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Abstract

The steady state and dynamic properties of semiconductor self-assembled island
structures made from III-V materials are studied by photoluminescence and time-resolved
photoluminescence. The islands layer contains a number of hemispherical caps with a low-
gap material inside the cap and a high-gap material outside. The experiments performed
are aimed at probing the nature of the bound states inside the islands, looking specifically
at the dimensionality of these islands through the mapping of the density of states.

First, a system consisting of an AljsingssAs layer imbedded in an Al ;5GagesAs
matrix emitting in the visible (red) is used to directly probe the properties of “individual”
islands and compare them with different systems: two-dimensional (quantum well), one-
dimensional (quantum wire) and zero-dimensional (quantum dot). The observed
temperature independent linewidth and lifetimes are attributed to quantum dot properties.
Next, the strong emission obtained under resonant excitation conditions in this system is
used to study the influence of phonons on the relaxation processes in zero-dimensional
semiconductor heterostructure systems.

The other material system studied consists of a single InosGaosAs self-assembled
layer imbedded in GaAs emitting in the infra-red. A model based on a quantum well with
in-plane parabolic confinement is developed and compared with experimental results.
Magneto-photoluminescence measurements reveal the symmetry of the electronic shell

structure which is found to be consistent with the model developed, thus confirming the



zero-dimensional nature of the carrier confinement. The presence of excited states is then
exploited by studying the inter-sublevel dynamics of carriers in quantum dots. Despite the
discreteness of the density of states. fast inter-sublevel dynamics is observed and all
experimental observations are found to be consistent with state-filling dynamics for which

the inter-sublevel relaxation is impeded only when lower energy levels are filled.
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Sommaire

Des ilots semiconducteurs fabriqués a partir de matériaux de la famille des III-V sont
étudiés a I'aide de mesures de photoluminescence et de photoluminescence résolue dans le
temps. La couche d'ilots contient des d’hémisphéres tronqués composés d'un matériel de
faible gap a I'intérieur entouré d’un matériel 4 haut gap a I’extérieur. Les expériences
visent a sonder la nature des états liés dans les ilots et en particulier 3 mettre en évidence
la dimensionalité de leur densité d états.

Dans un premier temps, un échantillon composé d'une couche d’ Alp4sIngssAs
inscrite dans une barriére d’Al;sGagesAs est utilisé afin d’avoir accés aux propriétés
d’ilots “individuels”. Les largeurs de raie et les temps de vie indépendants de la
température sont associés a des systémes de boites quantiques. La forte luminescence
obtenue lorsqu'on excite I'échantillon de fagon résonante nous permet d'étudier
'influence des phonons sur la dynamique des porteurs pour des hétérostructures
semiconductrices en zéro dimensions.

Dans un deuxiéme temps, un systtme composé d'une couche d’ InosGaosAs
incorporée dans une matrice de GaAs émettant dans I'infra-rouge est étudiée. Un modéle
simple basé sur un puits quantique avec un potentiel parabolique dans le plan est élaboré et
les prédictions de ce modéle sont comparées avec les résultats expérimentaux.
Notamment, des mesures de magnéto-photoluminescence mettent en évidence la symétrie

des états électroniques, et les prédictions du modéle sont vérifiées ce qui confirme la



nature zéro-dimensionnelle des états liés. La présence d’états excités est aussi exploitée
pour discuter de la dynamique des porteurs en zéro dimensions. On observe une relaxation
trés efficace des porteurs des niveaux supérieurs vers les niveaux inférieurs. De plus.
'ensemble des résultats expérimentaux s’explique facilement en terme d’une dynamique
dominée par le remplissage des états, avec des temps de transfert inter-niveaux restreints

seulement par le principe d’exclusion de Pauli.
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I INTRODUCTION

The concept of quantum confined heterostructures, based on semiconductor
materials, was introduced in the early 70’s and was triggered primarily by the rapid
improvement of growth techniques. The last three decades have seen a large amount of
effort spent in understanding the fundamental properties of these lower dimensional
systems and in predicting their use in active components.

The first such structures fabricated and studied were the quantum well and the
superlattice, the former made of a single layer of low gap semiconductor sandwiched by a
higher bandgap material while the latter is composed of a succession of such layers in
which carriers in one layer could interact with the ones in adjacent layers. One of the first
predictions related to quantum confinement, made by Esaki and Tsu', was the tunneling of
carriers through thin barriers, producing negative differential regions in the [-V
characteristics of these structures. This phenomenon was experimentally confirmed by
Chang’® in GaAs/AlGaAs double-barrier resonant tunneling structures, and by several other
groups for a wide variety of material systems’.

To this day however, the most important industrial application of semiconductor
heterostructures remains the semiconductor quantum well laser. At first made of a simple
p-n junction®, it was found that the characteristics of the lasers could be improved by
inserting a quantum well in the center of the p-n junction’. Expected improvements in the

threshold current® and temperature stability’ brought further motivation to study structures



having even lower dimensionality such as quantum wires (QWR), where carriers are
confined in one-dimensional states, and quantum dots (QD) where carriers are confined in
zero-dimensional states. On a practical level, the fabrication of such structures remain an
interesting challenge.

Over the last decade, a number of techniques have been developed and tested for the
production of QWRs and QDs. For example, quantum wires have been fabricated using
wet or dry etching of quantum well samples®, intermixing’. growth over patterned
substrates'’, transverse overgrowth of a cleaved Multiple Quantum Well sample'' and field
induced carrier concentration modulation'?. Similarly, quantum dots have been fabricated
using wet/dry etching'’, intermixing'‘, gate modulation"’, glass matrix'® and overgrowth
on vicinal surfaces'’. The main criteria in assessing the quality of these structures include:
the number of defects, such as dislocations and vacancies which act as non-radiative
recombination centers, the good uniformity of the wires/dots across the sample and the
amount of confinement for the carriers. Techniques involving etching often create
structures with a large number of defects, while intermixing and gate modulation
structures provide low confinements. Growth on patterned substrates involves complex
fabrication. Finally, small semiconductor drops imbedded in a glass matrix are not well
suited for applications (i.e. electrical injection of carriers in the dots is difficult to achieve).
Although some of the systems described above show very interesting characteristics, they
all possess some drawbacks from a practical and technical point of view.

It is certainly possible to improve the above systems, but the approach adopted for

this study involves a recently implemented fabrication technique, namely Stranski-



Krastanow growth, used to produce a new type of layer referred to as self-assembled
islands. The different possible regimes of epitaxial growth were identified a long time
ago'®"*?° by several groups, but it was not until recently that technology allowed their
implementation. Numbering three in total, these growth modes have been named Volmer-
Weber, Stranski-Krastanow and Frank-Van Der Merve respectively and the corresponding
types of layer obtained are shown in Figure I-1. For a given high bandgap/low bandgap
material system used, the growth mode can be predicted if one knows the interface energy
between the two materials, as well as the strain and surface energy of the low gap material
layer. The interface energy represents the cost to form an interface between two given
materials, the strain energy is important if the system is lattice mismatched, and the surface
energy represents the cost to form a surface of a specific shape for a given layer. The first
case considered is Volmer-Weber growth; in this case, the interface energy cost is very
high and during the growth, the adatoms will have a tendency to form islands on the
surface to minimize the interface area, as shown in Figure I-1a. If the interfacial energy is
not important, the atoms “wet” the entire surface for at least a few monolayers. At this
point, if the materials are lattice-matched such that there is no strain in the system, this
process goes on and one obtains the usual layer by layer (or Frank-Van Der Merve)
growth, as shown in Figure I-1c. If the system is lattice-mismatched, the strain energy can
be minimized by forming coherent islands on top of the “wetting layer” (WL); this occurs
spontaneously, hence the terminology “self-assembled islands™. This epitaxial regime is
referred to as Stranski-Krastanow growth (Figure [-1b) and is observed if the strain

energy reduction offsets the cost of forming a non-planar surface®'. If the growth is



A) Volmer-Weber
B) Sranski-Krastanow
0) Frank-Van Der Merve

(Layer by layer)

Figure I-1

[llustration of the different epitaxial growth modes.

allowed to proceed beyond the initial island formation. misfits and dislocations start
forming which is undesirable for the optical quality of the sample.

Early studies involving self-assembled islands were actually done in the perspective
of growing high-quality quantum wells, in order to avoid island and dislocation
formation™. One of the first clear proofs of defect free island formation in the Stranski-
Krastanow growth mode was reported by Eaglesham and Cerullo® for SiGe islands on Si.

Shortly after, island formation was observed in [II-V materials by several groups*****® and



strong luminescence was unambiguously shown to originate from the islands themselves?’.
At the onset of this work, it was hoped that this growth method would provide a reliable
in-situ fabrication technique for a class of systems combining the advantages of zero-
dimensional properties with the strong luminescence of III-V materials. However, it
remains to be proven that the islands have good zero-dimensional properties.

In the present work, two complementary types of self-assembled systems are
studied. The first system is composed of a lower bandgap AllnAs island layer imbedded in
AlGaAs barrier material. The optically active layer emits in the visible (red) and for this
reason this sample will be referred to as sample VI. The fabrication was performed using
MBE growth on a semi-insulating GaAs substrate®’. Temperatures were determined with a
calibrated pyrometer. An As, partial pressure of 9x10° torr was maintained throughout
the growth. After oxide desorption, a GaAs undoped buffer layer of 0.5 um was grown at
600°C. The 200 nm Al 35Gag¢sAs cladding layer was then grown at 650°C. The sample
was then cooled to 530°C. and In and Al molecular beams were pulsed in short cycles at
low growth rates, resulting in the deposition of small amounts of Al 4sIng ssAs (<<0,1
monolayers per cycle). This was done until the transition from 2D growth to 3D growth
was observed in the reflected high-energy electron diffraction (RHEED) pattern. The Al
and Ga shutters were then opened, and growth was continued in order to cover the
strained islands with a 30 nm Aly;5Gag¢sAs barrier layer, while the temperature was
ramped back to 650°C. A 10 nm GaAs cap layer was finally grown to protect the
Al 35Gag ¢sAs barrier from oxidation.

Structural characterization of this sample was obtained via plan view and cross-



section TEM pictures presented in Figure I-2 a) and c) respectively. Both pictures clearly
show that a self-assembled layer has been obtained with islands of similar sizes randomly
distributed on the surface. The cross-section reveals the existence of a thin (2.1nm)
quantum well layer (the wetting layer), connecting an array of thicker (3.2 nm) lens-
shaped discs. From a careful inspection of the plan view TEM. one can obtain statistics on
the size distribution of the island base diameter, and the results are summarized in Figure
[-2b. the average base diameter of the islands is found to be 18+2 nm with an areal density
of 200 um’. It is very important to note that both TEM pictures reveal no dislocations or
defects of any kind in the island layer thus indicating that high quality structures have been
obtained.

