essentially Cd-rich inclusions within a
ternary CdZnSe QW. Such inclusions are formed even for very low values of ®. Their
areal density, Cd-content, and possibly also the lateral dimensions increase with
increasing CdSe coverage, which leads to a monotonic redshift of PL-peak positions.
The areal density of such QDs increases to up to 10 cm™ for ® = 3 ML. The
topography of the uncapped CdSe-surface reveals a rough surface, consisting of
nearly merged tiny mounds, elongated along the [110] direction. The QDs, formed
after capping with ZnSe, are most likely related to these mounds.

As also demonstrated, in CdSe/ZnSe(001) heteroepitaxy, the layer-by-layer growth

mode is recovered at temperatures below the Tg-window for multilayer growth. This
re-entrant behavior is possibly related to the breakdown/suppression of ES barrier.
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Formation of CdSe/ZnSe(001) QDs by
low temperature epitaxy and in-situ
annealing

In this chapter, the formation and properties of CdSe/ZnSe(001) QDs by a technique
combining MBE growth of a CdSe layer at a low growth temperature of Tg = 230 °C and
subsequent in-situ annealing at Ta = 280-340 °C, is presented. The approach adopted here
is similar to that developed by Rabe et al. [Rabe98]. The main motivation of this work
was to investigate the fundamental mechanism underlying the formation of QDs by this
technique and thereby obtain control over the QD-properties. In this chapter, first, the
properties of the QDs are detailed and compared to those grown by conventional MBE at
Tg = 300 °C. This is followed by an analysis of the QD-formation mechanism and a
discussion on how the QD-areal density might be controlled by this technique.

6.1 The “low temperature epitaxy and in-situ annealing” technique and sample
fabrication

In this technique, after growth of the ZnSe buffer layer (~ 50 nm), the sample was cooled
down under Se flux to Tg = 230 °C. Subsequently, a CdSe layer was grown at Tg, with a
Se:Cd flux ratio of 20:1 and at a rate of 0.071 ML s™', as mentioned before in sections 5.1
and 5.2. Immediately after CdSe deposition, the sample was heated up to To = 280-310
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°C and annealed for t, = 15-20 mins. Both temperature-ramp-up and annealing were
performed under Se-flux. During this annealing step (within the first 2-3 mins) the
growth-front evolved from a flat surface to an ensemble of 3D islands. All samples,
except those intended for AFM imaging, were capped with 35-50 nm of ZnSe.

6.2 Formation and properties of QDs

Figure 6.1 (a) and (b) show the RHEED images corresponding to the surface of a CdSe
layer after growth at Tg and after subsequent annealing at To = 310 °C, respectively. The
CdSe coverage of the sample is ® = 3.3 ML. The streaky RHEED of Fig. 6.1 (a)
demonstrates that the CdSe deposit forms a quasi-2D layer. On the other hand, after
temperature ramp up to Ta and annealing (for ta = 20 mins), a weakly spotty pattern
develops, as illustrated by the image of Fig. 6.1 (b). This suggests formation of 3D
features on the surface (refer to Fig. 3.4 (d)). The spotty pattern appears within 2-3 mins
of annealing, and persists thereafter. A completely streaky pattern is recovered during
subsequent capping, after deposition of ~ 5 nm of ZnSe.

Fig. 6.1: RHEED images corresponding to the surface of a 3.3-ML-thick CdSe layer (a) after
growth at Tg= 230 °C and (b) after subsequent in-situ annealing (under Se flux) at T, = 310 °C,
for t, = 20 mins.

Island-formation by this technique is demonstrated in the AFM images shown in Fig 6.2.
Before annealing, the as-grown CdSe surface (® =3 ML) shows the typical ridges,
discussed in detail before in sections 4.2 and 5.2 (see Figs. 4.1, 4.2 and 5.3(a)). On the
other hand, the surface morphology of the annealed (To = 310 °C) sample with similar
CdSe coverage, shows distinct 3D islands on top of the mounds (Fig. 6.2 (b) and (c)). The
islands are ~ 2 nm high, ~ 20 nm in diameter, and with an areal density of 2-5x10'" cm™.
From the dimensions and the areal density of the islands, it is estimated that material
equivalent to ~ 0.3 ML CdSe is consumed in the islands.

Fig. 6.3 shows the PL spectra recorded from a series of samples, wherein the annealing

temperature was varied between T, = 280- 340 °C, for a particular value of ® (= 3.3
ML). In the same Figure, the spectrum corresponding to a 3.3-ML-CdSe layer, grown and
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immediately capped at Tg = 230 °C, is also shown. It is evident that in-situ annealing at
all values within the investigated range of T, leads to a redshift of the PL emission,
compared to that of the unannealed sample (grown and capped at Tg). The PL-redshift
can be explained only by a reduction of the quantum confinement energy, due to
formation of QDs. Since both formation of 3D islands and PL-red-shift are consequences
of the in-situ annealing step, it might be inferred that the QDs of the capped samples are
correlated to the islands of the uncapped samples. Furthermore, similar PL-redshifts for
all values of T, indicate that, once formed, the islands are stable against Cd-desorption,
Cd-Zn intermixing, or Ostwald ripening.

6.15 nm
(a)

-
s

200nm
e

Fig. 6.2: AFM image of an uncapped 3 ML-CdSe surface (a) after growth at Tg = 230 °C and
after subsequent in-situ annealing at T, = 310 °C. (c) An enlarged section of the image in 3D
view.

To investigate systematically the properties of the QDs, a series of capped samples, with
CdSe coverage varying between ©® = 2-4.5 ML, were prepared. For the whole series, Tx
was chosen to be 310 °C.

| T =2K T =

280 °C
300 °C
310°C
320°C

340 °C
Fig. 6.3: PL spectra of a set of

_  T.=230°C, samples (® = 3.3 ML) annealed
¢ at different T4, along with that of
a sample grown and immediately
capped at Tg =230 °C.
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In Fig. 6.4, (004) x-ray diffractograms of a few samples are shown. Despite island
formation, a good agreement is evident between the measured and the simulated profiles,
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up to ® = 3.5 ML. The calculated values of ® also agree well to those targeted. This
substantiates the fact that no significant Cd-desorption takes place during annealing, even
at To = 340 °C. Beyond ® = 3.5 ML, the recorded pattern begins to deviate from the
simulated one, and the fringes tend to smear out increasingly. This evolution is attributed
to the generation of stacking faults [Passow00].

|

Targeted

Simulation

4.5 ML

mi T |
4ML/ 4.16 ML

Intensity (Arb. Units)

Fig. 6.4: (004) X-ray diffractograms
of a set of samples with different
CdSe coverages, along with the
simulated profiles. Values targeted
and used for simulation are shown in
black and orange, respectively.

[
20 (arc sec)

Fig. 6.5 shows the PL spectra recorded at 2 K, for the whole series of samples with
varying ®. Despite the long growth interruptions during annealing, the PL at 2 K is
bright. For ® = 4 ML, the PL-intensity drops significantly. This is attributed to plastic
relaxation of the QD-layer by formation of stacking faults, as indicated previously by the
x-ray diffractograms (Fig. 6.4).
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Er Fig. 6.5: PL spectra, at 2 K, of
I a series of samples, with
" different @
= .
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While for ® < 2.5 ML, the PL spectra consist of low energy tails, for ® > 3 ML, the
spectra are more symmetric in shape. This suggests that the QD-density increases with
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increasing ®, similar to that observed for MBE-grown samples (Fig. 5.5). At 300 K, the
PL was observed to weaken by an order of magnitude.

Fig. 6.6 shows the energy positions of the PL spectra recorded at 2 K, as a function of ©.
For comparison, the data for the MBE-grown samples, and the calculated exciton
transition energies for pure CdSe QWs are also plotted (from Fig. 5.6(a)).
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ﬁ 2.4 3\5\ Fig. 6.6: ©®-dependence of the
A energy-positions of PL spectra,
[ recorded at 2 K. For comparison the
2.3 o data of the MBE-grown samples and
SOEL the calculated exciton transition
o energies for pure CdSe QWs are also
22 plotted.
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Evidently, the PL-redshift with increasing ® is monotonic, similar to the case of
conventional MBE growth. Thus, it might be inferred that also in this case QD formation
in not associated with any distinct transition in exciton ground state energies, and
therefore, also not with any critical coverage for elastic relaxation of misfit strain. The
blue-shift of the experimental data points relative to the calculated exciton transition
energies for pure CdSe QWs indicate that Zn-Cd intermixing of the QD-layer is
prevalent.

What is more striking in Fig. 6.6 is the fact that not only the monotonic redshift trend, but
also the values of the PL-energies, obtained by “low temperature epitaxy and in-situ
annealing”, are the same as those of samples grown by conventional MBE, for almost all
values of ®. This suggests that by both techniques, the composition and the dimension of
the QDs, in the confining direction (i.e., their heights), are identical. Since distinct 3D
islands are formed by “low temperature epitaxy and in-situ annealing”, this similarity
necessarily implies that the 3D islands, formed after in-situ annealing, are modified
during subsequent capping with ZnSe. The modification of the islands is possibly driven
by segregation of Cd and Zn-alloying of islands during capping, as observed also in
previous investigations [Peranio00, PassowO1, Kruse07]. The effects might either
truncate or compositionally compensate for the larger size of the islands. Explained in
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other words, the latter consequence implies that a reduction in the quantization energy
due to larger size of the QDs is exactly compensated by an enhanced Cd-Zn alloying
process, as known for other heterosystems [Larsson06].

RRS was also used in this case to probe the composition of a few QD-layers. The ®-
dependence of the Cd-content of the QD-layers is shown in Fig. 6.7, along with the
corresponding plot for MBE grown samples (from Fig.5.9).
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It is seen that the average Cd content of the investigated QD-layers agrees well to that of
the corresponding samples grown by conventional MBE. This fact strengthens the
requirement that the dimension of the QDs in the growth direction (the confining
direction) formed by both techniques are comparable. Otherwise, the ®-dependence of
the PL-redshifts would not show the observed parallelism.

Fig. 6.8 (a) shows the cross-sectional TEM image of a QD-layer with ® = 3.8 ML. The
QD-layer, similar to the case of conventional MBE growth, appears to be a ternary QW,
with Cd-rich inclusions. The observation qualitatively substantiates collapse of islands,
due to segregation of Cd and concomitant Zn-alloying during capping. A color-coded
map of the c-parameter variation, calculated for the region marked by the box in Fig. 6.8
(a), is shown in Fig. 6.8 (b). The core of the measured region appears to consist of pure
CdSe, which is ~ 1.6 times the amount of Cd deduced by RRS, for a QD-layer of
comparable CdSe coverage (60 % Cd, for ® = 4 ML). The possible reasons for this
discrepancy have already been discussed in section 5.3 (refer to Fig. 5.9 and 5.10).
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Fig. 6.8: (a) Cross sectional HRTEM image (bright field) of a capped sample with ® = 3.8 ML.
(b) Color-coded map depicting the c-parameter variation across the QD-layer, in the region
marked by the white box in (a).

The areal density of QDs was probed by p-PL measurement. Fig. 6.9 shows the p-PL
spectra of a sample with ® = 3.5 ML (refer to Fig. 6.5), recorded at 2 K, from mesas of
different sizes, ®@eso. Emission lines due to individual QDs are evident, even for @ e, =
350 nm.
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Fig. 6.9: u-PL spectra (at 2) K from mesas of different size, @ ., for a sample with ® = 3.5 ML

The areal density of QDs, estimated by counting the emission lines of several ® e, = 150
nm-mesas, is ~ 2-5 x10'° cm™. The value is in good agreement with the areal density of
islands, observed in AFM imaging. This corroborates to the previous inference that the
islands formed after annealing (observed in AFM (Fig. 6.2 (b)) represent the QDs formed
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after subsequent capping (which localize excitons three-dimensionally). The p-PL result
further establishes that albeit the size and composition of the QDs formed in “low
temperature epitaxy and in-situ annealing” are similar to those resulting from
conventional MBE, the former technique allows reduction of the QD-areal-density by
more than an order of magnitude.
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The integrated PL intensity of the sample was also measured at different temperatures.
The logarithmic plot of intensity versus (kgT)"' is shown in Fig. 6.10. Two different
activation energy values, i.e. AE5x = 14.96 and 102.2 meV, were deduced from the plot.
While E5, = 14.96 meV may be attributed to redistribution of carriers within the QD-
ensemble, AE5 = 102.2 meV is assigned to thermal emission of excitons out of the QDs
and non-radiative recombination at surface or defect states. The value is almost twice as
large as that measured for a ® = 3.5 ML CdSe layer grown by conventional MBE at Tg =
300 °C. The higher value of AE, measured here is attributed to a stronger lateral
confinement within the QDs formed by “low temperature epitaxy and in-situ annealing”.
A stronger lateral confinement results possibly due to the reduced areal density of QDs,
whereby carrier escape by tunneling is suppressed.