The second system studied is composed of a lower bandgap InGaAs island layer
imbedded in GaAs barrier material, and the active layer emits in the infra-red so that this
sample will be referred to as sample IR. The growth was performed by molecular beam
epitaxy in the Stranski-Krastanow growth mode on a nominally undoped GaAs
substrate®®. The sample has been grown to obtain a range of InGaAs coverage across the
sample surface using a shadow mask technique described as follows™. A bondless 2 in. full
wafer holder was equipped with a Ta mask capable of covering the entire wafer. This
shadow mask was 4 mm from the wafer surface and pivoted from a point near the wafer
edge. The GaAs buffer layer, the Ing 17Gag s3As quantum well and the GaAs barrier were
grown while the wafer was unmasked. Then, the strained Ino sGa, sAs layer deposition was
performed in 4 different segments. During each segment, the InGaAs material was grown

using cycles of 0.05 nm deposition followed by a 5 sec As; pause. During the first segment
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Figure I-2

Dark field TEM pictures of sample VI revealing strain contrast around the island layer. a) Plan view TEM
showing the position and lateral size of the islands in the plane of the wetting layer. b) Statistics on size
and areal density that can be extracted from the plan-view TEM. ¢) Cross-section TEM of the same
sample clearly showing the thin wetting layer connecting lens-shaped islands?’. Courtesy of Dr. Rosa
Leon.



the wafer was unmasked and a total of 3.5 monolayers of InGaAs material was deposited
on its entire surface. The flat edge of the mask was then rotated 60° to cover part of the
wafer and an additional monolayer was grown. The mask was rotated an additional 25°
and one extra monolayer of material was grown. Finally, the mask was again rotated by
20° before a final monolayer of InGaAs was grown. As a result, four different regions with
InGaAs coverage ranging from 3.5 to 6.5 monolayers are obtained as shown in Figure [-3.
After the island layer growth, the mask was removed from the surface and the cap layer
was grown. In more detail. the growth parameters are described as follows: The As;
pressure was kept at 9x10” torr throughout the growth procedure. After initial desorption
of the oxide on the GaAs(100) substrate, the first 100 nm of the GaAs buffer layer was
grown at a substrate temperature of 520°C; at this point the temperature was ramped up
to 560 °C while the last 400 nm of the buffer layer was grown. The deposition was then
stopped for 30s while the temperature was decreased to 525°C. A 6.0 nm Ing 17Gao 5;As
quantum well layer was then grown. A 80 nm GaAs barrier layer was then grown at
525°C, at which point the sample temperature was ramped to 590°C to grow the last 20
nm of the GaAs barrier. The growth was again paused for 60 sec and the temperature of
the substrate was reduced to 525°C. The island layer was then grown according to the
procedure described above. The deposition was stopped and the mask took a period of 20
sec to remove from the surface. Finally, a 30 nm GaAs cap layer was grown at the same
temperature as the dots were grown.

The sample studied here consisted of a 2x3 mm rectangular segment cut out of the
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Figure I-3

Hlustration of the Ta mask position for the four different phases of the strained
InGaAs layer growth. Different amount of material deposited are obtained in each
of the regions defined®.

region of the wafer where 6.5 monolayers of Ing sGa, sAs were deposited. This sample was
cleaved into two approximately equal size pieces, one of which was used for optical
experiments presented in chapter V. The second piece was used to obtain structural
characterization via a plan view TEM of the island layer as shown in Figure [-4. As can be
determined from the TEM picture in Figure -4, the island areal density is 115 pm? and

their average diameter is 3613 nm, which yields an areal coverage of 10%. Note that the
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Figure I-4

Dark filed plan view TEM picture of sample IR. Careful inspection of the figure allows us to determine
statistics on the base radius presented in the inset of the figure. The areal island density is found to be
1157 um. Courtesy of Dr. Rosa Leon.
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statistics for both samples show a size distribution of about 10% around the mean which is
not the ideal situation, particularly for applications. Structural properties of strained
InGaAs/GaAs layers have been systematically studied separately?®.

Figure I-5 summarizes the main structural properties of sample VI and IR. At the
onset of this study, the electronic shell structure of carriers confined in a strained island
layer such as those presented in Figure [-2 and [-4 was not so well known. This explains
why, up to this point in the present work, these layers were not referred to as “quantum
wells™, “quantum wires” or “quantum dots”. The terminology used will evolve throughout
this thesis as the properties of the electronic states are unveiled by experiments.

Since one of the important goals of this work is to investigate the dimensionality of
the bound states in self-assembled layers, the next chapter presents general background
information about the different properties of carriers confined in three, two, one or zero

dimensions.
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Figure I-5

Layer structure of sample VI and sample IR. On the right hand side. structural parameters of the
corresponding sample as obtained from the TEM pictures. The island thickness and wetting layer
thickness of sample IR are estimated from the island size, areal density and amount of material deposited.
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II THEORY

In this chapter, the basic ideas and concepts used to discuss the experimental results
are introduced. First, the concept of dimensionality is presented by calculating the density
of states for a few idealized structures. The dimensionality of the electronic states in the
self-assembled islands will be established by comparison with these idealized situations in
the following chapters. Next, as the TEM pictures revealed the lens-shaped form of the
self-assembled islands, the energy levels for carriers confined in a lens-shaped structure are
calculated for two different limits: strong and weak lateral confinement. In the strong
confinement limit, it is shown that the lower energy levels are well approximated by in-
plane harmonic oscillator states. This result is used to calculate the spectrum of a lens-
shaped quantum dot in a strong perpendicular magnetic field, which reveals the symmetry
of the electronic shells. Also, the selection rules for inter-band and inter-sublevel
transitions in semiconductor quantum dots are obtained. Finally, the problem of a quantum
well with finite barriers is considered and related phenomenon are introduced.

The envelope function approximation® will be used throughout this chapter with ¢
denoting the total Bloch wavefunction of the carriers, ¥ the slowly varying envelope
function and p the rapidly varying atomic-like function. The relation between these
different functions is given by @(7) = u(F)¥(7). In direct gap II-V compounds the
conduction band shell is an s-like shell and the valence band is a p-like shelP'. Thus, a

natural basis for the rapidly varying part of the Bloch functions is obtained from atomic s
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and p wavefunctions, numbering 8 in total. In principle other shells should be included in
the basis as well, but their effect is often small in [1I-V semiconductors. The atomic-like
part of the wavefunction is fairly similar for all [II-V materials, so that this part of the
wavefunction is structure independent, provided only III-V compounds are present in the
structure.

On the other hand the envelope function is strongly structure dependent in the sense
that its form varies considerably depending on the types of layers present in the sample.
The remainder of the chapter therefore focuses on calculating the envelope functions for

the different structures considered.

II.1 Density of states for idealized structures

The advantages of structures with reduced dimensionality were briefly discussed
from an applied point of view in the introduction. From a fundamental point of view, the
question is now: how is it possible to distinguish between these different structures in the
laboratory? A key concept to answer this question is the density of states (DOS) which
gives us information about the number of carrier states available per unit energy. This
function provides a convenient way of summarizing the effect of the structural parameters
of a particular sample on its carrier states and it provides very useful information for both
calculation and experimental guidance.

To illustrate its use, the DOS is calculated for a few idealized structures as shown on

the left hand side in Figure II-1a, b,c and d. Depending on the length scales involved (L.,

14



Ly and L), the symmetrically cubic structure will be called bulk, quantum well, quantum
wire or quantum dot. The first step in calculating the DOS is to find the spectrum of
eigenenergies associated with each structure. If one considers the potential to be zero
inside the structure and infinite outside (hard wall approximation), the Schrddinger

equation can be written in a way common to all cases:

2 0 for0 L
__}L*_VZ\{J.Q.V\P:E\P'- V:{ Jor0 <x, < v -1
2m o otherwise

where m’ is the effective mass of the particles in the material of the cube ; x, can stand for
xyorzand L, canstand for L, , L, or L. For a potential with a cubic symmetry,

Cartesian coordinates are used and the problem is solve using separation of variables.

Inside the cube, equation II-1 can be rearranged as

¥ =LY, : —i;ahf' -EY, . E=YE, -2
2m &v v

and one simply has to solve three one-dimensional problems. The boundary conditions

applied to find a final solution are given by

‘P(xv = 0) = ‘{’(x, = L,) =0 lI-3a
or
Y(x, = 0) = ¥(x, = L) [1-3b

where the first condition applies to a side of the cube with “microscopic”™ dimension and
the second condition is expressing cyclic boundary conditions used for a side with

“macroscopic” length. In order to write the boundary conditions II-3 the origin was
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Figure [I-1

Evolution of allowed states in k-space as the dimensions of the structure are successively shrunk in each
directions. Each time a new dimension becomes microscopic, the corresponding direction of k-space
shows discrete increments of allowed states.
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taken at one of the corners of the cube as shown in Figure II-1a. Setting all microscopic
lengths equal to / and all macroscopic lengths equal to L, the wavefunctions which are

solutions to [I-2 are respectively given by

¥, = J-?sin(k;) ok, e’ o, =12, [I-4a

2m,

‘n, = +L%2,... [1-4b

where the former applies to a side of microscopic dimension and the latter applies to a side

of macroscopic dimension. The total energy is given by

9

h
E=—5
2m

(k2 +k; + k2) I1-5.

The solution 7, = 0 has not been included since it would mean we have a solution with

E =0 in equation II-1. Applying boundary conditions of the type 1I-3 would mean that
the solution is ¥ = 0 which is trivial and unphysical. From the above, one can see that the
spectrum of allowed values depends on the dimensions L. , L, and L, so that the
interpretation of results [1-4 and [I-5 will be different for each case presented in Figure [I-
1.

In the case of bulk material we have L, = L — o so that solution [I-4b is valid in all

directions and the complete solution is written

¥ = ‘/L}e'k"e"’y et [I-6a
L

2
=2 s(k +k; +k}) 11-6b
2m

where the k, can be considered as a continuous index which can take any real value as can
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be inferred from equation II-4b. To obtain N(k), the number of allowed states up to
wavevector k. one should formally perform an integration over the Fermi sphere of radius
k. A less rigorous approach which gives the same result is to divide the volume of the

Fermi sphere by the differential volume occupied by one state which yields

4 3

Nik)=2 where a factor of two has been introduced to account for spin

3
2 )3
L

degeneracy. We use the dispersion relationship of relation II-6b to obtain

L3

*
3225 (2m E )32, and differentiation with respect to E yields the three-
by

N(E)=

dimensional density of states

4
m L

h’

Dyp(E)= (2m E)" [L-7.

This function is continuous and increases monotonously so that more states are available
at higher energies.

The cube is now shrunk in the z-direction so that L, becomes equal to /. a
microscopic dimension, and see how it affects the density of states. The complete solution

for this quantum well case is

Y= 1,ii‘z-z—e""”e"" sin(%z) [1-8a

E = i (k2+k2)+
-Zm‘ * g 2m

— [1-8b

where equation [1-8b is exactly the same as equation [1-6b except that we have replaced k,

by its expression ./l to stress that it has become a discontinuous index. The Fermi
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sphere then contains a finite number of planes of allowed states, each associated with a
quantum number n, as shown on the right hand side of Figure [I-1b. To calculate N(k) one
has to compute the number of states in a plane and sum over all planes contained in the

sphere. From Figure II-2 one can easily see that the total surface of the plane is given by
zrz(k2 - k,f:) and from the inset the area occupied by one state is given by (2,—")2 Using a

similar reasoning as for the 3-dimensional case the total number of states up to energy E

can be shown to be given by

* ®
rk*-k1) LI'm S m [
N(E)=2 —_— s —— (k* —-k_)= (E-E_) 1I-9
k;’ (2<.) T R QZU Im h’ E_Z<F.

and upon derivation with respect to E

L2
1)2,)(£)=";h2 SeE-E,)
= I1-10
2.2
Eo = 2ter!
2m |

where O(E) is the heavyside function®’. Equation II-10 is very different in nature than
equation [I-7 since we now have a discontinuous function that exhibits a series of plateaus.
Moreover, the energy spacing between the plateaus can be tuned by changing the
thickness of the microscopic side of the slab.

Next, to obtain the quantum wire DOS, both L, and L, are shrunk to microscopic
dimensions so that there remains only one direction of macroscopic length. A similar

reasoning as for the 2D case yields
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*
L|2m | iy
D,D(E)=;[ ;': ] D (E-En ) "O(E-E,,.) [I-tla

e

2.2
E,_ =27 (n+ni) [I-11b.
’ 2m [

Again. this function is completely different than the 2D or 3D cases. The heavyside
function is still present, but the DOS decreases as E™ instead of being constant between
each energy step. Finally, for the case where all dimensions are microscopic the density of

states becomes completely discrete and one can write

~ .KD [}
Koy
2n/L

Figure II-2

Planes of allowed states for the case of a quantum well. The radius of plane n, is given by

2 2 ; . . . . 2e\2 - .
(k - k,u) and the differential area occupied by each state is shown to be (-—,—) in the inset.
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DOD(E) = ZJ(E - Enx.ny.nz)
h2’r2 3 3 3 II’IZ.
E, = (n;+n, +n;)
" 2m’ 2 ’

From the above discussion, it is clear that the density of states becomes more and more
discontinuous as the dimensionality of the structure decreases. Indeed, the DOS in three
dimensions proved to be a continuous function whereas in the zero-dimensional case it
becomes a discrete -like function. This conclusion is in fact independent of the shape of
the structure studied, as long as we compare a structure of macroscopic dimensions with a
structure of microscopic dimensions. Figure [I-3 shows the density of states for the

different dimensionalities according to the above results.
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Density of states for structures of different dimensionalities

21



To obtain a more concrete example, the density of states for the 6.0 nm QW of sample IR
is calculated and compared to the density of states obtained when considering the islands

of the strained layer as quantum dots. Considering the case of the conduction band. using

equation [I-10 with / = 6.0nm and m‘ = 0.0665, one obtains the step-like function shown

in Figure [I-4 for the QW DOS. The factor L’ has been factored out to obtain the density
of states per unit area in the plane. The DOS for the strained island is calculated from
discrete states with level spacing of 100 meV and degeneracy of 2,4.6... for the ground
state, first excited state etc. The degeneracy level is multiplied by the dot areal density and
a broadening of 35 meV is included to account for the size/composition inhomogeneity of
the island population. Comparing the two curves, one can see that the total number of
available states is much higher in the QW layer than in the “QD™ layer. Thus, saturation
effects should occur for lower carrier populations in the 0D case than in the 2D case.
Furthermore, the “real” dot layer does not show the discrete density of states typical of a
single dot DOS, since a total of ~10° dots is probed in a typical optical experiment. This
problem can be solved by probing a small number of dots.

So far in this chapter the problem of defining the boundary between “macroscopic”
and “microscopic™ has been avoided. From our discussion it becomes apparent that the
transition between those two length scales is a smooth one, and in fact this issue has been
addressed by many authors and some have shown, at least in principle, how this transition
occurs” in real structures. The transition criteria involves the ratio of the length scale of

the structure side denoted /, to a length scale related to the barrier height

b= {h’ / 2m'V } . One starts to see quantum effects when the side of the structure is no
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Comparison of the conduction band density of states for the 2D and strained layer of sample IR.

more than two order of magnitude longer than the “barrier” length scale (/ = 1005). An
almost complete crossover from one dimensionality to another is obtained when the two
length scales become of the same order of magnitude / = . For example, in GaAs the
low-temperature gap is given by 1.54 eV compared to 2.0 eV for a typical AlGaAs barrier,
and taking the effective mass of the conduction band carriers of GaAs, m’ = 0.067m, one
can estimate the transition length (/ =~ 1005 ) to within a factor of two as 110 nm. Other
authors, adopting a different point of view, have taken the mean free path of carriers as

the critical length scale’®. Indeed, the reasoning presented in this chapter assumes that the
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carrier wavefunction remains coherent throughout the whole length of the structure. This
is not true for real structures since carriers experience scattering processes that destroy the
phase coherence after traveling an average distance given by the mean free path. This
would mean that quantized effects could not be observed unless at least one dimension of
the structure is shorter than the mean free path.

To summarize this section, probing the density of states of a given sample allows for
the determination of the dimensionality of the confined states. For example. imagine a
photoluminescence experiment performed for two different structures, one with a quantum
well and the other with a quantum-dot active layer. The electron-hole pairs created in the
quantum well are distributed over a continuum of allowed energy states according to a
statistical Fermi distribution and the emission line is therefore expected to have a finite
linewidth which is dependent on both the excitation intensity and the lattice temperature.
On the other hand, the §-like DOS of a single dot means that its emission spectrum is
given by a series of infinitely sharp lines which could not show any broadening owing to

excitation power or temperature.

I1.2 Energy Levels of a Lens Shaped Quantum Dot

The discussion presented in the opening chapter introduced the concept of self-
assembled islands without giving any details as to why this system is expected to show
zero-dimensional properties. As was seen on the cross-sectional TEM picture of sample

VI these structures are in fact a plane of lens-shaped discs on top of a thin quantum well

24



layer. Since the island is thicker than the underlying wetting layer, carriers are expected to
localize in these regions because of the lower energy of the z-bound state. Also, these
discs have a base diameter in the nanometer range and the lateral confinement is expected
to play a role. To investigate this, the problem of an electron-hole pair trapped in an ideal
lens-shape island is considered. The specific structure considered is made of a

hemispherical cap of material A enclosed in a material B, as shown in F igure [I-5. The

l(p)=R:p)"h

Figure I1-5

Cross section view of the ideal lens-shaped dot considered as the top of a hemispherical cap. The
relationship between the different variables used to calculate the structural part of the potential are shown.
The magnetic field line indicates the geometry of the problem considered in section I1-3.
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effective mass Hamiltonian of this system is given by

2 2 2
H=2P‘,,+-2ﬁ;+V(F,)+V(i;,)—S|; = 1-13
m‘, m,, PR

where ¢ is the zero-frequency dielectric constant of the semiconductor, and V(¢ T..h,) is the

potential due to the shape of the island and will be referred to as the structural term. The
aim of this calculation is to build an expression of the eigenenergies for this structure in
two different limits, the limit of strong confinement and the limit of weak confinement. For
strong confinement, the structural term dominates the Coulomb interaction and we
therefore neglect correlation between the particles. The problem reduces to a one-particle
effective-mass Schrédinger equation

h? -
-2_"_—‘72\{1«:“ +Veny(Tans ¥ern) = Econ ¥, I-14
mt(h)

for both electrons and holes. The results can be used to build a non-interacting basis set
for the electron-hole pair trapped in the dot. In what follows, the e(h) subscripts is
dropped for simplicity, knowing that the results can be applied to electrons or holes alike
by simply using the appropriate effective mass and band parameters.

Next, a mathematical expression for ¥(7) consistent with the physical shape of the
lens-shaped island must be found. Consider, as represented in Figure 11-6, a quantum well

of thickness /, which is transformed into a lens shaped dot of similar thickness at the

center with radius at the base po. The difference in confinement energy (respectively given
by E; and E,+Eis) comes from an extra lateral confinement which suggests that the

potential V' (F) can be separated in
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V(F)=V(z)+V(p) [-15

b)

Figure [I-6

Change in confinement energy as the structure goes from a quantum
well to a quantum dot shape. The difference between the two cases
comes from extra lateral confinement.

where V(z) is simply the potential profile of a quantum well of thickness l,. To obtain an
explicit form for V(p), the so-called adiabatic approximation®’ is used. This method states
that the potential a particle feels when moving in the x-y plane is given at each point by the
ground state energy of a quantum well of equivalent thickness /( p). Such an
approximation was also used in solving quantum wire problems®™ with non-planar
geometry. For simplicity, the hard wall approximation is used to calculate the explicit form
of V(p), such that expression [I-10 for E, can be used, replacing / by /(p). The potential
then is

i nr
* - *
2m PP(p) 2m I

Vip)= Eow(l(p)) - Epu(ly) =
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and upon replacement of /(p) by the expression obtained from Figure II-5, one obtains

h’n? 1 1
Vip)= -2 o 1-17.

2m [(RZ _pl)l= —h] 0

Solving equation II-14 with a potential of the form given by equations II-15 and II-

I7 could be done numerically with very little intuitive insight. Instead, a harmonic

approximation can be obtained from a Taylor series expansion of V(p):

22 2 4-h 4
Vip)= hfz ; 3(§) +%TR‘(%) +0(p°) 1-18.
2m R ((1-h ) (1~ )

) l .
One very important parameter in self-assembled islands is the aspect ratio 4 = -2-. Since
Po

this parameter is known to be fairly small (~0.2) for most material systems studied here®,
equation [I-18 can be re-written as :

2,2 2 A3 +54%) ;2
V(p)=h’r 2 p[1+-—(——)”- [1-19

2m' 12 |(1+ 4) P} A1+ 4) &

and the quadratic term is therefore dominant if

A3 +54%) »
—ng— <<l or £ «< 0.8 for A=0.2 [1-20.