The QDs fabricated by low temperature epitaxy and in-situ annealing were also found to
be anisotropic in shape, similar to those formed in conventional MBE growth. The long
axes of the QDs in this case are similarly oriented along one of the <110> directions. The
degree of linear polarization was also found to be of comparable value.

6.3 OD-bilayers realized by “low temperature epitaxy and in-situ annealing”

In addition to the series of samples, investigated in the previous section, a QD-bilayer
sample was prepared. Both QD-layers were fabricated by “low-temperature epitaxy and
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in-situ annealing”. This implies that the bottom QD-layer went twice through the in-situ
annealing step, first without and next with the ZnSe spacer layer atop. In both QD layers,
the CdSe coverage was ® =2 ML CdSe. The thickness of the ZnSe spacer layer between
the CdSe QD-layers was chosen to be L =3 nm.

Fig 6.10 (a) shows the TEM image of the QD-bilayer. A color-coded c-parameter map
recorded around the bottom-most arrow of Fig. 6.11 (a) is shown in Fig. 6.11 (b). In both
images, the QDs clearly show a positional correlation. The correlation appears to be
(nearly) vertical.

Fig. 6.11: Cross-sectional HRTEM image (bright field) of the QD-bilayer. (b) A color-coded map
of c-parameter variation, taken around the rightmost arrow in the HRTEM image.

As discussed in section 2.6, positional correlation is driven by the strain fields around
buried QDs. This requires the self-assembled islands to be (partially) strain-relaxed (refer
to discussion in the context of Fig. 2.15 in section 2.6). Therefore, the positional
correlation of QDs observed in Fig. 6.11 strongly suggests that elastic relaxation of misfit
strain occurs by formation of islands, even for CdSe coverages as low as ® =2 ML. The
observed vertical correlation of QD-positions is explained by the fact that the thickness of
the spacer layer (L) is smaller than the QD-in-plane-diameter (dgpp), so that dpp/L > 1 (see
section 2.6).

6.4 Mechanism of QD formation and control of QD areal density

The focus of this section is on the mechanism of QD-formation by “low temperature
epitaxy and in-situ annealing”. At the outset it is helpful to recall that at the chosen
temperature of growth, Tg =230 °C, CdSe/ZnSe(001) heteroepitaxy occurs in (re-entrant)
layer-by-layer mode (section 5.4 and Fig. 5.2). As discussed in section 5.4, due to the
suppression/breakdown of step edge barriers, adatom down-climb is reestablished for Tg
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< ~ 240 °C. However, the recovery of the layer-by-layer growth is only partial. This is
indicated by the strong damping of the RHEED SSI oscillations in Fig 5.2 (a)-(c).

During growth at T, = 230 °C During temp ramp-up to and annealing at T,, = 310 °C

Fig. 6.12: Schematic diagram depicting (a) the down-climb of adatoms during growth at Tg = 230
°C and (b) the reverse up-climb during ramp up and annealing at T, =310 °C

In turn, it implies that the surface of the as-grown CdSe layer is not perfectly two-
dimensional but consists of a certain concentration of 2D clusters and unincorporated
adatoms. At Tg, such unincorporated adatoms atop the 2D clusters predominantly tend to
climb down to the penultimate layer, as shown in Fig. 6.12 (a). This fact is substantiated
by the existence of the RHEED SSI oscillations.
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Fig. 6.13: PL spectra for a series of samples with 3.8 ML CdSe, for which GI were introduced at
Tg under Se flux for t; = 1, 10, and 100 min, before ramp-up to and annealing at T4. Spectrum of
a sample with 3.8 ML CdSe, grown and capped at Tg, is also shown.

When immediately after CdSe growth, the temperature of the surface is rapidly ramped
up to the annealing temperature T,, a reverse upward interlayer diffusion (“up-climb”) of
adatoms is activated. In absence of required diffusion data, assuming the diffusion barrier
(E4 +AEEs) to be ~ 1.5 eV (comparable to GaAs(001) homoepitaxy), ramp-up to T4 =310
°C from Tg = 230 °C, implies an enhancement of the up-climb rate by two orders of
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magnitude. The adatom up-climb might also (in part) be driven/enhanced by a possibility
of strain relaxation by formation of islands, as known for SK growth. This leads to a
fraction of the adatoms climbing onto the 2D clusters and subsequently, nucleating new
3D islands (Fig. 6.12 (b)). The areal density of QDs is reduced by this technique,
compared to conventional MBE, due to the fact that only a fraction of the 2D clusters are
sufficiently large to support nucleation of 3D islands by up-climbing adatoms.

Within the purview of the model, it would be expected that, after growth of the CdSe
layer, when instead of immediately raising the temperature of the surface to T =310 °C,
growth interruptions (GI) are introduced at Tg = 230 °C, the as-grown layer smoothens.
The fact that this indeed happens is revealed by the PL spectra shown in Fig. 6.13.
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Fig. 6.14: u-PL spectra, corresponding to the two samples of the series, for which GI were
introduced at T, before ramp-up to and annealing at T 5.

The spectra belong to a series of samples with 3.8 ML CdSe, for which GI for tg; = 1, 10,
and 100 min were introduced at Tg (under Se flux) before temperature ramp-up to Ty =
310 °C. Also shown in the Figure is the PL spectrum of a reference 3.8 ML CdSe layer,
grown and immediately capped at Tg. For tg; = 1 min, the PL emission shows a red-shift
of about 50meV, and a strong spectral broadening with respect to the reference sample.
This behavior is very similar to that observed before for samples without any GI (Fig.
6.3), and therefore suggests a similar formation of 3D islands. For tg; > 10 mins on the
other hand, the PL exhibits a blue-shift with respect to the reference sample, with a
concomitant narrowing of the spectrum. This blueshift and narrowing of the PL spectra
with increasing tgp strongly suggests suppression of islanding, evidently due to loss of
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mobile adatoms, which would otherwise be available for 3D islanding. Additionally, the
fact that for tg; > 10 mins, the PL shifts to energies beyond the spectrum of the reference
sample, indicates that the post-growth mobile adatoms are lost due to their down-climb
and subsequent incorporation at the edges of the 2D precursor islands, leading to further
smoothening of the as-grown layer.

An even more convincing evidence of suppression of island formation by introduction of
GI at Tg is provided by the p-PL spectra, corresponding to tg; = 10 and 100 mins, shown
in Fig. 6.14. Clearly, the density of single emission lines (or equivalently that of QDs) is
much lower than that seen in Fig. 6.9, corresponding to no GI. The QD areal density for
tgt = 100 min is as low as 8x10° cm™. This demonstrates that a judicious choice of tg;
would allow tuning of the areal density of such QDs.

Summary

From the results presented above it is established that distinct 3D CdSe islands are
formed by the technique of “low temperature epitaxy and in-situ annealing”. The island-
formation is triggered by the enhancement of (thermally activated) adatom up-climb,
during the in-situ annealing step, and is characterized by a weak streaky-to-spotty
transition in RHEED. The resultant islands are distinctly discernible in AFM images.
They are stable against desorption, intermixing or Ostwald ripening, but not against Cd-
segregation during capping with ZnSe. While the dimension and composition of the QDs
are comparable to their MBE-grown (at Tg = 300 °C) counterparts, their areal density is
reduced by more than an order of magnitude. This leads to stronger lateral confinement of
excitons within the QDs. The QD-areal density can be further tuned by appropriately
delaying the in-situ annealing step.
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Amorphous selenium mediated self-
assembly of CdSe/ZnSe(001) QDs:
Single QD-layers and QD-superlattices

This chapter deals with another variant of conventional-MBE to induce self-assembly of
CdSe/ZnSe(001) QDs. In 2003, Tinjod et al. demonstrated formation of large
CdTe/ZnTe(001) QDs by deposition of amorphous tellurium onto an epitaxially strained
CdTe layer and its subsequent desorption [Tinjod03]. In this work, the approach has been
adopted for the CdSe/ZnSe(001) heterosystem, in parallel to the efforts of the same
authors. Similar to the case of the CdTe/ZnTe(001) heterosystem, QD-self-assembly
takes place also when an epitaxially strained CdSe layer is capped with amorphous
selenium (a-Se) and subsequently decapped. In the first part of this chapter, the
fabrication technique and the properties of the resultant QDs are discussed. The rest of
the chapter deals with fabrication of QD-superlattices, for which the first (seed) QD-layer
was grown by this technique and the subsequent ones by MEE.

7.1 The “a-Se mediated self-assembly” technique and sample fabrication

Similar to the samples of the previous chapter, here also, the CdSe layer was grown by
conventional MBE at Tg = 230 °C, on 45-50 nm thick ZnSe barrier layers. A Se:Cd flux



CHAPTER 7

ratio of 20 resulted in a growth rate of 0.05 ML s™. Following CdSe growth, the sample
was cooled down to ~ 45 °C, in approximately 60 mins. Subsequently, Se-flux was
offered to the CdSe surface. At 45 °C, the deposited Se formed an amorphous layer (a-
Se), at a rate of ~2 A s™. The thickness of the a-Se-cap layer was chosen to be dcap =~ 60
nm. After capping the CdSe surface, the temperature of the sample was ramped-up for
desorption of a-Se to Tp = 230 °C, within a fixed interval of 15 mins. Desorption of a-Se
took place much earlier, at a temperature as low as ~ 145 °C. After a-Se desorption,
CdSe/ZnSe(001) islands were formed. In the temperature interval of 200-230 °C, Se flux
was offered once again to the re-exposed CdSe surface (with QDs). This was performed
to hinder desorption of Cd. The value of Tp = 230 °C and the ramp-time of 15 mins were
chosen based on some preliminary optimization steps, performed to obtain the best
morphological attributes of the self-assembled islands [Eschenbach07]. All samples,
except those intended for AFM imaging, were subsequently capped with ZnSe layers of
thickness 45-50 nm, grown also at 230 °C, by conventional MBE.

7.2 Formation and properties of QDs
RHEED images, corresponding to different steps of the process, are shown in Fig. 7.1.

The streaky pattern of Fig. 7.1 (a) represents the flat CdSe layer, after growth at Tg = 230
°C, as shown before in Fig. 6.1 (a).

Fig. 7.1:RHEED images recorded (a) after growth of 3 ML CdSe at Tg =230 °C, (b) after
subsequent capping with a-Se at 45 °C, (c) at an intermediate stage (~ 170 °C) during
temperature-ramp up to Tp and (d) at Tp = 230 °C, under Se flux. See text for details.

After the CdSe surface was capped with a-Se, the streaky pattern disappeared and a
diffuse image, as shown in Fig. 7.1(b), emerged. On ramping up the temperature for a-Se
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desorption, at ~ 145 °C, the distinctly spotty pattern of Fig. 7.1 (c) appeared, revealing
the formation of 3D nanostructures. This spotty pattern existed thereafter. When Se-flux
was offered to the re-exposed CdSe surface above 200 °C, a weak (2x1) reconstruction
could also be seen, as shown in Fig. 7.1 (d). Surprisingly, the spotty patterns of Fig. 7.1
(c) and (d) were observed also for CdSe coverages down to ® = 1 ML.

Fig. 7.2 shows an AFM image of an island-layer, corresponding to CdSe coverage of ® =
3 ML. Well defined 3D islands are clearly seen in the Figure. The islands are between 2-4
nm high and 35-50 nm in base diameter. The length (measured along [110]) and width

(measured along [1-10]) of a particular island are also shown. The QD-areal density is in
the range of 2-5x10'" cm™.
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Fig. 7.2: (left) AFM image of an island layer, corresponding to ® = 3 ML CdSe, d.,, = ~ 60 nm,
Tg and Tp = 230 °C. (right) Width (along [1-10] and length (along [110]) of a particular island,
marked in the AFM image.

A series of capped samples, with ® varying from 1-3 ML, were prepared for XRI, PL,
and RRS investigations. For the entire series of samples, (004) x-ray diffractograms were
recorded, similar to those of “low temperature epitaxy and in-situ annealing” (Fig. 6.4).
However, in contrast to the samples grown by the previous techniques, for the series
presented here, significantly lower values of CdSe coverage were measured (®Oxg;), in
comparison to those targeted (®nominal)- The Onomina Vvalues are based on XRI
determination of the CdSe growth rate, as discussed in section 5.2. For the XRI-sample,
the thick ZnSe barrier and cap layers, as well as the CdSe separator layer, were grown by
MBE at Tg = 230 °C. TA plot of ®Oxg; versus Ouomina 18 shown in Fig. 7.3 (blue data
points). The grey dotted line serves as a reference, representing the case of Ouomina =
Oxgry. In the inset, A® = Opominal - Oxri 18 plotted versus Opomina. It is seen that A®

" The calibration sample was grown together with the series of QD-samples
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increases linearly with increasing ®Onominal Up t0 Opominal = 2.6 ML. Beyond 2.6 ML, A®
drops quite drastically. The trend is substantiated by the additional data points (in red and
green) shown in the plot. The red points correspond to two samples, similar to those of
the series, except for the choice of Tp (= 280 °C). The green point belongs to a sample
nominally similar to the corresponding sample of the series (Onomina = 3.01 ML). It is
worth noting here that a similar mismatch between the nominal and measured CdSe
coverages has been observed (independently) by Robin et al. [Robin07]. The authors
reported, based on XRI and c-parameter analysis of HRTEM images, A® = 0.64%0.15
ML (XRI)/0.8£0.2 ML (HRTEM) and 0 (XRI)/0.2+0.2 ML (HRTEM), for ®yominal = 2
and 3 ML, respectively. However, the parameters dcap, Tp (= 280 °C), the temperature of
a-Se deposition (-10 °C), and the ramp-rate (to Tp) are slightly different from those
chosen for this work. Furthermore, in [Robin07], the first few monolayers (40-80) of the
ZnSe cap layer were grown in ALE mode.
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Fig. 7.3: Oxg; versus Opomina plotted for the series of QD-layers with different CdSe coverages.
The inset shows A® = Oxgri - Opominat @S a function of Oyymina. The schematic on the right side
shows a model to explain the trend of the plot (see text below)

The observed deviation of the measured CdSe coverage from the values targeted might be
attributed to two different reasons, or a combination of both. To discuss these reasons, it
is helpful to recall at the beginning that a spotty RHEED was observed after a-Se
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desorption, for all values of ®,oming. Hence, it might be inferred that 3D islands are
formed for all CdSe coverages. In the first model, it is postulated that islands formed for
coverages up to Opominat = 2.6 ML are unstable (similar to kinetic mounds) and Cd
segregates away from their apices during capping with ZnSe. The areal density and/or the
size of such islands possibly increase(s) with increasing ®pominai and therefore, Cd-
segregation, and in turn, A® increases.

The scenario changes with Opominat = 3 ML. Possibly for this coverage (or some
intermediate value between 2.6 to 3 ML) a transition from unstable mounds to stable
(facetted) islands takes place, as known for self assembly of Ge/Si(001) islands
[Vailionis00, Tersoff02] and discussed in section 2.2 (Fig. 2.5 (¢) and 2.5 (d)). Due to
this transition the islands are stabilized and Cd-segregation is suppressed, resulting in the
sudden drop of A®.

The second explanation is based on the specifics of the XRI measurement technique.
Once again, it is assumed that islands are formed for all CdSe coverages and their areal
density and /or size increase(s) with increasing ®ominal. FOr Onominal < 2.6 ML, the areal
density of islands is tentatively low and the amount of CdSe consumed in the islands does
not contribute to a coherent phase shift between the x-rays scattered from the cap- and the
barrier-ZnSe layers, as mentioned previously in section 3.3 (b) (refer to Fig. 3.9). The
coherent contribution to the phase shift comes only from the amount of CdSe distributed
as a 2D layer, beneath the 3D islands (Bottom and middle schematic in Fig. 7.3). This
explains the non-zero value of A®. Although with increasing ®pominai, both thickness of
the 2D CdSe layer and the areal density and/or the size of the islands increase, XRI
registers only the former. The increase of A® is then explained by the fact that the rate at
which the islands grow in number and/or size is higher than the rate at which the
underlying 2D layer grows with increasing ®Onomina. In SK growth of InAs/GaAs(001)
islands, it is well known that the wetting layer thickness remains constant at ~ 1.7 ML,
irrespective of the InAs coverage. InAs deposited beyond 1.7 ML is consumed
completely by the islands, which thereby grow in size. This process is favored due to the
fast surface diffusion of In adatoms, which also suppresses nucleation of new islands.
Thus, the areal density of islands also remains unchanged with increasing InAs coverage.
Here, due to slow diffusion of adatoms and the fact that islands are not nucleated during
growth, but rather during a post-growth manipulation of the surface, the thickness of the
2D CdSe layer, as well as, the size and/or areal-density of the islands increases with
increasing ®yomina. However, the fact that A® increases with ®Opominai Suggests that once
formed, the islands in this case also tend to accumulate more material, similar to SK QDs.

Within the purview of this model, the fall of A® for ®,omina = 3 ML is also explained by
the increase in the areal density of islands. When the ensemble of islands becomes
sufficiently dense, it once again contributes to the coherent phase shift of the scattered x-
rays. For Opominal = 3 ML, Oxg; therefore corresponds to the thickness of a 2D CdSe layer
plus the mean “thickness” of the QD-ensemble (see the top schematic of Fig. 7.3).
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Both models explain the observed trend of the plot in Fig. 7.3 sufficiently. However, a
combination of both effects might not be ruled out. Results of other characterizations,
discussed below, provide more insight into the topic.

Fig. 7.4 shows the PL spectra of the whole series of samples, recorded at 7 K. Despite
long growth interruptions, thermal cycling, and complexity of the fabrication process, the
PL emission at low temperature is bright. The spectra broaden with increasing CdSe
coverage and beyond ® = 1.7 ML, they are best fitted with two Gaussian profiles, as
shown in Fig. 7.5, for ® =3 ML.
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Fig. 7.4: PL spectra recorded at 7 K from the series of samples, with ® varying from 0.9-3 ML.

The spectral separation between the two Gaussian profiles is 22.9 meV. Comparable
values were deduced also for other coverages (26.1 and 22 meV for ® = 2.6 and 2.2 ML,
respectively). The bimodal PL-intensity profile might be assigned either to a bimodal
distribution of QD-sizes or combined emission from excitons and multi- or charged-
excitonic-complexes. However, it is unlikely to form two subsets of QDs, differing in
size and composition in a way that their ground state energies differ by such small values.
A difference of 25 meV in the ground state exciton energy, for example, would
correspond to a difference of ~ 0.15 ML difference in the height of the QDs (refer to Fig.
7.6), assuming their compositions to be the same. The low energy Gaussian might rather
be attributed to biexciton or trion emission (refer to section 3.5). Indeed the measured
spectral separation of the two Gaussians in Fig. 7.5 falls well within the values of
biexciton- or trion binding energies measured before (see section 2.8, Fig. 2.21)
(Gindele99, Lowisch99, Patton03). A more convincing evidence calls for a measurement

of the PL-intensity as a function of the excitation density. This has unfortunately not been
done.
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The variation of PL-spectral position with CdSe coverage ©* is shown in Fig.7.6 (filled
blue circles). For comparison, the plots corresponding to the series of samples grown by
both conventional MBE (empty black circles) and “low temperature epitaxy and in-situ
annealing” (filled red circles) are also shown in the same Figure. The empty black
diamonds in the plot represent the calculated exciton transition energies for pure CdSe
QWs. Apparently, the PL peak positions of the QD-ensembles formed in “a-Se mediated
self-assembly” coincide with those corresponding to the former growth techniques, for
almost all ®. Similar to the arguments made in section 6.2 (in the context of Fig. 6.6), the
coincidence of the PL peak positions here as well might be attributed to Cd-segregation
and concomitant Zn-alloying of the islands, during capping.
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Fig. 7.5: PL spectrum of the sample with ® = 3 ML, fitted with two Gaussian profiles.

It is then tempting to relate A® of Fig. 7.3 to the segregation model. However, if the
segregation model is considered alone (assuming XRI measures the entire amount of
material distributed both in the islands and the 2D layer, for all CdSe coverages), the PL
peak positions should be plotted versus ®Oxg;, instead of Opomina. The corresponding plot
is then represented by the filled green circles in Fig. 7.5. It might then be argued that “a-
Se mediated self-assembly” leads to a clear redshift of the PL peak positions, in
comparison to conventional MBE or “low temperature epitaxy and in-situ annealing”.
The large A® values suggest that albeit island formation is enhanced by this method,
segregation of Cd is also stronger, in comparison to conventional MBE. Thus the QDs
formed by “a-Se mediated self-assembly” are not expected to be significantly different
from their conventional-MBE-counterparts, as has also been observed in HRTEM images

tOis equivalent to ®omina, Unless stated otherwise.
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[Robin00, Bougerol06]. An explanation which reconciles the XRI and the PL results
requires a combination of the two models presented before. It might be inferred that the
main contribution to A® is due to the low areal density of QDs. However, Cd-segregation
during capping is prevalent which leads to similar (or inter-compensated) size and
composition of the QDs, by all fabrication techniques.
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7.3 Fabrication and properties of CdSe/ZnSe(001) QD-superlattices

To investigate whether strain-mediated positional correlation of CdSe/ZnSe(001) QDs
might be achieved , QD-superlattices were fabricated. The first QD-layer (the seed-layer),
in all cases, was prepared by the “a-Se-mediated-self-assembly” method, described in the
previous sections. Of the three methods of QD formation, studied in this thesis, the QDs
formed by “a-Se-mediated self-assembly” are morphologically most robust, as observed
by AFM. They are distinctly discernible and larger than those formed by the other two
techniques. The areal density of such QDs is also sufficiently low. Since elastic strain
relaxation within larger islands is expected to be higher and a low areal density is
favorable for (strain-mediated) positional correlation of QDs (refer to section 2.6, Fig.
2.15), “a-Se-mediated self-assembly” was considered the most suitable method for
fabrication of the seed-layer. Therefore, the seed layer was grown following the recipe of
section 7.1 and for all structures, the CdSe coverage was chosen to be ® =3 ML

The subsequent QD-layers of the superlattices were fabricated by MEE. This choice was

guided by several factors. Firstly, taking into account the time (~ 100 min for each layer)
and complexity involved in “a-Se-mediated QD-self-assembly”, it would have been
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impracticable to grow the entire superlattice by this technique. Moreover, different QD-
layers would have undergone different thermal treatments, in terms of the number of
cooling (to 45 °C, for a-Se capping) and heating (to Tp = 230 °C, for a-Se desorption)
cycles. Although MEE growth leads to no discernible self-assembly of distinct
CdSe/ZnSe(001) islands in single QD-layers, it was assumed that the strain fields of the
buried QDs of the seed layer would define preferred sites for QDs of the subsequent
layers to nucleate. To favor this process, MEE, instead of conventional MBE, was
chosen, since, the former method allows extra time for adatom migration, between two
consecutive growth cycles (see section 3.1, Fig. 3.3). For MEE also, a coverage of ® =3
ML was chosen, with growth of each monolayer interspersed by growth interruptions
under Se-flux. The interval of growth interruption (40 s) was chosen to be double the
duration of growth of a ML (20 s). The MEE-QD-layers, for all samples discussed here,
were grown at Tg = 230 °C. Tg was chosen based on some preliminary optimization
steps, performed to obtain a relatively low density of well defined QDs [Eschenbach07].