2(1 + A2 )2 lg Po
and in this case equation II-14 reduces to

h? * 2
- 5 * Vztye(h; + {Ve(lu(z) + %m,,,,,a)f,,,,(x‘ + yz)}q,d“ = Een)¥ern) [I-21a
mc(h)
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, 44 PR
where w“"'=(l+,42)( A 21‘ [1-21b
me(h))

0

This eigenvalue equation is now entirely separable into a square well in the z-direction and
a harmonic oscillators in each of the x and y directions. The solutions for the quantum well
bound state energies are given in equation [I-10 while the solution of the harmonic

oscillator can be found in the literature’”:

E +E =(nx +n, + l)ha) ==(nx +n, + l)% (liA/:z) 2’:’% [1-22.
0

where the subscripts e(h) have been dropped for simplicity. The result applies for both
band with the appropriate effective mass and frequency (w). Equation II-22 includes only
the z ground state energy as this proves to be sufficient for most self-assembled island
systems (1.e. the islands are thin due to the fact that the growth has to be stopped early in
order to avoid dislocations). Result [I-22 implies that there is no more energy continuum
associated with the x and y directions since all the parameters included in [I-22 are now
finite. A zero-dimensional energy spectrum has been obtained and this conclusion holds
even for structures with finite potential barriers. In this case expression 1I-8b cannot be
used to link the energy levels of a square well with its width and a more complicated
expression has to be used. However, it remains true that the bound state energy increases
smoothly with decreasing well width, and the lateral confinement is still strong enough to

produce zero-dimensional states. In this case quantitative results are obtained by fitting the
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obtained form of V(p) to the closest harmonic function, or simply by solving the radial
potential numerically**.

A quantitative criteria of the validity of the harmonic approximation can be obtained.
The leakage of the wavefunction is expected to be more important where the effective
thickness of the well is smaller. near the edge of the dot. The hard wall approximation is
therefore not accurate for higher excited states since the presence probability near the

edge of the dot increases with n. For a harmonic oscillator the spatial uncertainty in any

*
, ,m 1
direction is given by AX = (n+§)% where S = . is the well-known inverse

length scale used to describe the harmonic oscillator wavefunction. Using result II-22, the
spatial extension of the wavefunction can be estimated as a function of n. From the results
presented in Table II-1 it can be seen that the harmonic approximation produces

acceptable results for the lowest lying states since condition [I-20 is then respected.

Level AX
n=0 0.076p0
n=1 0.131po
n=2 0.169p0
n=3 0.200p9
n=4 0.227py

Table 11-1

Extension of the wavefunction away from the center
of the dot as given by the uncertainty on the particle
position for different energy levels.
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At the other end of the spectrum, the weak confinement limit is reached if the base
radius is large enough for the structural terms of the potential in Hamiltonian II-13 to be
negligible, so that one is left with the well known excitonic problem for which the
eigenvalue equation can be written in terms of the electron and hole position and

momentum

2 2 2
fe B ¢ |y py 1123
2m, 2m, 4. -7

The center of mass and relative positions and momenta can be used to simplify this

equation

m, +m,,
so that one can write
2 2 2
b P € ly_py [1-24
2M 24

where M’ and u’ are the total and reduced mass of the electron-hole pair respectively.
This equation can be separated in a free particle Hamiltonian for the center of mass
coordinates and a Hydrogen-like Hamiltonian for the relative coordinates so that the

solutions for E are given by
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EX = 3 ~— n=12,.. [I-25a
2M n
*
*x U et
R = T3 [1-25b
26 h

where the first term in [1-25a reflects the center-of-mass motion of the electron-hole pair,
and the second term is a hydrogen-like spectrum due to the internal degrees of freedom of
the electron-hole pair. The “atom™ composed of an electron and a hole interacting via the
Coulomb interaction with a spectrum given by [I-25a is referred to as an exciton (thus the
“exc” superscript used in the left hand side of II-25a). The binding energy of the n=1
exciton relative to a free electron-hole pair at the band edge is often called the exciton
Rydberg and its expression is given in [1-25b.

The weak confinement limit really brings to light the effect of Coulomb interactions
in semiconductor structures. However, coulombic interactions are also present in the
strong confinement, but represent only a perturbation with respect to the structural term,
and the spectrum of eigenstates will simply be somewhat shifted by the Coulomb energies
involved in the problem. Thus, the concept of exciton is clearly defined in bulk structures
when one obtains a Hydrogen-like spectrum®, but this definition fades in zero-dimensional
structures since the excited states observed can be ascribed to a structural origin rather
than the Coulomb interaction. Moreover, excitons cannot be considered as being isolated
and non-interacting when present in the same dot. In this case it is more accurate to think

in terms of a “droplet” of interacting electrons and holes.
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IL.3 Spectrum of a Parabolic Dot in a Strong Magnetic Field

It was already pointed out in section [I-1 how a structure with zero-dimensional
properties can be identified by probing the density of states for various temperatures and
excitation powers through the photoluminescence emission spectrum. An aiternate method
to ascertain the zero dimensional nature of a structure is to look at its properties in a
magnetic field. Unlike a quantum well the emission line of a two-dimensional parabolic
quantum dot subject to a magnetic field perpendicular to the plane of the quantum dot (see
Figure II-5) should show a Zeeman splitting much like that of atomic “p™ orbitals. This
problem was first discussed by Fock™ and Darwin*® for the single-particle case and later

142494 Following the discussion

extended to more complex situations by several authors
of the previous section, the in-plane potential can be approximated by a parabolic form for
the case of lens-shaped dots and applying a magnetic field in the z-direction the in-plane

single-particle Hamiltonian can be expressed as’®

2 2
H=%(Px +q&) +—l-;(Py—q-fRE-) +—lm‘a)2(x2+y2) [1-26
2) o 2/ 72

where q and m’ are the charge and effective mass corresponding to the particle studied, B

is the magnitude of the magnetic field and ’ is given by II-21b. The first two terms have
been obtained with a vector potential of the form A4 = —+ Byx + 1 Bxy for a magnetic field

in the z direction. Expanding the squares in the first two terms and rearranging yields
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H=—%(P+ 1’}_2)+%m‘02(x2 +y2)+%w‘.(lﬂ’y - YP,) 11-27

9
¥~

with w.=qB/m" the cyclotron frequency and a new oscillator frequency given by

Q! = (wz +(%-) J 11-28

The first two terms of equation [[-27 are just the harmonic oscillator equation of
frequency Q while the last term contains the z-component of the angular momentum and
is in fact a Zeeman interaction term. This suggests writing the Hamiltonian in terms of the

circularly polarized creation-annihilation operators
a, = %(ﬂ(X -iY)+ ;(P, —iP_v)) [I-29a
a = %(ﬁ()( +il)+ é(a +iP, )) 11-29b

where g = \/m‘a) / h has been introduced for clarity. The Hamiltonian then takes on the
form

H=hQ,(ala, +1)+1Q (ala +1) [1-30a

2]:
Q, =inc={w2+(%) } t%’ 11-30b

from which one can immediately write the energy spectrum of the eigenstates

E, . =(n +3)0Q, +(n_+1)nQ.
n =012,...n.=012,...

[1-31

The result [I-31 can be compared to II-22 where the energy quanta of different
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polarization were degenerate. This degeneracy is lifted by the magnetic field which tunes
the energies of the quanta with different circular polarization and one should note that the
energy will be raised for one of the polarizations while it will be lowered for the other.
This Zeeman type of interaction obtained in the case of harmonic oscillators is in contrast
with the case of an electron-hole pair trapped in a quantum well for which the energy is
increased by the application of a perpendicular magnetic field*. For the special case of an
in-plane parabolic confinement, this provides an alternative way to determine if the shell

structure of the energy levels is consistent with zero-dimensional states.

I1.4 Selection rules for electron transitions

Selection rules for radiative transitions are readily accessible in the literature for bulk
and QW semiconductor structures*. Such is not generally the case for quantum wire and
quantum dot structures. Given their importance for the interpretation of experimental
results, selection rules are obtained here in the context of free electron-hole pairs (band-
to-band transitions) for the cubic structures of Figure [I-1 for all dimensionalities. Then,
following that example the more relevant case of a lens-shape dot is considered. Phonon-
assisted transitions will also be considered as phonon emission/absorption plays an
important role in carrier dynamics for semiconductor structures. Also, similar selection

rules for phonon and photon-assisted transitions are discussed in the case of excitons.
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ITI.4.1 Band-to-band transitions

The photon-assisted transition rate between a given initial and final state can be
derived in quantum mechanics from Fermi's golden rule*’ when considering the effect of a
time-varying electric field of frequency ® on the system. The transition rate between an

occupied non-degenerate initial state |i) and an empty non-degenerate final state |f) is

given by:
W, = %:EKIIVIi)IZé‘(E, -(E, +hw)) 11-32

where stimulated emission has been considered (E, > E,) and hw is the energy of the

emitted photons. ¥ is the spatial amplitude of the Hamiltonian perturbation due to the
time-varying electric field. In the electric dipole approximation ¥ reduces to**

v="eF ze5 1-33

- 2mw

where F is the amplitude of the electric field, mo is the free electron mass, Z the incident

electric field polarization and p is the electron momentum. In equation [I-32 the argument

of the 8-function expresses the condition of energy conservation. Other conditions for
allowed interband transitions are obtained from the matrix element of V between the final

and initial states. Writing |i) and |f) in terms of atomic-like and envelope function
yields*
(fIEe Bli)= 2o (u, |Au)¥,|¥) [1-34

where | u,) (ly ,)) is the atomic Bloch function for the electron in the initial state (final
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state) and |\¥) (|\¥, )) is the electron envelope function in the initial (final) state. The first
!

term on the right hand side of equation [1-34 gives the selection rules related with the light
polarization while the second term is the overlap integral between the initial and final
states. As mentioned in the introduction of this chapter, the atomic-like part of the Bloch
function is similar for all III-V materials and the polarization selection rules are structure
(i.e. dimensionality) independent. On the other hand. the envelope functions are structure
dependent and selection rules have to be build for each case.