A crucial issue in growth of QD-superlattices is the morphological quality of the spacer
layers between the individual QD-layers. For III-V or group-IV QD-superlattices, flat
spacer-surfaces are recovered, well below the maximum thicknesses permissible for
strain-mediated positional correlation of QDs to occur. Nucleation of islands on
correlated sites is then assigned solely to local strain fields of buried QDs. During growth
of a particular QD-layer, these strain fields define local chemical potential minima for the
diffusing adatoms, where QD-nucleation is favored (section 2.16, Fig. 2.15). In case a flat
surface is not recovered after growth of the spacer layer, the chemical potential of the
adatoms would additionally be influenced by asperities of the spacer-surface.

Height [nm]
e O

10 20 30 40

Fig. 7.7: AFM image of a 2 nm thick ZnSe spacer layer, grown atop the seed-QD layer, at Tg =
230 °C (left). The line-profile of a 3D feature of the spacer-surface is also shown (right).

Therefore, before fabrication of multiple QD-layers, the growth and morphology of thin
ZnSe spacer layers atop the seed-QD-layer was studied. For the samples studied in this
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section, spacer layers were grown at Tg = 230 °C. The evolution of the spacer layer was
monitored real-time by inspection of the RHEED pattern. After formation of the seed-
QD-layer, the RHEED pattern was similar to that shown in Fig. 7.1 (d). With subsequent
ZnSe deposition, a streaky pattern appeared within a thickness of L = 2 nm, albeit the
spotty pattern did not disappear completely. Thereafter, the mixed streaky-spotty pattern
continued for thicknesses up to even 25 nm. The morphology of a spacer layer, 2 nm
thick, is shown in Fig. 7.7. The surface is observed to be significantly rough, with a rms
roughness double as much as the underlying seed-QD-layer (measured for the image of
Fig. 7.2.).Certain 3D features are also seen in the image.

The observed morphology of the ZnSe cap layer indicates strongly to a situation similar
to that observed by Rastelli et al, in capping Ge islands at 300 °C (section 2.5, Fig. 2.13)
(Rastelli02). In accordance with the explanation provided in the context of Fig. 2.13 (a),
capping of CdSe at 230 °C might also be considered to be shape-preserving. The fact that
a smooth ZnSe cap is not recovered, even after a thickness of 25 nm, might then be
assigned to suppressed surface diffusion of Zn adatoms at the low capping temperature of
230 °C, whereby, the profile of the CdSe islands is preserved in the ZnSe cap layer. The
situation is illustrated schematically in Fig. 7.8 (a).

Fig. 7.8: Schematic illustration of “shape
preserving” capping of CdSe islands with
ZnSe. (a) shows the hypothetical situation
just after deposition of the first monolayer
of ZnSe. (b) shows an intermediate stage
wherein Cd atoms, close to the apex of the
island exchange sites with the deposited Zn
atoms (segregation) (c) shows the situation
after deposition of the second monolayer of
ZnSe, where the segregated Cd atoms are
seen to wander vertically away from the
islands. The profile of the islands is clearly
seen to be preserved during capping.

With the assumption of shape-preserving capping, Cd-segregation and Zn-alloying
cannot be explained by the model established for the standard capping scenario in
InAs/GaAs(001) or Ge/Si(001) heteroepitaxy (see Fig. 2.12). For the InAs/GaAs(001)
heterosystem, it has been argued that during capping, GaAs grows preferentially between
the islands.
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Lateral segregation of In from the islands takes place during capping, due to mounting
compressive strain at the island edges. The segregated In atoms migrate large distances to
form a 2D layer. As suggested by the morphology of the ZnSe cap layer and the
schematic illustration of Fig. 7.8 (a), this is not the case here. For the shape-preserving
capping situation, rather, a vertical segregation model is more appropriate.

Unlike In-adatoms in InAs/GaAs(001) heteroepitaxy, Cd adatoms are sluggishly mobile
at 230 °C (The PL blue-shift after annealing for up to 100 mins in section 6.4, Fig. 6.13,
substantiates this fact). Therefore, though segregation takes place, the segregated Cd-
atoms do not wander (laterally) far away from the islands (fig. 7.8 (b)). Rather, they
migrate vertically upwards in the growing cap layer, as shown in Fig. 7.8 (c). Here
segregation takes place, most likely, due to site-exchange between Cd and Zn atoms,
which is promoted by the possibility of strain relaxation. As seen in the schematic
illustration of Fig. 7.8, vertical Cd-segregation does not interfere with the shape-
preserving capping mechanism but may rather stabilize it.

In order to enhance migration of adatoms and thereby achieve smoothening of the ZnSe
cap layer, capping at Tp = 280 °C was also attempted. Also, the two step capping
approach of Rastelli et al. (Fig. 2.13 (b)) was tried out [Rastelli02]. In the two step
approach, the first 2 nm of the cap layer was grown at 230 °C and another 12 nm at 350
°C. Unfortunately however, none of the two approaches led to significant smoothening of
the spacer surface. Consequently, for growth of the QD-superlattices, both MEE QD-
layers and the spacer layers between them were grown at 230 °C. By adopting the same
temperature for growth of both QD- and spacer-layers, unnecessary thermal cycling and
complexity could be avoided. Spacer layer thicknesses of L = 6 and 13 nm were chosen
for the superlattices.

Several QD-superlattice structures were fabricated, corresponding to both L = 6 and 13
nm. The number of superlattice period in case of L = 6 nm was chosen to be 2, 7, 9, and
12 (i.e. 1, 6,9, and 11 MEE QD-layers atop the seed layer). For L = 13 nm, 2- and 7-
period superlattices were only fabricated. Fig. 7.9 shows surfaces of QD-layers, at
different levels, for both L = 6 and 13 nm. Well-defined islands are clearly seen in the
image corresponding to the first MEE layer of the superlattice, for both values of L. The
islands in both cases are ~ 1.5-2.5 nm high, 40-60 nm in base diameter, and fairly
symmetric in shape. The areal density of the islands is ~ 3x10'® cm™.

On the surface of the 6th, as well as the 9" MEE layer, the islands are seen to be
preferentially elongated perpendicular to the long-range ridges, i.e. in the [110] direction.
At the 11" level, the features are not clearly resolved any more, but their anisotropic
shapes are still visible. The preferential elongation of the islands might be attributed to a
surface diffusion bias of Cd atoms along the direction of the Se-dimers (see Fig. 3.5).
Alternatively, it might be assigned to preferential sticking of Cd along the dimer rows. A
similar but weaker tendency of elongation along the [110] direction was also observed for
the mounds on the surface of conventional-MBE-grown CdSe layers (Fig. 5.3 (b)).
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The AFM images do not bear any obvious indication of positional correlation of QDs in
the superlattices. To obtain confirmative evidence, cross-sectional HRTEM was
performed. Fig. 7.10 (a) and 7.10 (b) show the images, recorded for the 9-period QD-
superlattice, with L = 6 nm. The two images correspond to cross-sections along the [110]
and [1-10] directions. However, which of the two images is parallel/perpendicular to the
[110] axis is not known. A section of Fig. 7.10 (a) is magnified in the inset.

Fig. 7.10: Cross-sectional HRTEM images recorded
parallel to the <110> directions from the 9-period
QD-superlattice, with L = 6 nm. The inset of (a)
shows a magnified section of the superlattice, where
vertically correlated QDs are clearly seen.

Vertically-correlated QDs are clearly evident, particularly in Fig. 7.10 (a). The QDs are
also better-defined in this image. In the inset, the QDs of the four consecutive layers
appear to have, by and large, the same in-plane diameter, dpp. This is in variance to what
is known for QD-superlattices of other heterosystems (see Fig. 2.14). At progressively
higher levels of a QD-superlattice, the strain minima above the buried QDs deepen and
thereby results in enhanced accumulation of adatoms. Concomitantly, the lateral extent of
the QDs increases progressively at higher-lying layers of a QD-superlattice. For the QDs
seen in the inset, dpp 1s ~ 10 nm. Thus, dop/L > 1, and the observed vertical correlation is
in agreement with the model of Springholz et al. [Springholz00, Springholz01] (see
section 2.6, Fig. 2.16).

Comparing the length scales of Figs. 7.10 (a) and (b), it is seen that the QDs are

anisotropic in shape. In Fig. 7.10 (a), they appear to be shorter. Therefore, it might be
inferred in conjunction with the corresponding AFM image (Fig. 7.9) that Fig. 7.10 (a)
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represents the [1-10] cross-section of the QD-superlattice. Secondly, it is observed that
the QD-layers bear a wavy profile, especially along the [1-10] direction. This strongly
supports the claim of shape-preserving ZnSe-capping of the CdSe islands (Fig. 7.8). In
turn, it serves as a caveat that apart from strain, possibly also the surface asperities of the
ZnSe spacer layers influence the observed vertical correlation of the QDs in the QD-
superlattices.

Summary

In this chapter, essentially two different topics were dealt with. In the first part, QD
formation by the “a-Se mediated self-assembly” technique was described. The
morphology of uncapped islands and PL characteristics of the (capped) QDs were
presented. Detailed x-ray investigations indicated to vertical segregation of Cd during
capping with ZnSe. The second part addressed to positional correlation of CdSe QDs in
QD-superlattices. For such superlattices, the first QD-layers were always grown by “a-Se
mediated self-assembly” and the subsequent ones by migration enhanced epitaxy. It was
observed that ZnSe capping at the chosen growth temperature of Tg = 230 °C did not lead
to complete collapse of the islands, but preserved their shapes to some extent. The islands
at the higher levels of the superlattices were observed to be preferentially elongated in the
[110] direction. HRTEM revealed a clear vertical correlation of islands.
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Tellurium mediated self-assembly of
CdSe(Te)/ZnSe(001) quantum-dot-based
structures

This chapter addresses to the formation and properties of QD ensembles by a technique
similar to “a-Se mediated self-assembly”- the only difference being in the use of
tellurium, instead of selenium, as the amorphous-cap-forming material. Though the
approach is technically similar to the previous one, the substitution of Se with Te resulted
not only in large alteration of the morphological and optical attributes of the QDs, but
also led to formation of unique self-assembled island-patterns. Albeit not expected, the
QDs formed in this method were found to be alloyed with Te. This chapter discusses in
detail, the self-assembly, morphology, composition, and luminescence properties of these
QDs, and investigates the mechanism underlying the formation of self-assembled island-
patterns.

8.1 The “Te-mediated self-assembly” technique
As mentioned before, the process steps involved in this technique are similar to those of

“a-Se mediated self-assembly”. However, some of the parameters involved in the
different steps of the process are slightly different. For capping with Te, the CdSe surface
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in this case was cooled down to 50 °C. Different thicknesses of the Te-cap layer, dcqp,
were chosen. The temperature to which the sample was subsequently heated up for Te-
desorption, Tp, was also varied.

After some preliminary optimization growth-runs, the first series of uncapped samples
were prepared, wherein the CdSe coverage was maintained constant at ® = 3 ML, but the
thickness of the Te cap layer was chosen to be dep = 1, 5, 15, and 60 nm. This was
prompted by a serendipitous observation that the self-assembled patterns of the QD-
ensembles were governed by dc.,. Subsequently, a similar series of capped samples
(except for dep = 15 nm) were also prepared, for X-ray, HRTEM, and PL
characterization. The study was then extended to the case of constant d.,, but varying ©.

8.2 Formation and properties of QDs

Fig. 8.1 shows the typical evolution of the RHEED pattern, during different steps of the
process. The streaky pattern of Fig. 8.1 (a) corresponds to the flat CdSe layer, as shown
previously in Fig. 6.2 (a) and 7.2 (a). After capping the CdSe surface with a-Te at 50 °C,
the streaky pattern disappeared and a diffuse image, as shown in Fig. 8.1(b), emerged.
However, this purely diffuse pattern was observed only for dc.p = 1 nm. For higher values,
a weak pattern of rings, characteristic of polycrystalline morphology, was observed
together with the diffuse RHEED. Later on, it was verified that the appearance of the ring
pattern depended strongly on the temperature chosen for Te-capping, d..p, and also ©.

Fig. 8.1: RHEED images recorded at different stages of QD-fabrication by “Te-mediated self-
assembly” technique. See text for details.

On raising back the substrate temperature for desorption of Te, a combination of weakly
streaky and primarily spotty pattern appeared above ~190 °C, as shown in Fig. 8.1 (c).
The symmetry of this pattern suggests that it does not belong to any semiconductor-
related feature, which possesses a diamond or zinc blende (face centered cubic) crystal
structure. The pattern might rather be assigned to pure Te, which crystallizes in triclinic
structure. Since the pattern consists of both streaks and spots (instead of pure streaks or
rings), it is assumed to arise from a rough, but epitaxially oriented, polycrystalline Te-
layer, directly atop the CdSe surface (The topography of this layer is shown later in Fig.
8.16). This RHEED pattern was observed in all cases, irrespective of dc,p and ©. It might
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therefore be inferred that while the choice of dcap, ©, and temperature of Te-capping
govern the nature of the as-deposited cap layers (amorphous or a combination of
amorphous and randomly polycrystalline), during ramp-up to Tp, an oriented
polycrystalline Te-layer is formed in all cases. The pattern of Fig. 8(c) existed up till ~
290 °C. At this temperature a streaky RHEED, with a mixed c(2x2) and (2x1)
reconstruction, appeared momentarily [Fig. 8 (d)]. The appearance of this pattern
signified the re-exposure of a flat 2D CdSe(Te) surface. Within the next 2-3 s of this
evolution, a spotty pattern, typical for three dimensional (3D) semiconductor
nanostructures, appeared (Fig. 8.1(e)). This pattern was found to be stable for long
durations (verified for durations up to 10 mins), even at temperatures as high as 320 °C.
For the series where d.,, was varied, the only exception was the case of de,p = 1 nm,
wherein, the mixed streaky reconstruction appeared at ~ 190 °C and did not evolve any
further. This was also the case for growth of samples with ® <2.5 ML.

AFM images of uncapped island-layers, corresponding to a few combinations of ®@/ dcap/
Tp values are shown in Fig. 8.2. In 8.2 (a), an island layer, characterized by the
parameters (2.5 ML/ 10 nm/ 280 °C), is shown. ® = 2.5 ML represents the minimum
CdSe coverage for which the spotty pattern of Fig. 8.1 (e) was observed. A dilute
ensemble of well-defined islands are seen in the image. The islands are ~ 3-5 nm high
and 50-70 nm in base diameter. Their areal density is ~ 1x 10" cm 2. Apart from these
islands however, very tiny features, < 3 nm high and with a significantly larger areal
density, are also observed in the image, in regions between the large islands. One such
region is magnified in 3D view in Fig. 8.2 (g).

For ® = 3 ML, it is observed that a rich variety of patterned nanostructure-ensembles are
formed, depending on d.,, (Fig. 8.2 (b)-(e)). For the four samples shown, Tp was chosen
to be 310 °C. Dashes, up to 600 nm long, ~ 150 nm wide, 5-8 nm high, and aligned along
one of the <110> axes, are seen for dc,p = 1 nm (Fig. 8.2 (b)). Corresponding to deap = 5
nm, Fig. 8.2 (c) shows a dense ensemble of up to 300 nm long and nearly straight chains
of islands. Within each chain, the islands appear to be significantly uniform, albeit within
the whole ensemble, the island-height varies between 5-7 nm. The island-chains become
buckled and their areal density is reduced, when d,p is increased to 15 nm (Fig. 8.2 (d)).
In this case, the height of the islands reaches up to ~ 10 nm. For both dcap = 5 and 15 nm,
the base-diameter of the islands varies between 45-60 nm. For de,, = 60 nm, a dilute
ensemble of island-pairs is formed, with almost all island-pairs aligned along one of the
<110> directions. Fig. 8.2(h) shows a selected island-pair in 3D view. While each island-
pair consists of two abutting and equi-sized islands, within the whole ensemble, island-
heights vary between 6-30 nm. Thus, it is evident that dc., strongly influences the
reorganization of the CdSe surface and the resultant self-assembled island-patterns.
Specifically, the height of the islands increase and patterns with lower island-areal-
densities are formed with increasing dcap.
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Fig. 8.2:(a)-(f) AFM image of a island layers, corresponding to different combinations of ®/ d,,/
Tp (g)-(f) Selected parts of images (a), (¢), and (f) in 3D view.

On the other hand, the choice of Tp was found to have only a weak influence on the
island-sizes and separation. This is illustrated by the AFM image of a sample
corresponding to dcap = 60 nm, but Tp = 220 °C, shown in Fig. 8.2 (f) and 8.2 (i).
Elongated nanostructures, aligned similar to the island-pairs of Fig. 8.2 (d), are seen in
the 2D image (Fig. 8.2 (f)). The 3D view of a selected part (Fig. 8.2 (1)) reveals that
similar to the case of Tp = 310 °C, these nanostructures also represent (nearly merged)
island-pairs. However, the size and separation of islands, constituting the island-pairs, are
smaller than in the case of Tp =310 °C.

Following the AFM study of the island morphologies, the composition of a few of the

island-layers was investigated. The interest was in determining whether the islands were
composed of pure CdSe or were alloyed with Te. However, before studying the
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composition of the island layer, a simple experiment was performed to ascertain that the
observed nanostructures represented II-VI based islands, and not mere droplets of
incoherent Te. For this purpose, the surface of a pseudomorphic ZnSe/GaAs(001) layer
was treated similar to the thin CdSe layers, i.e., a 15-nm-thick Te layer was deposited
onto this layer at ~ 50 °C and subsequently desorbed at Tp = 280 °C. A bright streaky
RHEED pattern appeared after Te-desorption. Fig. 8.3 (a) shows an AFM image of the
ZnSe surface, after desorption of Te. It shows no evidence of 3D nanostructures, like
those observed for the island-layers. This confirms that the nanostructures of the island-
layers are indeed related to strained II-VI islands.

To investigate whether Te was incorporated in the epitaxial layer during any stage of the
process, a 54 nm thick ZnSe/GaAs(001) layer was treated similar to that mentioned above
and subsequently capped with another 54 nm of ZnSe. A (004) x-ray diffractogram was
then recorded from this sample to detect the presence of any ZnTe. The diffractogram,
along with a simulated profile, is shown in fig. 8.3 (b).

== Measured (004)
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Fig. 8.3:(a)Surface of a 54-nm thick ZnSe layer, which underwent all the steps of the “Te-
mediated self assembly” technique (b) (004) HRXRD profile (green) recorded from a sample
wherein a 54 nm thick ZnSe layer was grown atop a surface similar to that of (a). Also shown is
the simulated profile (red) for a structure consisting of 1 ML ZnTe sandwiched between two 54-
nm-thick ZnSe layers.

A good match of the recorded diffractogram could be obtained for a ZnTe thickness of 1
ML. However, as discussed in section 3.3 (Fig. 3.9), similar simulation profiles can also
be generated for ZnTe thicknesses of 4.77 ML, 8.55 ML, etc. (i.e., for every increase of
3.77 ML). Though not conclusive, two reasons can be given in favor of the minimum
thickness of the ZnTe separator layer. For sandwich structures containing CdSe separator
layers between thick ZnSe barrier layers, dislocations are generated at ~ 4 ML and
consequently, the XRI fringes tend to overlap (see Fig. 6.3). Since the lattice constant of
ZnTe (6.1 A) is slightly larger than CdSe (6.05 A), a similar effect would be expected
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also in this case, for the two other quoted values. Secondly, if at all, Te would be
expected to replace only the weakly bound Se atoms of the topmost monolayer. The
reason is as follows: In epitaxial growth of ZnSeTe alloy layers, Se is preferentially
incorporated in the epilayers [ Yao78]. The reason for this occurrence has been attributed
to the larger heat of formation of ZnSe (39.0 kcal/mol), compared to ZnTe (28.1
kcal/mol), due to which, chemisorption (and incorporation) of Se is faster [Phillips73].
Here, Te is introduced to the ZnSe surface long after growth of the ZnSe layer. Thus, all
but a small fraction of Se adatoms (weakly physisorbed) at the surface layer would be
incorporated in the growing crystal and therefore, unavailable for replacement with Te.
This would limit the maximum thickness of the formed ZnTe layer to 1 ML.

Unfortunately however, XRI would not be useful for a direct determination of the amount
of Te in the island-layers. This is because a similar phase shift would result for different
combinations of coverage and composition (ratio of Se to Te) of the island-layer. Based
on the arguments presented below, it was expected (at the beginning of this work) that
Te-alloying of the CdSe island-layer would not be more than that of the ZnSe layer. (a)
The heat of formation of CdSe (32.6 kcal/mol) is larger than that of CdTe (22.1 kcal/mol)
[Phillips73]. (b) The energy cost of Te-alloying an already highly strained CdSe layer
would be larger than that for a very weakly strained ZnSe layer (The bulk lattice constant
of CdTe is 6.48 A, signifying a lattice misfit of m = 0.146, with GaAs). Even if it is
assumed that Te would be incorporated atop fully strain-relaxed islands, after they are
formed, the lattice misfit (with CdSe) would still be as high as m = 0.07.
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Fig. 8.4: XPS spectra, recorded from the QD-layer shown in Fig. 8.2 (¢) (straight chains) (red)
and the ZnSe surface shown in Fig. 8.3 (a) (green).

Nonetheless, to verify the assumption, XPS spectra were recorded from the surfaces of
the island-layer of Fig. 8.2(c) (straight chains) and the ZnSe layer of Fig. 8.3 (a). Fig. 8.4
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shows the spectra. The spectra were recorded at a take-off angle of 0° (normal) for both
samples. The information depth for normal take-off is ~ 20 A. Spectra for both surfaces
show the 3ds,; and 3ds;; binding energy peaks of Te. Both peaks show a slightly stronger
intensity for the QD-surface. Though this signifies (~ 1.3 times) higher amount of Te in
the island-layers, it must be borne in mind that the difference in the surface topologies of
the two samples can obscure the comparison [Oswald06]. Further, a direct comparison of
the absolute intensities (without normalizing to a standard which is present in both

samples, i.e. Zn) is also not appropriate. Unfortunately, the Zn binding energy peaks were
not recorded.
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Fig. 8.5: (Top panels) Reciprocal space maps (RSMs) recorded from the (uncapped) island-layer
of (a) Fig.8.2 (e) (island-pairs, Tp = 310 °C) and (b) Fig. 8.2 (f) (island-pairs, Tp 0 220 °C).
(Bottom panels) Corresponding Q, line-scans at Q,= 0.

While the above experiments proved the presence of some amount of Te in the island-
layers, no information could be obtained regarding its distribution. Specifically, whether
the islands were admixed or capped with Te or whether Te existed only in regions
between the islands could not be determined. To delve deeper into the analysis of the
island-composition, GIXRD diffractograms were recorded from uncapped island-layers,
corresponding to the images of Fig. 8.2 (d) and 8.2 (e) [Kumpf07, Gierz07]. The top
panels of Fig. 8.5 (a) and (b) show the corresponding (220) RSMs. The axes of the RSMs
are shown in units of the surface Miller indices (reciprocal lattice unit (English) or
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reziproke Gitter Einheit (German)), so that the intensity distribution at h =2 and k = 2
corresponds to the GaAs substrate. In the bottom panels, line-scans in the Q, direction at

Q, =0, are shown.

It is helpful to discuss Fig. 8.5 (b) first. A continuous distribution of scattered intensity is
seen in the RSM between ‘Q‘ =2 to ‘Q‘ ~1.85. The intensity distribution is very similar

to that recorded for InAs/GaAs(001) islands, by Krause et al [Krause05] (refer to Fig.
3.11 (a)). The intensity at ‘Q‘=2is assumed to arise due to scattering by the

pseudomorphically strained ZnSe barrier layer, a 2D CdSe(Te) “wetting layer”, and also
the lower part of the (coherent) islands. In the ‘Q‘ -line scan of the bottom panel, it is
seen that the scattered intensity remains fairly constant down to‘Q‘ ~1.88, beyond which

it falls gradually. As discussed in section 3.3 (refer to Fig. 3.10 and 3.11), every value of

Q.| corresponds to a particular iso-strain slice of the island. Based on Eqn. 3.13, the
height at which a particular iso-strain slice is located might also be determined. It is then
possible to plot Qr as a function of height.
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Fig. 8.6: Lattice misfit versus height, extracted from the RSMs of Fig. 8.5, for the island-layers of
(a) Fig. 8.2 (e) (island-pairs, Tp =310 °C) and (b) Fig. 8.2 (f) (island-pairs, Tp =220 °C).