For carriers confined in cubic structures. the envelope functions are given by

‘/ et \/:sm(
h
P, = ‘/ie 5 or ‘/§ sin( el z] 11-35b
L / [

where the functions on the right apply to a side of macroscopic dimension and the

equations [[-4

J [I-35a

functions on the left side apply to a side of microscopic dimension. Note that in [I-35, the
hole wavevector is taken as the opposite of that of the electron absent from the valence
band. Upon integration one obtains the following selection rules

kS =— k" 1-36a
nt=n" 11-36b.

where the first condition applies for macroscopic side directions for which a smooth
dispersion relationship is obtained, and the second condition applies to strongly confined

directions. Note that in selection rule [I-36a the photon wavevector is neglected. Equation
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[I-36a means that electronic radiative transitions have to be vertical in k-space, while [I-
36b restricts those transitions to states with same sub-band index.
In the case of lens-shaped islands, quantum dot wavefunctions have to be used.

which for the first few levels can be approximated by in-plane harmonic functions. The

length scale of these eigenfunctions are given by (h / m:,, ,a))z and using equations [I-21b

2\«
this length scale is found to be (l+ ;4 ) b which is the same for both electrons and
A J2r

holes. This means that the set of envelope functions describing carriers in both bands is
exactly the same. Taking into account only one bound state in the z direction, the selection

rules are given by the overlap integrals

(Wrim (5.7)| i (x. 7)) = (0 |2 )08 | 5,) 1137

and since these functions form a basis set, they are orthogonal and the selection rules are

n‘=n" : n‘=n" [1-38

A similar argument could be made concerning selection rules for phonon-assisted
transitions. In this case the atomic displacement of the ions in the crystal create a local
electric dipole field vibrating at the same frequency as the involved phonon. The main

difference is that the phonon itself now carries a momentum q that has to be considered.

Considering only the case of phonon emission, one can write the selection rules as
E, =F -ha, [1-39a

ki =k - [1-39b

To illustrate the difference between photon- and phonon-induced transitions, we first
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look at an example of phonon dispersion relationship for a one-dimensional semiconductor
crystal with two atoms in the primitive cell, as shown in Figure [I-7. The acoustic branch
corresponds to atomic displacement waves for which the atoms of a given primitive cell
move in phase, whereas for the optical branch their phase is opposite, as shown in the
insets of the figure. One of the important features suggested by the graph is the weak
dependence of the energy of optical phonons on their momentum. This feature holds true
for materials for which the interaction between ions of a same primitive cell is much
stronger than that for ions of different primitive cells. In three dimensional lattices each
branch accepts several polarization for the displacement field and we obtain several curves
for each branch, but the qualitative form of the dispersion relationships remain the same

within a given branch. Figure 11-8 summarizes the possible phonon- and photon-assisted

< -
: .
. : ®
. -

Optical Branch

w/o, -

Acoustic Branch

-1t —- qa -~ n

Figure I1-7

Dispersion relationship for phonons in a uni-dimensional crystal with two atoms in the
primitive cell. In the upper optical branch the phonons carry an amount of energy which
has a weak dependence on q and is non-zero at q=0.
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transitions for structures with at least one direction of continuous dispersion (electrons in
a bulk, well or wire) and in a cubic quantum dot. In the first case, inter-band transitions
are very easily mediated by photons which can take any energy, but according to equation
[I-36a this transition has to be vertical in k-space (the wavevector ascribed to the hole is
minus the wavevector of the promoted electron). For semiconductors, phonon-mediated
inter-band transitions are forbidden in first order since even the optical phonon energies
are much smaller than the bandgap. For example in GaAs the optical phonons have an
energy of approximately 36 meV compared to a bandgap of 1.4 eV at room temperature.
Intra-band transitions are more likely to be phonon-assisted since transitions cannot be
vertical in k-space and small energy steps are allowed. The same reasoning applies to
quantum boxes. but with one difference. Since the dispersion relationship is now
discontinuous it is likely that phonon assisted intra-band transitions are forbidden to first
order, for example if the smallest energy difference is greater than the optical phonon
energies, or if it falls in the phononic gap of Figure I1-7. This restricted phonon relaxation
rate for intra-band transitions is often referred to as the phonon bottleneck. Some authors
have invoked such an effect to account for the poor luminescence intensity observed in
some early low-dimensional structures’’, and the debate about this issue remains an
important one.

Finally, it should be mentioned that intra-band and inter-band transitions can be
mediated by carrier-carrier (ex. Auger) scattering. For example, an electron in an excited
quantum dot state can relax to the ground state by giving its extra energy to an electron in

neighboring material.
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Figure [1-8

[llustration of electron transitions. a) In a structure with at least one macroscopic direction. Photon-
assisted transitions are vertical and generally inter-band whereas phonon-assisted transitions are generally
non-vertical and intra-band. b) For zero-dimensional structures the situation is similar except that intra-
band phonon transitions can be forbidden if the smallest energy difference is higher than the optical
phonon energies. This phonon bottleneck effect is exemplified for a conduction-band transition in the 0D
case. Since a single phonon energy cannot match the inter-level spacing, multi-phonon transitions are
higher order and therefore slower.

IT.4.2 Excitonic transitions

The presence of Coulomb interaction between the electron and hole states modifies
the band-to-band picture presented in the previous section. The calculations involving
Coulomb interactions in quantum dots is still a matter of discussion at this time, and the
models usually require tedious calculations. Discussing excitonic effects for the various

dimensionalities is therefore beyond the scope of this work. However, bulk exciton

41



properties are well documented in the literature and some of these results will be useful as
a basis for comparisons with the results of the present work. Figure II-9 presents the
dispersion relationship obtained for bulk excitons, as per equation II-25. A series of curves
is obtained for each value of n, and eventually a continuum of electron-hole patrs is
obtained. The binding energy for bulk excitons is of the order of 5 meV in GaAs (from

equation [I-25). The selection rules for radiative transitions are given by

E
A & ~ Bt
- ) <
. . AE = ho,
R n= Y ‘q" phonon assisted
v [ transition
n:
EB
~ AE=hv
photon assisted
transition
| — - ¥ ,
(KCM)V
Figure II-9

Dispersion relationship for an exciton state shown along one of the three axes of
quantization. For each value of n a new curve is obtained.
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K, =0 [1-40a
E,+E” =ho [1-40b
where the photon wavevector is neglected in [1-40a, and E, is the semiconductor

bandgap. The equivalent set of rules for phonon emission assisted transitions is
k.éu = E(l:u -q [I-41a

AE™ = —hw [1-41b

q9
Where ¢ is the momentum carried by the phonon.

An interesting remark about the dispersion relationship presented in figure II-9
combined with the above selection rules is that it gives rise to a set of narrow emission (or
absorption) lines below the bandgap with a FWHM independent of temperature and
excitation intensity. Indeed, let us assume a low exciton density is present so that only the
edge of the n=1 dispersion curve is populated. If the temperature is raised moderately,
only non-radiative high center-of-mass states are populated and the emission line is not
broadened. In this case however, the intensity of the emitted luminescence is quenched
even at very low temperatures. For similar reasons, raising the Fermi level (higher exciton
concentration) does not cause broadening of the exciton line. However, the above
selection rules have neglected acoustic phonon scattering, and it has been shown that the
homogenous linewidth of an exciton is broadened as the temperature is raised due to
exciton-acoustic phonon interactions®'*2.

Also, at higher temperatures and higher Fermi levels the radiative decay rate of the

exciton population is considerably slowed down as most carriers are forced to dwell in
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non-radiative high momentum states. This should be reflected in time-resolved

experiments as a longer effective carrier lifetime.

IL5 Finite potential barrier and related effects

In order to simplify the discussion, only infinite potential barriers were considered so far.
[n real semiconductor structures the barrier material has a finite bandgap and consequently

the barrier heights are finite. Figure II-10 shows the potential profile obtained when a thin

layer of low-gap semiconductor is surrounded by a high-gap semiconductor material. E]”
and E:" are the energy gap of the QW and barrier material respectively so that the total
band discontinuity is given by AE,= EX - E. Qc and Q, are the conduction band and

valence band offset respectively, and the conduction (valence) band discontinuity is given
by Vs = Q. e AE, (Fy = Q, » AE,).

A first consequence of finite band discontinuities is that for the same well width. the
bound state energies are changed with respect to the infinite band discontinuity case. The
symmetry of the finite well problem is exactly the same as that of the infinite well
considered in section II-1, and the Hamiltonian can be separated in the same way along the
axis directions. For x and y the well layer has macroscopic dimensions so that the solution
in these directions are exactly the same as those given in equation II-4b, provided the

potential is taken to be zero in the well layer:



L A k, = ; n, =%l,%2
2
¥, =" k= ’Z’ n, =+1+2
hZ

E, = ?(kf +k})

However, in the z direction the problem reduces to

2
VN wvw. =B, V(z)={0f°'0<z<1
2m (z)
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< » »
X Z

V, otherwise
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Figure II-10

Band profile for a quantum well with finite barriers. The carriers can escape the

well region by thermionic emission.

45

[I-42a

[1-42b

[1-42¢

[1-43



where ¥, is finite and the effective mass is now z-dependent because the well and barrier

effective masses are in principle not the same. Since the energy step is now finite, the
carriers can penetrate the barrier and boundary conditions II-3a are no longer valid. The
Ben Daniel-duke model”® provides a new set of boundary conditions for finite band

discontinuities. The functions

W.(z) and ,.l a¥. (z) [1-44

m(z) dz

are continuous at the interfaces. Using these conditions the envelope function in the z
direction as well as the bound state energies can be calculated. It is not possible to obtain

an explicit expression for the bound state energy as a function of /, the well thickness.

However, an explicit expression for /() is reported in the literature®*
Xp P

(-

.
SN I
m_E my \ £ 2

WS

* * . . .
where m, and m, are the effective mass of the carrier in the well and barrier material

respectively, V;, is the band discontinuity and n, is the subband index. Equation II-45

applies to both the conduction and valence band provided the corresponding effective
masses and band discontinuities are used. This result can be used to improve the method

presented in section II.2. Expression II-45 is used to calculate Ey(l(p)) and
Vip)=Ey(l(p))- Eyw(l,) for several values of p. The numerical form of the lateral

potential thus obtained can be fitted to a harmonic function or solved numerically. This

method will be used in chapter V to model sample IR.
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A second consequence of finite band discontinuities is that carriers can now escape
the confined region by thermionic emission. The number of carriers in the bound state can
be seen to result from a competition between a capture and an emission rate. As the
temperature is raised, creating a dense phonon population in the lattice, the probability per
unit time for a carrier to absorb phonons and be emitted above the barrier is greatly
enhanced. As a result, the intensity of emitted light is quenched for higher temperatures
according to an exponential law of the form

K(T)= —— [1-46

l+ae b7
where ¢ and a are adjustable parameters, E, is the activation energy and kgT is the
thermal energy. The activation energy corresponds to the minimal energy necessary to

promote carriers to unbound energy levels. In the case of electrons in the well of Figure
I-10, E, =V, - EZ. The onset to observe significant thermionic emission depends on

both a and Ea. The process of thermionic emission is represented in Figure II-10 for an
electron in the conduction band and a hole in the valence band where the arrows

symbolize the emission above the barrier.