A more convenient way of representation is to plot the height-dependence of the lattice
misfit, with respect to the lattice constant of GaAs. For the RSMs of Fig. 8.5 (a) and 8.5
(b), the plots are shown in Fig. 8.6 (a) and 8.6 (b), respectively. In Fig. 8.6 (b), it is seen
that the maximum misfit corresponds to 0.075. The lattice misfit between CdSe and GaAs
1s 0.071. Thus, it might be inferred that the islands of Fig. 8.2 (e), are admixed with some
Te. Once again however, the extent of Te-admixture remains uncertain since the strain-
status of the islands is not independently known. Thus, the misfit of 0.075 would mean
fully strain-relaxed islands, alloyed with 0-4% Te, or, in the extreme case, 50 % strain
relaxed pure CdTe islands.
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It is also observed in Fig. 8.6 (b) that the measured island height is ~ 2 nm. This value is
only 0.25 times of that measured by AFM. The discrepancy is tentatively explained by
oxidation of the island-layer in atmospheric ambient. GIXRD probes only the crystalline
core of the islands, while AFM records their external morphology. Nonetheless, a four-
fold increase in the island height due to oxidation is rather difficult to comprehend.

The RSM of Fig. 8.5 (a), on the other hand, shows scattered intensity distribution from

0,|=2t0|0|~1.73.|0,|~1.73, corresponds to a lattice misfit (with GaAs) of 0.14. This

value is only marginally less than the misfit between GaAs and pure CdTe (0.146). The
height-dependence of the measured lattice-misfit is shown in Fig. 8.6 (a). It is seen that
the maximum misfit reaches a value of 0.14 and the island height measures 5 nm.

From the height dependence of the deduced misfit values, it might be concluded that
regions with very high amount of CdTe are present within the islands of Fig. 8.2 (e), at
least close to their apices. However, certain peculiarities of the RSM need to be analyzed
carefully. The distribution of scattered intensity in this case does not appear to be similar
to the previous case (or as predicted by the iso-strain model of Kegel et al [Kegel01]).

Below the peak at‘Q‘ = 2, the scattered intensity is seen to first fall and then again rise in

~1.77. More appropriately, comparing the absolute values of

form of a peak around‘Q,.

-

0,
it might be inferred that in Fig. 8.5 (a), the peak at ‘Q‘ ~1.77 is superposed on a intensity

the scattered intensities in the line scans of the bottom panels of Fig. 8.5 (a) and (b),

profile, similar to that of 8.5 (b). For the typical shapes of self assembled islands, it might

0,

lateral dimensions. Thus the scattering volume, corresponding to increasing ‘Q‘ should

be expected that the higher-lying iso-strain slices (with smaller values) are smaller in

reduce, leading to a fall in the intensity, as seen in the RSM of Fig. 3.11 (a). Here, to the

contrary, a new peak is observed to rise in intensity, below‘Q‘ ~1.87.

The discrepancy is tentatively explained by the large distribution of island sizes observed
for this sample in the corresponding AFM image (Fig. 8.2 (e)). It might be assumed that
the smaller (coherent) islands of this surface are similar to those of the previous sample
and they contribute to the shoulder-like scattered-intensity distribution in Fig. 8.5 (a)
(lower panel). The additional peak comes most likely from the very large islands, which
are significantly admixed with Te. The fact that these islands do not contribute to enhance

the intensity for‘Q‘ >1.87 suggests that most of them are dislocated.
From the GIXRD measurements it is quite conclusively established that the islands are

admixed with Te. The amount of Te incorporated in the islands is possibly correlated to
their size, Tp, and possibly, also to the total time over which decapping takes place.
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From the series of the capped samples with varying d.,p, cross-sectional HRTEM images
were recorded for the samples corresponding to dcap = 1 and 5 nm. The HRTEM image
for desp = 5 nm, and a corresponding color-coded map of the c-parameter variation are
shown in Fig. 8.7 (a) and (b), respectively.

Fig. 8.7:(a) HRTEM image (bright-field) and (b) a color-coded c-parameter map (same region),
recorded from a capped sample, corresponding to dc,, =5 nm, ® =3 ML, and T, = 310 °C.

Instead of distinct islands, as observed in the AFM image (Fig. 8.2 (c)), the HRTEM
image reveals an undulated layer-like structure, with thickness fluctuations. A similar
structure was also seen in case of d.,, = 1 nm. The fact that no well-defined island-like
structures are seen in the image might be attributed to segregation of Cd during capping,
as discussed in the previous chapters in detail. The c-parameter map of Fig. 8.7 (b)
reveals that flat but Cd-rich regions, extending laterally up to 8 nm, exist within the
compositionally-inhomogeneous layer. However, it would be inappropriate to quote the
amount of Cd within these regions since what the map displays is essentially the variation
in the c-parameter (or the vertical lattice constant). As the extent of Te-admixture of the
structures is not known (at least for this sample), the vertical lattice-constant values
cannot be unambiguously correlated to the composition of the QDs. This would further
be obscured by the uncertainty in their strain status (see discussion in section 5.2 in the
context of Fig. 5.9 and 5.10). What is evident is that local Cd-rich inclusions exist within
a QW-like structure, the global Cd-content of which is comparatively low. Two such
inclusions are seen in the image, separated by ~ 90 nm. The separation corresponds
approximately to the centre-to-centre distance between the 3D features of the uncapped
sample (Fig 8.2(c)). It might therefore be inferred that the Cd-rich regions of the c-
parameter map define the locations, where the islands existed before capping.

In large-area low resolution TEM images, the cap layer of the sample corresponding to
dcap = 5 nm showed some stacking faults, while for dc,, = 1 nm, no such stacking faults
could be seen. This is attributed to the presence of certain dislocated islands in case of the
former. In AFM, it was observed that the size of the islands increased with increasing
dcap. Indeed, well-defined islands are formed for dc,p, > 5 nm. Some of these islands are
possibly very large and/ or strongly alloyed with Te.
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For dcap = 1, 5, and 60 nm, the PL spectra recorded at 7 and 300 K, are shown in Fig. 8.8
(a) and 8.8 (b), respectively. Despite long growth interruptions and thermal cycling
during growth, Te-capping, and de-capping, the luminescence intensity at 7 K is
considerably high, for all three samples. It is seen that the low-temperature PL for dep = 1
nm is most intense. For higher values, the intensity is weakened. This might be related to
the increasing density of stacking faults, with increasing dcap.
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Fig. 8.8: PL spectra of different capped samples from the series where d.,, was varied. The
spectra were recorded at (a) 7 K and (b) 300 K.

For dcap = 1 nm, the PL maximum lies at 2.35 eV. The spectrum reaches values down to
2.1 eV. On increasing dcap to 5 nm, The PL-maximum shifts to 2.15 eV. Albeit the
HRTEM images corresponding to both de, = 1 and 5 nm revealed a layer-like
morphology, the inclusions of the latter are possibly richer in Cd and more pronounced.
Consequently, exciton confinement is stronger in case of d¢,p, = 5 nm, thus explaining the
200 meV redshift of this spectrum, compared to that for dc,, = 1 nm. Some weak features
are also observed at ~2.6 eV. These features might be assigned to some inhomogeneities
of the 2D “wetting layer” (between the Cd-rich regions), as observed in Fig. 8.7(b). The
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exciton Bohr radius of CdSe being small (~ 5 nm), even small compositional
inhomogeneities of the wetting layer would confine excitons three-dimensionally. For
dcap = 60 nm, the spectrum reveals a maximum at 2.6 eV and is broadened over a large
range of 800 meV. The high-energy-edge of the PL spectrum reaches the excitonic ZnSe
bandgap. This indicates to the absence of a continuous 2D layer between the QDs. In
absence of a continuous wetting layer, exciton capture within the large QD-pairs and
redistribution within the whole ensemble in general, is rather inefficient at low
temperatures. Thus the corresponding PL emission is contributed by QD-pairs of almost
all sizes and also the compositional inhomogeneities of the discontinuous wetting layer.
This explains the observed broad spectrum.

At 300 K, the PL spectra (Fig. 8.8(b)) of all three layers are significantly narrower. For
dcap = 60 nm, the peak-maximum is enormously (600 meV) redshifted. This suggests that
at high temperatures, the excitons easily escape the shallow confining potential of the
very small QD-pairs and the wetting-layer-inhomogeneities, and relax into the larger QD-
pairs. A smaller but similar exciton-redistribution also takes place within the ensemble
corresponding to dcap = 5 nm. Therefore, the room-temperature PL for all three samples is
attributed solely to the large features observed in the AFM images.

| ©=2.5ML CdSe/d_=10mm
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Fig. 8.9: PL spectra of the QD-layer,
corresponding to ® = 2.5 ML, d., =
10 nm, recorded at 7 and 300 K.
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Fig. 8.9 (a) shows the PL spectra recorded at 7 and 300 K for the sample with ® = 2.5
ML (AFM image of Fig. 8.2 (a)). The broad spectrum at 7 K consists of a peak at 2.45 eV
and a shoulder reaching values down to 2.05 eV. It is noteworthy that the areal density of
QDs in this case, similar to that of the QD-pairs corresponding to dc.p = 60 nm, is low.
Thus, the low temperature PL of this sample is also assigned to two different types of
QDs, namely, the large islands observed in AFM and those within the inhomogeneous
2D-layer between them. At 300 K, similar to the samples with ® = 3 ML, the emission
arises solely from the large QDs, leading also in this case to a large red-shift of 400 meV.
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BOX 8.1 Te-isolelectronic centers in ZnSe;_,Te,

Isoelectronic impurities incorporated in binary compounds introduce trapping potentials due
to difference in electronegativity. If the impurity atom is less electronegative than the host
atom it substitutes (e.g. Tes. in ZnSe), a hole is localized by the strong short-range
interaction. An electron is then bound to the localized hole by Coulombic interaction to form
a localized exciton at the isoelectronic trap. Since localization of carriers is fast and non-
radiative Auger recombination involving a third particle does not occur, radiative
recombination of such excitons can be very efficient. ZnSe;Te, belongs to an interesting
class of semiconductors in which Te acts both as an isoelectronic trap and as a constituent of
the alloy [Yao88].
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Fig. 8.10: Te isoclectronic centers in ZnSe,.,Te, (adopted from [Yang98])

At very low concentrations of Te, isoelectronic traps are formed by isolated Tes, impurities
(see Fig 8.10), which are called Te; centers. For higher concentrations, more such isolated
Teg, impurities form the trap. If two or more Teg, impurities share a common Zn atom, the
trap is known to be a Te cluster. If they are attached to different Zn atoms they are termed as
Te, (n > 2) centers [Yang98]. Te-clusters and Te, centers have deeper potentials compared to
Te; centers. Te-isoelectronic centers have been observed also in other II-VI alloy systems,
e.g. CdS; Te, [Goede81, Heimbrodt86] and CdS; Se [Permogorov82]. Unfortunately, the
CdSe;. Te, system has not been studied so far.
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So far, in explaining the PL characteristics, the role of Te in the QD-layer has been
implicitly neglected. Albeit the evolution of the spectra with d.,, and temperature could
be sufficiently explained by considering only the size, size-distribution, and areal density
of the QDs, certain peculiar features clearly indicate to the presence of Te. Corresponding
to dcap = 5 nm, the low-energy edge of the PL-spectrum at 7 K (Fig. 2.8 (a)) reaches
values down to 1.8 eV. At 300 K, some PL-intensity is observed even at 1.7 eV, in all
spectra. These energy values correspond to the bandgap of CdSe at the respective
temperatures. Considering quantum confinement to raise the energy of the ground
electron and hole states in a QD, the PL at such low energies might be comprehended as
an additional signature of Te-alloying of the QDs. The broad spectrum corresponding to
® =3 ML (dcap = 60 nm) and ® = 2.5 ML (dcap = 10 nm) might then be attributed not only
to a large distribution of QD-sizes, but also to a distribution of QD-composition (i.e. Te-
content).

The consequence of Te-admixture of the QD-layer might be more than this humble red-
shift of the PL band, compared to conventional-MBE grown QD-layers. In particular, one
effect needs special consideration. It is related to the luminescence from excitons bound
to Te-“isoelectronic” centers in II-selenides. This subject has been extensively studied for
ZnSe; Teyx alloy layers, with x varying between 0.005-0.4 [Lee87, Yao88, Dhese92,
Lee92, Yang98, Kuskovsky2001, Gu05]. The basic definition of isoelectronic centers,
consisting either of a single Te atom (Te;), more than one Te atoms (Te,, n > 2), or Te-
clusters is presented in BOX 8.1.
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Fig. 8.11: (a) PL due to Te; (S1) and Te, (S2) centers, recorded from a ZnSe layer consisting of
several o-doped Te layers. (b) Luminescence intensity versus inverse temperature plot of the S2
band of (a). Adopted from [Kuskovsky01]

In bulk ZnSeTe crystals, as well as thick epilayers, excitons trapped to Te; and Te,
centers result in PL-bands (at Tpp < 50 K) centered at 2.6-2.65 eV (“blue” or S1 band)
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and 2.48-2.5 eV (“green” or S2 band), respectively [Dhese92]. The PL spectrum
corresponding to a thick ZnSe layer, consisting of multiple 6-doped layers of Te, is
shown in Fig. 8.11(a). As clearly seen, the line-shape of this spectrum is similar to that
corresponding to ® = 2.5 ML (Fig. 8.9). The evolution of the S1 and the S2 bands with
increasing Tpp is also not trivial. The luminescence intensity of both bands decrease
rapidly with temperature. The S1 band is quenched above Tpp = 100 K but the S2 band
persists up to Tpp = 200 K [Dhese92]. The temperature dependence of the S2-band
intensity is shown in Fig. 8.11 (b). Qualitatively, it is similar to what has been measured
for QDs in the previous chapters (refer to Fig. 5.7 (b) and 6.9).

Intensity (Arb. Unit)

200 225 250 275

1. = 1.58 ns
% - Energy [eV]

-0.5 0.0 0.5 1.0 1.5 2.0 2.5
Time (ns)

Fig. 8.12: Time-resolved PL spectra recorded for the sample with ® = 2.5 ML (d.,, = 10 nm, Fig.
8.2 (b)) at two different detection energies (marked by the arrows in the PL spectrum shown in
the inset).

The role of Te in CdSe epilayers has not been studied in the past. However, PL from such
Te-isoelectronic traps has been recently observed in CdSe:Te nanocrystals, synthesized
pyrochemically [Franzl07]. In the samples discussed here, it is logical to expect that if at
all, Te-isoelectronic centers would be present, both within the CdSe QD-layer and the
ZnSe cap-layer (due to segregation), together with Te-alloyed/pure CdSe QDs. Albeit it is
difficult to distinguish the different contributions to luminescence, some observations are
made in the following discussion, based on time-resolved PL and micro-PL studies.
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Fig. 8.12 shows the time-resolved PL spectra of the sample with ® = 2.5 ML (dcqp = 10
nm), recorded at 2 K. The two spectra correspond to detection energies of 2.16 eV (red)
and 2.48 eV (blue), as shown by the respective arrows in the PL spectrum of the inset.
The excitation energy was chosen to be 2.71 eV, i.e. below the bandgap of ZnSe. Thus,
carriers were excited directly into the 2D continuum of states of the wetting layer. As
seen in the Figure, the blue spectrum does not show a mono-exponential behavior, as
would be expected following Eqn.3.17. Rather, the plot might be fitted with two
exponential functions, yielding two different values of PL-decay-time, i.e. tpp = 0.273
and 1.58 ns. Such a bi-exponential decay behavior has been observed for the
luminescence of a single- (epitaxially self-assembled) CdSe/ZnSe(001)-QD-exciton, by
Patton et al. [Patton03]. The values of tp. measured by the authors are 0.24 and 2.5 ns,
i.e. comparable to the values obtained here. The two different decay-times are explained
by a three-level model, which includes the bright and the dark exciton ground states. The
initial short decay-time accounts for the radiative recombination of the bright exciton, as
well as, exciton-transition from bright to dark states [Patton03]. The long-time
component is then attributed to exciton-repopulation of the bright- from the dark-states
and subsequent recombination.

Increasing Te

— 1A —

_-ﬁ' Fig. 8.13: Schematic representation of the
QD-potential in the growth direction (z),

considering an increasing Te-alloying from
the bottom to top of the island

> Z

On the other hand, the PL-decay at the low detection energy (the red spectrum) is mono-
exponential, characterized by a decay time of 2.56 ns. An increase in tpp with decreasing
detection energy is characteristic of QD-ensembles and has also been observed for
conventional-MBE grown samples [Gindele99]. At lower detection energies the QDs
probed are larger in size and the increase in 1py is assigned to smaller confinement energy
[Sugawara95]. However, the value of 2.56 ns is much larger than what is known for
typical CdSe/ZnSe(001)-QDs [Gindele99]. The reason for this discrepancy might be the
large size of the QDs formed in “Te-mediated self-assembly”. The splitting between the
light and the dark exciton states decreases with increasing QD-size [Efros96].
Consequently, for larger QDs, it might be assumed that the rate of exciton transition from
the bright to the dark states is higher. The temporal decay of the luminescence is then
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characterized only by the long-time component, due to repopulation of bright states and
subsequent recombination. Based on the previous discussion of (time-integrated) PL, at
the detection energy of 2.16, it might be assumed that only the large QDs are probed.
However, the splitting between the bright and the dark exciton states depends critically
on the band structure of the QD-material [Efros96] and should therefore, also be affected
by Te-alloying of the QDs.

Considering Te-alloying of the QDs, another reason might be given for the long decay
times. The explanation is based on the assumptions that the Te-alloying is stronger in
larger QDs and that the alloying occurs predominantly at the apices of the islands. These
assumptions are supported by the GIXRD measurements. With a gradient in Te-
admixture along the growth direction, the band diagram of such QDs might be
represented by the (simplified) schematic of Fig. 8.13. To comprehend the shown band-
diagram, it is helpful to note at the outset that at a hetero-interface between pure CdSe
and CdTe, the band-alignment is of type-II. In type-II heterostructures electrons and holes
are confined in opposite sides of the interface, since the conduction and the valence band
offsets are of opposite sign (see Fig. 8.13). Thus, in presence of a gradient in the Te-
alloying, the hole-wave-function would be confined more strongly in the Te-rich “top
part” of the QD, while the electron wave-function in the Se-rich “bottom part”. This
spatial separation of the electron- and hole-wavefunctions would reduce the overlap
between them and result in longer decay-times [Hatami98]. The PL-decay characteristics
might then be explained simply by considering luminescence contributions from QDs of
different size and Te-content and therefore, different extent of overlap between the
electron and hole wave-functions. At the lower detection energy, possibly, only the larger
QDs, with higher Te-content, are probed, which leads to the mono-exponential temporal
decay of PL, characterized by a long decay-time.

Finally, it is imperative to consider a third possibility. The long-decay time might also
result due to the presence of some Te-isoelectronic centers within or in the vicinity of the
QDs. Since the Te-isoelectronic centers bind holes (see BOX 8.1), their presence would
influence the overlap of electron- and hole-wave-functions and thereby, the exciton decay
time. For the S;-band-maximum of Fig. 8.11, Gu et al. recorded a mono-exponential
decay with tpp as large as 86 ns [Gu05]. The value of only 2.56 ns measured here at the
detection energy of 2.16 eV would therefore suggest that the excitons are predominantly
confined within the QDs, however bearing some influence of the isoelectronic traps.

In Fig. 8.14, a p-PL spectrum of the sample with ® = 2.5 ML (dcqp = 10 nm), recorded at
2 K, is shown. For every investigated mesa of comparable size, a large number of narrow
emission lines were recorded between 2.4-2.5 eV, and relatively few of them in the range
between 2.15-2.3 eV. Such narrow emission lines might be assigned to excitons confined
within QDs. Further, the fact that only a few lines are observed in the low energy range
and a significantly larger number of them in the high energy range substantiates the
assumption that the PL at low temperature is contributed both by the dilute ensemble of
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large QDs observed by AFM (Fig. 8.2 (a)) and a high density of composition-
inhomogeneities of the 2D wetting layer between them (Fig. 8.2 (g)). The characteristic
energy splitting of the excitonic ground state and the corresponding linear polarization
trends, due to anisotropic shape of the QDs were also observed [Hanke07]. Additionally,
several charged and multi-excitonic complexes (refer to section 2.8, Fig. 2.21), such as
negative trions (le’1h"), biexcitons (le*1h?), and charged biexcitons (1e*2e'1h?) could
also be identified in the spectrum, based on their spectral positions and polarization-
attributes [Hanke07, Beha07]. The observation of such multi-excitonic complexes
suggests that the PL emission arise from QDs.
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As a caveat however, it is worth noting that whether sharp emission lines might also be
assigned to excitons or even multi-excitonic complexes bound to Te, centers with
different n-values (including 1), is not known. An argument against the possibility is as
follows: Corresponding to each value of n, excitons bound to Te, centers should have
well-defined energy states. Thus in p-PL measurements, emission lines should be
observed at a few definite spectral positions for all mesas. However, a considerable
scatter in the spectral positions of the single emission lines was observed for different
mesas. Secondly, excitons bound to Te-isoelectronic centers are known to couple strongly
to phonon modes, leading to broadening of the luminescence spectra [Dhese92]

The luminescence of the capped sample corresponding to deap = 60 nm (® = 3 ML)
showed strong preferential linear polarization along the <110> axes. The plot of DLP
versus the rotation angle, measured in angle-resolved-polarized-PL spectroscopy (refer to
section 5.2, Fig. 5.8), is shown in Fig. 8.15. Similar to the case of conventional-MBE
grown QDs (Fig. 5.8), the DLP peaks along the <110> directions. However, the absolute
value of DLP in this case is an order of magnitude higher. To analyze this enhancement it
is useful to note that the above measurement is based on the luminescence of a large (~
10*-10°) ensemble of QDs. When only a small fraction of the QDs are preferentially
elongated along a particular direction, while the shape-asymmetry and orientation of the
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others are mostly random, the DLP is low, simply due to statistical averaging. This is
typically the situation in MBE-grown samples. Referring back to Fig. 8.2 (e), it is seen
that for the sample measured here, almost all QD-pairs are aligned and elongated along
one of the <110> directions. This results in the enhancement of the DLP. The
enhancement of DLP might be counted as one more evidence in favor of the claim that
excitons confined within QDs predominantly contribute to the luminescence of these
samples.
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8.3 Formation mechanism of self-assembled island-patterns

Having analyzed the structure, composition, and luminescence characteristics of the QDs
formed in “Te mediated self assembly”, in this section, the formation-mechanism of self-
assembled island-patterns by this technique is analyzed. At the outset, it is helpful to
consider two unique aspects of the technique, on which the premise of the model is based.

Fig. 8.16: AFM image of the surface of a partially desorbed Te-cap, at a stage corresponding to
the RHEED image of Fig. 8.1(c), for d.,, = (a) 5 nm and (b) = 15 nm.

Firstly, in epitaxial self-assembly, the areal density of islands depends critically on the
temperature of formation (Tp in our case) [Joyce97]. Here, to the contrary, both areal
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density and the spatial patterns of the islands are strongly governed by dc.p, while Tp
influences only marginally their size and separation.

Secondly, in “a-Se mediated self assembly” (discussed in Chapter 7), a-Se does not
crystallize during temperature ramp-up to Tp and the resultant island-ensembles are
devoid of any pattern. To the contrary, in “Te-mediated self-assembly”, distinct RHEED
pattern, related to a polycrystalline (but epitaxially oriented) Te layer is observed (Fig.
8.1 (¢)), for all dcap=> 1 nm.