11.6 Concluding remarks

In the first section of this chapter the density of states for structures of different

dimensionalities was introduced. It was found that the DOS evolves from a smooth
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function in 3D to a completely discretized function in OD. The effect of this evolution on
experimental results was discussed; in a quantum dot, the absence of an energy continuum
implies that the PL emission line is not broadened by an increase in temperature or
excitation power. This is in contrast with the case of a 1D. 2D or 3D structure. Also,
saturation effects such as populating excited states occurs for lower carrier densities in a
quantum well layer compared to a quantum dot layer.

In the second section, the ideal lens-shaped island was modeled using the adiabatic
approximation. [n the strong confinement limit ( Coulomb interaction negligible), the
lower energy states were described as quantum well states in the z direction and harmonic
states in the x and y directions.

Next, the energy spectrum of the islands subject to a magnetic field perpendicular to
the plane of the islands was obtained. It was found that the field partially lifts the
degeneracy of the higher energy shells, with a high proportion of states shifting towards
lower energies. This is not typical of what is observed in quantum wells for which the
electronic states shift towards higher energies under application of a perpendicular field.
This difference of magneto-properties between quantum wells and lens-shape dots provide
an alternate way of revealing the 0D nature of the bound states in a specific type of
quantum dots.

In view of the wide use of optical experiments in this work, the radiative selection
rules were discussed in section 4. In the hard wall approximation for lens-shaped dots, the
selection rules obtained from Fermi’s golden rule imply that radiative transitions are

observed only between valence band and conduction band states with the same set of
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quantum numbers. Also, phonon-assisted transitions and Auger transitions were
introduced in view of later discussions on carrier dynamics. The concept of phonon
bottleneck was introduced in that context.

Finally, the quantum well with finite barriers was introduced. Two main
consequences were mentioned: 1- the bound state energies have to be calculated with a
different formula than in the infinite barrier case 2- thermionic emission out of the well

region is now possible.
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IIT1 Experimental methods

[n this chapter the optical probing techniques used to characterize our samples are
presented. Photoluminescence, time-resolved photoluminescence and up-conversion

measurements are discussed. The characteristics of the different set-ups are discussed.

III.1 Photoluminescence

According to the selection rules presented in the previous chapter, if an electron is
present in the conduction band it can recombine radiatively with a hole state in the valence
band. If enough recombination events occur in a given layer, important information is
obtained by mapping the luminescence intensity as a function of energy (or wavelength).
This spectroscopic experiment is referred to as photoluminescence if the carriers are
initially promoted to the conduction band using a light source.

Figure III-1 shows a schematic of a modern photoluminescence set-up. Under the
perturbation caused by the impinging light beam (usually a laser), the sample produces
luminescence that is collected and steered to the entrance slits of a spectrometer. The light
spectrum is then dispersed by a grating and each wavelength is subsequently focused onto

a different position on the detector surface. If the detector is position-sensitive, a spectrum
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Figure HI-1

Standard far field photoluminescence experiment. Figure a) shows a representation of all the components
involved in a modern set-up. Part b) and c) show the sample reaction under the action of the excitation
source for a bulk and a quantum dot respectively.
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is acquired in parallel by simply feeding the intensity detected as a function of
position to a computer. If the detector is position-insensitive, an exit slit is used to select a
narrow wavelength range. The intensity of emission at this wavelength is measured and
fed to the computer. The gratings of the spectrometer are then rotated to select a new
wavelength and the process is repeated until the desired spectrum is obtained. The latter
type of PL experiments will be called scanning spectrometer PL, as opposed to parallel
detection PL obtained with position-sensitive detectors.

Figure I1I-1b shows, in k-space, the chain of events triggered by the absorption of a
photon in a bulk structure. First, an electron is “vertically” promoted to the conduction
band at the instant of absorption. If the energy of the photons absorbed is higher than the
bandgap. the electron and hole are created with some excess kinetic energy. The carriers
will thermalize to the band edge’® by optical phonon emission and subsequently recombine
radiatively to emit a photon of lower energy. The obtained spectrum would show an
emission line at an energy roughly equal to the bandgap with a full width at half maximum
strongly dependent on temperature and excitation intensity because of the continuous

dispersion relationship.

For a quantum dot sample, several different excitation schemes are possible. For
non-resonant excitation the carriers are created in the barrier material, usually a bulk
structure. While thermalization to the band edge occurs, the carriers diffuse near a
quantum dot; at this point they must relax from a continuum to the discrete states of the
quantum dot. As discussed previously, in this case phonon relaxation could be slowed

down due to the phonon bottleneck effect. Figure III-1c shows, in k-space, the chain of
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events produced by non-resonant excitation in a quantum dot sample. For resonant
excitation. the situation is similar except the laser energy is set to be in resonance with an
excited quantum dot transition. [rrespective of the excitation scheme used, in the case of
quantum dots, the luminescence resulting from transitions between discrete energy states

should have an extremely narrow linewidth.

Also, it is often difficult to probe a single quantum dot in a luminescence experiment.
For example, consider the case of the strained layer in sample VI with an island areal
density of 200 um™. The impinging laser beam is focused to a circular spot on the sample
surface with typical diameter of SO pum, thus probing a population of ~10° islands.
Assuming the DOS inside each island is §-function like, the resulting spectrum can still
have a significant linewidth if each dot emits at a different energy due to inhomogeneous
broadening factors such as size/composition fluctuations or different strain distributions.
The homogeneous linewidth is revealed if one probes a small number of quantum dots
such that their emission energy is well separated. For this thesis, photoluminescence
experiments probing a large number of quantum dots are referred to as macro-
photoluminescence (macro-PL), while those probing a small ensemble of quantum dots are
referred to as micro-photoluminescence (micro-PL).

As an example of such photoluminescence experiments on quantum dot ensembles,
Figure III-2 presents the spectra obtained when probing a self-assembled island sample
with structural properties similar to those of sample V1. The macro-PL spectrum obtained
when exciting the sample with a high power density of 300 W/cm? over a large surface

area of 2x10” pm’ is shown on the left hand side. Two peaks are observed in the
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Example of photoluminescence spectrum obtained from a self-assembled island sample. a) High excitation
PL spectrum obtained when probing an area of about 5x10° um®; we refer to those experiments as macro-

PL. b) PL spectrum obtained after depositing a thin gold film with small 3 um’ transparent windows on

the surface; such experiments are referred to as micro-PL. The difference between the two spectra is
interpreted as a change in the size of the quantum dot population probed.

spectrum. The smaller narrower emission line at ~2.0 eV is ascribed to light emission

originating from the AlGaAs barrier since its energy closely corresponds to the bandgap of

that material. Therefore, the broader emision band at ~1.91 eV is ascribed to emission

from the strained AllnAs layer. This lower energy line is broader than the bulk emission
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experiment.

To perform a micro-PL experiment on the sample, a thin gold film was deposited on
the sample surface and small (~3 pum diameter) transparent windows were obtained by
standard lift-off techniques of the gold layer. This reduces the number of islands probed to
approximately ~10°. The spectrum obtained from this experiment is presented on the right
hand side of Figure III-2. A series of ultra-narrow emission lines is obtained revealing the
intrinsic homogeneous emission linewidth (~300peV) of individual islands. In view of this
the broad emission band of the macro-PL experiment is interpreted as the convolution of
inhomogeneously broadened quantum dots emitting at different energies because of size
fluctuations, composition fluctuations, strain distribution fluctuations. etc. This
population-size dependence of the PL emission spectrum was one of the first evidence of
the zero-dimensional nature of self-assembled islands reported in the literature®.

In the next sections, two distinct and complementary PL set-ups are described. Each
of these is associated with a particular time-sensitive optical measurement technique,
namely time-correlated single photon counting and up-conversion, which will be described

along with the experimental apparatus.

I11.2 Imaging tube set-up and time-correlated single photon counting

The originality of this first system, presented in Figure III-3, resides in the fact that
the traditional photomultiplier tube (used for single photon counting) has been replaced by

an imaging photomultiplier tube (IPMT)*’ which can resolve the position of a photon
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hitting its surface to within 60 um both in the x and y directions. The detector can be used
in several different modes. For example, in the first mode a PL spectrum can be acquired
in parallel by integrating all the photons within the same vertical (y) slot. Knowing that the
detector has a one inch radius optically active surface and that the light is being dispersed
by a 0.75 m focal length double spectrometer with 1200 grooves/mm gratings. the
wavelength range detected across the surface is calculated to be 12.2 nm. The spectral
resolution of our set-up is then given by (12.2 nm X 60 pm / 1.0 inches = ) 0.0305 nm
which translates into an energy resolution of about 100 peV at a wavelength of 600 nm.
The multi alkali photocathode is sensitive in the range 400-900 nm. This set-up in the PL
mode was used to obtain the spectrum of Figure III-2. The laser system used for PL
experiments consists of a CW Ar’-ion laser pumping a coherent c-599 dye laser with
DCM dye emitting continuously in the range 610-690 nm. In the case of Figure I11-2, only
the argon laser was used.

In the second mode, the IPMT is used to obtain a time-dependence of the emission
intensity. This type of experiment is called time-correlated single photon counting,
commonly referred to as time-resolved photoluminescence (TRPL). In Figure III-3, the
two-stage excitation source consists of a YAG pulsed laser emitting 100 ps pulses at 532
nm used to pump a coherent dye laser model 790 used with a rhodamine 640 dye which
provides output pulses tunable between 620-690 nm of typically 10 ps duration at a
repetition rate of 4 MHz™. In the experiment, a small fraction of the light pulse train is
sent to an avalanche photodiode (APD) and acts as a trigger for a time to amplitude

converter (TAC). The remainder of the pulse train is sent on the sample as the excitation
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Actual set-up used for photoluminescence and time-resolved photoluminescence.
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source. A low temperature cryostat combined with a heater and temperature controller are
used to keep the sample at a stable temperature between 4.2 and 300 K. Each time a pulse
hits the sample. a time varying light output will be produced and part of it will be collected
and steered into a double spectrometer. The first photon detected by the [PMT triggers
the TAC to start counting and the next laser pulse that hits the APD stops the counting.
The time difference is sent to the computer which will then add one count in the
corresponding time slot. Repeating this process until satisfying statistics have been
obtained allows us to build a time-dependent spectrum mapping the reaction of the sample
with a typical temporal resolution of the order of 100 ps.

Finally, an important capability of the TRPL system with an IPMT is that the signal
can be electronically gated. The analog output signal of the [PMT containing the x and y
positions is processed by a position computer which allows the user to electronically gate
the signal. Any rectangular surface of the detection cathode can be selected as being the
active region, ignoring any event occurring outside the selected area. To illustrate the use
of this gating technique, consider the spectrum of Figure [11-2 where two distinct emission
bands are detected at 1.91 and 2.0 eV respectively. To isolate the properties of the
quantum dot band for example, the detcctor is gated around the region where the photons

of this emission line hit the surface of the detector.

I11.3 Up-Conversion

The two most severe restrictions of the TRPL set-up described above are its time

58



response and its spectral range. It is not possible to study samples that emit outside the
range of 400-900 nm, nor is it possible to probe phenomena with timescales shorter than
about 100 ps. For applications on the picosecond timescale or in the infra-red range, an
up-conversion set-up is used, schematically shown in Figure I1I-4.

The sample is kept at a constant temperature between 4.2 and 300 K in a He-flow
cryostat with a heater and a temperature controller. Any of the laser sources available can
be used as an excitation source, depending on the particular experiment performed.

For up-conversion experiments, the laser output is split in two branches, one of
which is directed to the sample, the other one being sent through a delay stage. As a
reaction to the impinging light pulses, the sample emits time-varying luminescence. This
light is collected and focused onto a nonlinear crystal, in this case made of Lithium lodate
(LilO;), spatially overlapping the laser light pulses coming from the delay stage. The LilO;
is placed on a rotating plate so as to satisfy phase-matching conditions. If the two beams
have no temporal overlap the light output of the crystal will simply be at wavelengths

givenby 4, and 4., . the laser and sample PL wavelength. However, if there is a

temporal overlap between the two pulses, the crystal will also show a light output at a
wavelength given by the sum of the frequency of the two input beams. In other words the
two photons interacting in the non-linear crystal are up-converted to produce higher

energy output photon. The relationship between the input and output wavelengths is given

by

- + I-1.
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Schematics of the set-up used for up-conversion experiments.
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In actual experiments, the detection wavelength is set at A, so that a signal is obtained

only when the laser pulse and the sample’s luminescence overlap temporally on the LilO;
crystal. In other words, the laser pulse and the crystal act as a temporal gate for the
luminescence coming from the sample. A signal proportional to the sample luminescence is
transmitted only for a time window equivalent to the laser pulse. The delay stage is used
to vary the time delay between the “gate” (laser pulse) and the sample luminescence. Thus,
the intensity of the luminescence can be obtained for several different time windows.
Figure III-5 presents an example of up-converted spectrum for a given time delay. The
GaAs emission ( ~ 820 nm) of sample IR is focused on the crystal and overlapped with the
laser emission at 641.1nm. The resulting PL ~366 nm is detected in parallel with the CCD
array detector and a quasi-Gaussian lineshape with FWHM of ~2 nm is obtained. This
linewidth depends on phase matching conditions™ and corresponds to a 10 nm (~17 meV)
bandwidth that is transmitted through the crystal. The area under the curve is proportional
to the sample’s luminescence at a corresponding time.

The CCD array can also be used to obtain CW PL spectra of samples in the 300-
1000 nm range using a parallel detection scheme with a window range of 12.16 nm over
1024 pixels when using a 600 groves/mm grating. Assuming one cannot resolve a line
sharper than 3 pixels this means the detector spectral resolution is of the order of 0.035
nm, which translates to an energy resolution of 122 peV at 600 nm.

Finally, a liquid nitrogen cooled Ge detector incorporated in a scanning spectrometer
acquisition scheme can be used to obtain CW PL spectra of samples emitting in the 800-

1700 nm range. A spectral resolution of ~0.1 nm is obtained for 600 g/mm
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Example of the up-converted spectrum obtained for a given time delay between the leading edge of the
luminescence an the laser pulse. The area under the curve is proportional to the integrated luminescence
intensity (gray shade in the inset) over the duration of the laser pulse.
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gratings with entrance and exit slits open to 150 pm.

II1.4 Rate-equation model

As an example of the type of spectrum one expects to obtain from the time-
dependent measurements. let us consider the situation of Figure [1I-6 which depicts the

carrier dynamics in a single quantum well. [n what follows, the dynamics is discussed in

] . . e 1
terms of “rates™ (y ), but is often discussed in terms of “lifetime™ r where y = —.
r

The process starts when an electron-hole population is created in the barrier material
which, after thermalization to the band edge, is captured in the quantum well. For

simplicity, equal capture rates y_ are assumed for the electrons and the holes. At this

point, the carriers can recombine radiatively at a rate y_, or non-radiatively at a rate y . (
in the figure the non-radiative process is represented as thermionic emission ). The
electron-hole population in the well as a function of time is obtained by solving the

following set of equations:

=

b
= _7ch
d‘}{; -2
—= =+ - Nw - ner
o YNy —v, 4

where N, and N_ are respectively the barrier and well electron-hole population.

Assuming v, (0)= ¥, and ¥ _(0) = 0, the solution is given by
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Example of carrier dynamics for a one-dimensional quantum well. Only the
carriers which recombine radiatively are detected.

N, =Ny’
N = N (e“""-" —e"") [1-3

~(-(7))

and the intensity of emission as a function of time is simply given by / = v, N, which

yields

[ = Y.Ny (e'(r,‘r.)' _e-r.l) 11-4

)

In many cases the capture rate is much faster than the decay rate and one obtains

I, = y,No(e"""-”) 111-S.

Thus, in most cases the time-dependent emission observed from TRPL or up-conversion



experiments shows a fast rise and a slower single-exponential decay. This is the situation
represented in the inset of Figure III-5.

In general. the rise time is associated with the capture rate and the decay time is
related to carrier lifetime in the level probed. However, care must be taken when assigning
the decay time to the lifetime. Equation II-4 clearly shows that the lineshape is symmetric

with the interchange of the total decay rate (y, +y,) and the capture rate (y_). The

faster and slower rates are therefore respectively associated with the rise time and the

decay time of the luminescence intensity.

II1.5 Summary

In this chapter, the three measurement techniques used to probe the self-assembled
islands were introduced. First, photoluminescence experiments were discussed and a
distinction between different types of photoluminescence was made. Macro-PL
experiments were shown to be a useful tool to probe the inhomogeneous properties of
large ensembles of quantum dots. On the other hand, Micro-PL experiments probing a
small number of quantum dots revealed the homogeneous properties of “single” quantum
dots.

Two distinct set-ups were then introduced, each associated with a specific type of
time-dependent experiment, on top of their steady state PL capabilities.

Time-correlated single photon counting set-up is implemented using an imaging tube

(IPMT) which possesses the useful feature of electronic signal gating. The detector is
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sensitive in the 400-900 nm range. PL spectra can be accumulated using a parallel
accumulation scheme with a total range of 12.2 nm and a resolution of 0.03 nm. Finally,
time-resolved spectra can be obtained with a time resolution of ~100 ps.

The up-conversion set-up is complementary to the [PMT set-up. Better time
resolution is obtained (10 ps) at the expense of dynamic range. Also, PL can be performed
in the infra-red range (800-1700 nm) using a Ge detector while a state-of-the-art CCD
array detector is available for visible and near-visible (300-1000 nm) applications.

Finally, the case of a single quantum well with one bound state is considered to
introduce rate equation modelling. Single exponential decay of the luminescence intensity

with time is obtained.
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IV Properties of AllnAs/AlGaAs Islands

In previous chapters, care was taken to avoid labeling self-assembled islands as
quantum dots, even though the calculations of chapter Il and the results of chapter III
suggest that such could be the case. In this chapter, optical measurement techniques are
used to characterize the islands and show that their properties are really those of quantum
dots. To this effect, micro-PL experiments are used to monitor the properties of “single™
dot emission: FWHM as a function of temperature, lifetime as a function of temperature
and FWHM as a function of excitation intensity. Finally, carrier dynamics in
semiconductor self-assembled quantum dots is studied, emphasizing the role of phonons in

the relaxation process.

IV.1 Intrinsic linewidth and related properties

Macro-PL measurements performed on sample VI using a scanning spectrometer
detection scheme are reported in the literature®® and these results are reproduced in Figure
[V-1. The laser was focused to a spot ~80 pm in diameter, and with an island areal density
of 200 um™ this means that a total of ~10° islands were probed. The resulting spectrum
shows three peaks at 1.887, 1.960 and 1.993 eV which are respectively attributed to

island, wetting layer and barrier luminescence. The broad emission line at lower energy has
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Figure [V-1

PL spectrum obtained for a macro-PL experiment on sample VI probing ~10°
islands. The three peaks observed at 1.887, 1.96 and 1.993 eV are attributed to
QD, WL and barrier emission respectively (after ref. 53).

a full width at half maximum of ~46 meV and its smooth shape has been shown to result
from a convolution of a great number of inhomogeneously broadened emission lines
coming from islands with slightly different size, strain and/or composition, much like the
case presented in Figure II1-2.

In order to confirm this assignment, micro-PL experiments are performed on sample
VI to reveal the homogeneously broadened single dot emission line. In contrast with the
window technique presented in chapter III, small island ensembles are obtained by defining

a grid of small (~3 um’) mesas 100 um apart on a section of the sample surface. Outside
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the mesas, the material is deeply etched so that the self-assembled island layer is removed
and consequently no PL signal originates from outside the mesas. As a result, even with a
laser spot 80 um in diameter one can probe a single mesa containing an average of ~600
islands.

Figure [V-2a shows the low-temperature PL spectrum obtained from one mesa at
different temperatures with an excitation power of 25 W/cm’® using the Ar -ion pumped
DCM dye system. with the laser energy set at 1.96 eV. The spectrum exhibits several
sharp spectral features of similar magnitude with a FWHM ranging from 190 to 400 ueV.

Other mesas excited above the barrier material (Eeyc=2.0 €V) with very low power

densities (2.5 W/cm®) have shown some spectral features as narrow as ~100 peV. Most
lines with typical FWHM of 250 ueV are resolved by the system, and as will be shown
shortly, the carrier lifetime amounts to 400 ps for the island emission. Using the time-
energy uncertainty relationship AEA7z = & the linewidth is estimated as ~1.6 peV. Thus,
the experimental results are not transform-limited and other explanations have to be
considered to account for the observed homogeneous linewidth.