Both facts suggest strongly that the self-assembled patterns of the islands are influenced
by the morphological evolution of the Te-cap layer, during temperature ramp-up to Thp.
Therefore, the topography of the Te-layer, corresponding to the RHEED image of Fig.
8.1(c) was investigated. Two samples, with d.,, = 5 and 15 nm, were heated up to 230-
240 °C, held for 5 mins, and cooled down for AFM imaging. The corresponding surfaces
are shown in Fig. 8.16 (a) and 8.16 (b), respectively. A polycrystalline layer is clearly
seen, for deap = 15 nm (Fig. 8.16 (b)). The network of the grain boundaries of the Te-layer
resembles closely the pattern of buckled island-chains, seen in Fig. 8.2 (d). Under similar
treatment, the Te-layer corresponding to dcay = 5 nm appears to have already desorbed on
certain areas, exposing the underlying CdSe surface. On these exposed regions, 3D
features, characteristic of the initial stages of island-formation, are observed. The Te-
residues and the “trenches” between them are elongated in a particular direction, similar
to the island-chains of Fig. 8.2 (c).

Fig. 8.17: Schematic illustration of the formation-mechanism of island-patterns. The blank and
filled contours represent the Te cap at an earlier and later instant, respectively, during desorption.
With desorption of the Te layer, adatoms are progressively set free, which are then grabbed by the
initially formed nuclei.

Based on these observations, the model for formation of self-assembled island-patterns is
postulated as follows: Desorption begins preferentially along the grain boundaries of the
polycrystalline Te-layer. This exposes the underlying CdSe surface first in narrow
trenches, which follow the pattern of the grain boundaries. Within these trenches islands
nucleate by aggregation of surface adatoms, “remobilized” after Te-desorption. This
situation is illustrated schematically in Fig. 8.17. Subsequently, the nuclei accumulate
more adatoms from the surrounding CdSe surface, exposed progressively with continuing
Te-desorption. Material transport occurs also from the “bulk” of the CdSe layer to the
nucleated islands (see Fig.8.17). This is substantiated by the absence of a continuous
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wetting layer in case of dcap = 60 nm and is also known in SK growth of islands (refer to
section 2.4).

For dcap = 60 nm (® = 3 ML and Tp = 310 °C), the CdSe layer is presumably exposed in
isolated, short, and oriented trenches, where the island-pairs nucleate. The separation
between the islands of the pairs is tentatively determined by the repulsive elastic
interaction of strain-relaxed islands [Shchukin95]. The observed smaller size of the
islands, within the pairs formed at the lower Tp = 220 °C (Fig. 8.2(f)), is explained by
reduced surface migration of adatoms. The smaller inter-island separation is then
assigned to a lower repulsive elastic interaction between the islands, in turn, due to
reduced strain-relaxation of smaller islands.

Within the purview of the model, the participation and role of Te atoms in the whole
process is not clear. Te might play an active role in promoting island-nucleation at the
initial stages. Due to the large lattice misfit between CdTe and GaAs (0.146), sub-ML
CdTe clusters would act as “stressor”” nuclei, providing sinks for subsequent migration of
adatoms. Such stressor-CdTe nuclei have also been used in the past to enhance formation
of CdSe/ZnSe(001) islands [Toropov06]. The assumption of a gradient in Te-content of
the islands (with higher amounts close to the apices) is then explained by the tendency of
Te to segregate, due to the lower heat of formation of CdTe (in comparison to CdSe). The
segregation would also be driven by the lower elastic energy cost of integrating Te in
strain relaxed CdSe layers, at higher levels of the islands. However, Te might also be
simply incorporated to the islands during the interval when desorption is not complete,
yet island-nucleation has initiated (The situation of Fig. 8.16 (a)).

8.4 A proposal for controlled positioning of individual QDs

In view of the above model, a simple and “clean” method for controlled positioning of
individual QDs or extended QD-based structures is proposed, in this section. Controlled
positioning of QDs is in the focus of current research, since applications like single
photon sources and solid-state qubits require access to individual QDs. In the above
discussion, it was argued that the morphology of the island-ensembles was determined by
the configuration of the grain boundaries of the polycrystalline Te cap layer. Instead of
depending on such grain boundaries of a polycrystalline layer, sites for island-nucleation
can be defined by direct writing of shallow holes in a smooth, non-crystallizing,
amorphous cap layer (i.e. a-Se for CdSe/ZnSe(001) QDs), using techniques like focused-
ion-beam (FIB)-, scanning-tunneling (STM)-, or even (in-situ) atomic-force-microscopy
(AFM)-patterning. Desorption, as explained before, would initiate preferably in the
predefined sites, thus defining the positions for island nucleation. While the pattern of the
holes would determine the position and type of nanostructures (single, pair, or chains of
QDs), the size of the QDs might be tuned by the choice of Tp and ®. The approach might
be extended to other heterosystems as well, i.e. a-Te/CdTe/ZnTe or a-As/InAs/GaAs.

Lithography is the standard tool used to position single QDs and to obtain large-scale
lateral-ordering. In most cases, the substrate is pre-patterned to define positions for
island-nucleation during subsequent heteroepitaxial self-assembly [Zhong04, Stangl04].
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However, standard e-beam or photolithography and etching techniques involve usage of
organic photoresists and etchants. This leads to chemical contamination of the surface,
which is unwarranted for a UHV growth-system, as well as, for self-assembly of coherent
nanostructures.

Patterned Amorphous cap FIB, STM, or AFM patterning
Island-forming epilayer of amorphous cap layer

Substrate

Onset of desorption and island
nucleation

Complete desorption of the cap
layer and growth of islands

Fig. 8.18: Schematic representation of the proposal for controlled positioning of individual QDs.

By the technique proposed here, since no substrate pre-patterning is necessary, the use of
organic chemicals is completely avoided. Additionally, since the involved patterning is
performed on the amorphous cap layer, the epitaxial layers underneath are protected from
the atmospheric ambient, during the interval out of the UHV system. Furthermore, using
an AFM or STM or cross-beam-FIB facility connected to the MBE system (with slightly
more favorable patronage of the funding agents) all process steps of the proposed QD-
positioning technique might be performed in UHV.

Summary

In summary, this chapter dealt with formation of CdSe(Te) QDs by “Te mediated self-
assembly”. The technique is similar to “a-Se mediated self assembly”- the only difference
being in the use of Te, instead of Se, as the cap-forming material. The simple substitution
of Se with Te led to profound changes in the morphological, compositional, and
luminescence properties of the resultant QDs, and also to the self-assembly process itself.
The islands were found to assemble in different patterns, i.e. straight and buckled chains
and oriented island-pairs. Te-admixture of the islands could also be detected. In capped
samples, PL emission was recorded at values as low as 1.9 eV. Luminescence at such low
energies is typically not obtained from conventional-MBE grown samples. Strong
anisotropic optical response was also seen for the ensemble of QD-pairs, in agreement
with their preferential alignment and elongation in a particular direction. Finally, the
mechanism underlying the formation of different self-assembled morphologies of the
island-ensembles was analyzed and correlated to the crystallization of the Te-layer during
ramp up to the desorption temperature. Based on the analysis, a method for controlled
positioning of individual islands was also proposed, in the last section.
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Conclusions and outlook

The purpose of this thesis was to explore the properties and formation mechanism of
epitaxial CdSe/ZnSe(001) quantum dots (QDs), self-assembled in conventional molecular
beam epitaxy (MBE) and a few other related alternative techniques. The main
conclusions that might be drawn from the work are as follows:

1. In conventional MBE growth of CdSe on ZnSe(001) surfaces (at Tg = 300 °C), a
high density of QDs are formed by local Cd-rich regions of an inhomogeneous
CdZnSe QW-like structure. The uncapped surface is devoid of any well-defined
three-dimensional (3D) islands but is characterized by a dense morphology of
shallow mounds, elongated and weakly oriented in the [110] direction. The origin
of such mounds is in multilayer growth of CdSe at Tg =300 °C.

While at Tg =300 °C, CdSe growth occurs in the multilayer mode, at Tg< ~ 240
°C, the layer-by-layer-growth mode is partially recovered. The recovery is
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presumably due to suppression/breakdown of ES barrier at the concomitant
reestablishment of adatom “down-climb”.

2. Among the alternative techniques, in “low temperature epitaxy and in-situ
annealing”, tiny but distinct islands are formed. While growth at low temperature
(Tg =230 °C) leads to the formation of a quasi-two-dimensional (quasi-2D) CdSe
layer, subsequent annealing at a higher temperature (310 °C) results in
reorganization of the surface and formation of the three dimensional (3D) islands.
The surface reorganization is driven by a thermally activated “up-climb” of
adatoms onto two-dimensional (2D) clusters (or precursors). These adatoms
subsequently aggregate and form the 3D islands. However, in capped samples the
QDs appear to be similar to those formed in conventional MBE, i.e. Cd-rich
inclusions of a ternary CdZnSe QW. This is presumably related to segregation of
Cd during ZnSe-capping. By this technique, the areal density of QDs is reduced
by more than an order of magnitude, in comparison to conventional-MBE growth.
Further reduction is possible by appropriately delaying the temperature ramp-up
to Ta, after CdSe growth at Tg.

3. In the second variant technique, QD-formation is induced by capping of a 2D
CdSe layer (grown at Tg = 230 °C) with amorphous Se (a-Se) at room
temperature and its subsequent decapping at Tp = 230 °C. The resultant islands
are larger than those formed by the previous techniques. However, even in this
case, the islands are modified to some extent during capping, due to Cd-
segregation.

A distinct vertical correlation of well-defined islands takes place in QD-
superlattices, consisting of a “seed” QD-layer grown by the above technique and
subsequent QD-layers grown by migration enhanced epitaxy (MEE).

4. The third technique studied in this work is similar to the previous one, the only
alteration being the replacement of Se with Te as the cap-forming material. This
technique leads to formation of island-ensembles in different self-assembled
patterns. Long dashes, chains of islands, and island-pairs are formed, depending
on the thickness of the Te-cap layer. Unlike the a-Se cap layer in the previous
method, the Te cap layer undergoes (poly)crystallization during temperature
ramp-up (from room temperature to Tp) for decapping. The self-assembled
patterns of the island-ensembles are determined by the pattern of the grain
boundaries of the polycrystalline Te layer. The islands are however partially
alloyed with Te. Luminescence at very low energies (down to 1.7 eV at room
temperature) was recorded from the capped samples.

Quantum dots of the wide band-gap CdSe/ZnSe heterosystem might pave the way for
several promising applications in future. However, the formation-mechanism of such

136



CONCLUSIONS AND OUTLOOK

QDs is far from trivial and current fabrication techniques allow minimal optimization
in terms of QD-size and areal density. Therefore, research efforts are warranted for a
thorough understanding of different aspects of CdSe/ZnSe(001) heteroepitaxy in
general and QD-self-assembly in particular. Some studies that might be pursued in
future are listed below:

II.

I11.

IV.

VL

In-situ scanning tunneling microscopy (STM) could be employed to
investigate the atomistic processes of CdSe/ZnSe(001) heteroepitaxy. Several
inferences made in this thesis, partly speculatively, might be verified. For
example, the mechanism underlying the recovery of layer-by-layer growth at
low temperature and surface reorganization during annealing (by the first
alternative technique) might be directly probed. Additionally, STM would also
provide valuable information regarding diffusion lengths of adatoms,
intermixing and segregation, and might therefore help identify the main
limitation of island formation in CdSe/ZnSe(001) heteroepitaxy.

To suppress segregation of Cd and concomitant collapse of the tiny islands
formed in “low temperature epitaxy and in-situ annealing”, low temperature
capping might be tried out. If the low temperature capping turns out to be
shape-preserving, QD-superlattices might be grown to study coupled QDs.

The “a-Se mediated self-assembly method” might be tried out for high-index
GaAs substrates, especially GaAs(110). This could lead to ordering of the
resultant QDs along the step edges.

The method for positioning of single QDs and QD-based extended
nanostructures, explained in section 8. 4, might turn out to be technologically
beneficial for future applications requiring access to a single or a few QDs. If
successful, the method would eliminate pre-patterning of substrates and
concomitant unwarranted contamination.

A new system which might be studied to obtain luminescence below 2.0 eV is
the ternary CdSeTe system. The system would allow variation of lattice misfit
and confinement energies over a large range. Besides, the bandgap variation
of the alloy is characterized by a strong bowing, which might also be of
interesting consequences.

In the past, (including this work), CdSe growth has been always performed
under highly Se-rich growth conditions. The resultant QDs are anisotropic in
shape and preferentially elongated in the direction of the Se dimer rows [110].
A plausible way to manipulate the shape anisotropy of the QDs would be to
switch to Cd-rich growth conditions.
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