The non-zero PL signal observed in between adjacent lines can be attributed in part
to the finite intrinsic emission linewidth of each single QD which produces a collective
emission background. It should be noted that the background signal left at high
temperature in the regions of the spectrum where the sharp lines are quenched (see Figure
IV-2d at ~1.892 eV) is stronger than the dark count signal of the system. The spectra b, ¢
and d shown in Figure [V-2 have been shifted in energy to align the sharp lines at all

temperatures using line C, which was clearly recognizable from spectrum to spectrum, as
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Figure IV-2
PL spectrum for a population of ~600 islands at different temperatures obtained with an excitation density

of 25 W/em®. The energy scale is for the 5K spectrum. At higher temperatures the spectra were shifted to
align the peak indicated by an arrow. The resolution of our set-up and the evolution of the thermal energy
are also shown for comparison.
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an alignment marker. It is a striking feature that these closely spaced sharp emission lines
can be identified over a tenfold range in temperature. The sharp lines for which the
intensity level remains well above the collective emission background show very little
broadening as the temperature is increased up to 70K. Some lines, such as G, do show

some broadening, although much less than the increase in the thermal energy (kyT). This

small effect can be attributed to the background noise in the experiment since at 70K the
PL intensity has decreased by a factor of 10 due mostly to thermionic emission’' and
several lines are barely seen above the collective background emission. These temperature-
independent linewidths are in contrast with the case of bulk, QW or QWR material where
the 3D, 2D and 1D density of state permits a continuum of energy leading to thermal
broadening of the emission line. For example, in a QW sample the theoretical band-to-
band emission line has a FWHM of ln(2)‘ka"l*'2, where kg is the Boltzmann constant.
Figure IV-3 shows a comparison of the measured FWHM of some of the lines in Figure
[V-2 with the theoretical broadening of a quantum well sample as a function of
temperature. The graph shows clearly that the island emission line broadening is negligible
as a function of temperature, especially when compared to the expected broadening for a
2D layer emission line. Indeed, the physics is very different in both cases. Considering
band-to-band emission for the case of a structure with at least one macroscopic dimension,
there exist a continuum of states described by a wavenumber k and increasing the
temperature causes higher k-states to be occupied. This means that one can now have
electron-hole pairs with high internal energy while the net pair momentum remains zero,

therefore allowing efficient radiative recombination of electron-hole pairs at higher
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energies. On the other hand, for a zero-dimensional structure there is no continuum and as
long as the thermal energy does not allow carriers to be excited to higher states one
expects the linewidth to be constant.

Interpretation of the results of Figure [V-2 in terms of exciton emission in a 2D layer
also has to be rejected. Assuming each individual line originates from the n=1 bound state
of an exciton confined in regions of a well with different thickness would mean that there
are as many regions as there are emission lines observed. Approximately 30 lines are
clearly resolved in Figure [V-2, and this would imply a variation of the well thickness by
as much as 30 MLs. This is unreasonable considering that ~15 monolayers of material
were grown. Also, as mentioned in the section concerning selection rules, excitonic
emission lines do broaden as a function of temperature and therefore an interpretation in
terms of excitonic emission has to be rejected.

Finally, it should be noted that similar sharp spectral features as those observed in
Figure [V-2 were unambiguously proved to originate from luminescence of a few (one to
six) islands emitting at similar wavelengths’’. Indeed, “gating™ on the luminescence of a
narrow emussion line, only a few islands can be “seen™ on the surface indicating strong
localization of the carriers in the islands.

As discussed so-far, the temperature independent linewidths of the island’s
luminescence is a steady state manifestation of their 0D properties. Complementary
information can be obtained by probing the transient properties of the islands. To do so.
we take full advantage of the adaptability of our experimental set-up to isolate the

properties of a single narrow emission line. Using the set-up of figure III-3 in PL mode
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Comparison of the measured FWHM of some of the emission lines compared
with the theoretical increase in FWHM for a quantum well sample.

with the pulsed dye laser system as the excitation source, a PL spectrum of the selected
dot ensemble is first obtained and the result is shown in the inset of Figure IV-4. The laser
energy was set at 1.993 eV for excitation in the AlGaAs barrier with an average excitation
power density of 20 W/cm®. The configuration is then changed to include the APD and the

TAC in the set-up, allowing the system to probe the transient behavior of the sample. The
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controls of the position computer are used to electronically reject all photon events
outside a selected area on the detector surface. To probe the photons coming from a
“single” quantum dot, we take advantage of the fact that each of them emits with slightly
different energy: by gating around the surface of the detector which coincides with the
emission energy of a given ultranarrow line, the properties of the corresponding “single”
dot are probed.

The time decay traces obtained by gating around the peak indicated in the topmost
inset at different temperatures are shown in Figure IV-4. As mentioned in chapter 11, this
decay time can be interpreted as a carrier lifetime or a capture time, depending on which is
the slowest. The integrated barrier and wetting layer luminescence is shown to be much
weaker than the dot luminescence in Figure IV-1, which suggests a short capture time.
Therefore, for all discussion concerning sample VI, the rise times and decay times are
interpreted respectively as the capture time and the lifetime.

The decay traces of Figure [V-4 are single-exponential over at least two order of
magnitudes, and the observed decay times obtained by a single-exponential fit are
summarized in the bottom left inset. The lifetime remains constant to within experimental
uncertainty at around 400 ps for temperatures ranging from 4 K to 40 K, while at 60 K
this time shortens to 340 ps. This last temperature correlates well with the onset of
thermionic emission observed from CWPL experiments reported in the literature®'. In this
case, the carriers in the dot are lost via radiative recombination at a rate y, and via
thermionic emission at a rate y.. At low temperatures, the emission rate is negligible and

the decay reflects the radiative lifetime. As the temperature is raised, y. increases and
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Figure V-4

Time decay traces for a single sharp line at different temperatures. The curves
have been y-shifted for clarity. The inset shows the peak used for the
measurements, and the error on the lifetimes is of the order of 10 ps.
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eventually contributes significantly to the total decay rate, and the signal is quenched
faster. The speed-up of the carrier lifetime is therefore attributed to significant thermionic
emission from the dot ground state to the WL or barrier states followed by other decay
mechanisms.

In the literature, temperature dependent measurements on higher dimensionality (non
0D) systems are reported to show increasing lifetimes with increasing temperature. This
effect was attributed to the higher proportion of excitons that are thermally excited to high
center-of-mass momentum'® states for which radiative recombination is prohibited
according to the selection rules (see chapter II). Thus, the result obtained here can again
be interpreted in terms of a set of discrete energy levels for which the radiation properties
remain unchanged as long as no thermionic emission to higher energy states is possible.
This interpretation is consistent with calculations done for quantum dots with large level

spacing® for which thermionic emission can be neglected.

IV.2 Carrier dynamics: influence of phonons

In the previous section, clear evidence of the 0D nature of the bound states in self-
assembled island was presented. This section will focus on the transient properties of
quantum dots, more specifically addressing issues related to the influence of phonons.

[n a previous study, Fafard er al. observed strong resonances in the PL spectrum of
dot ensembles when resonant excitation was used®. These results are reproduced here in

Figure [V-5a for clarity of the discussion. The dashed curve displays the steady-state PL
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a) Low-temperature PL spectrum obtained for a dot population of ~10°. The dotted curve is obtained using
an excitation energy above the barrier material, and the solid line is obtained for resonant excitation. The
peaks observed in resonant excitation are associated with phonon resonances, and for example the peaks
labeied LO, and LO, are observed 35 meV (GaAs-like LO phonon) and 48 meV (AlAs-like LO phonon)
below the excitation energy. b) Time decay trace of the quantum dot emission for E¢=1.912 eV. The
decay traces ‘“Nonresonant”™ (R), LO, and LO, are thus obtained for Ec=1.993 eV, Eq=Eg,+35 meV and
Ecxx=Egq+48 meV.
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spectrum obtained when exciting non-resonantly above the barrier material, where
relaxation in the islands requires multi-phonon emission or other relaxation processes such
as Auger scattering. The solid curve is obtained when the sample is excited resonantly on
the high-energy side of the Gaussian dot peak at 1.927 eV. Peaks appear at fixed energies
below the excitation line, corresponding to phonon modes in the dot and barrier materials.
For example, the dominant peaks labeled LO, and LO; appear respectively 35 and 48 meV
below the laser energy, and are associated with one GaAs and one AlAs-like longitudinal
optical phonon in AlLGa,..As®’. Similar phonon signatures were observed in resonant
TRPL spectra obtained with corrugated superlattices and were attributed to Raman
scattering®. Here, however, the phonon signatures are observed for a wider spectral range
than the exciting laser pulse, which identifies the peaks observed as being PL originating
from dots excited with an excess of phonon energies. These results have triggered a new
series of questions, more specifically related to the dynamics associated with the phonon
resonances.

To this end, TRPL experiments are performed on sample VI. The spectra were
obtained using the YAG pumped Rhodamine 640 dye laser system as the pulsed excitation
source, and the detection energy was set by gating the detector on a narrow energy range
(~1 meV) of the smooth Gaussian dot peak. The laser energy was then set one LO phonon
energy above the detection energy to investigate the influence of the phonons on the
carrier dynamics. A TRPL spectrum under non-resonant excitation conditions was also
obtained for comparison. In all cases the excitation intensity was kept at 140 mW/cm?, so

that on average only 0.3 electron-hole pair per pulse per dot are created even if one
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assumes that 100% of the laser energy is ultimately transformed into pairs captured in the
zero-dimensional states of the islands. Figure IV-5b shows an example of the traces
obtained for E4=1.912 eV. The traces LO, (LO,) are obtained for excitation energies one
GaAs-like (AlAs-like) LO phonon energy higher than the detection energy, while the non-
resonant trace is obtained with the excitation energy set at 1.993 eV (AlGaAs barrier).

We first observe that the decay times for the resonant excitation experiments have a
longer time scale (200-300 ps) than the system temporal resolution (~100 ps). Raman-
scattering phenomena, however, would appear to be instantaneous relative to the time
scale involved here (i.e. instrumental response limited). This confirms the interpretation
that the observed phonon resonances are not related to Raman scattering, and the most
likely explanation is that the PL observed under resonant excitation comes from dots
excited with an excess of one phonon energy. Furthermore, one notes that the non-
resonant trace is in fact an experiment similar to the one presented in Figure [V-4, with the
difference that we are now probing a few thousand dots as opposed to a few dots. A
remarkable difference is observed between the two results since the decay traces of Figure
IV-4 are single-exponential over two order of magnitude while the non-resonant trace of
Figure [V-5b follows a single exponential decay over less than an order of magnitude. This
effect will be discussed with the intensity dependent measurements presented at the end of
this section.

For now, the dynamics and related relaxation processes are discussed in more
details. For the nonresonant case, most carriers are created in the barrier layers, and will

subsequently relax to the 0D QD ground state. Some of the possible relaxation processes
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available are exemplified in Figure IV-6. After excitation in the barrier material, carriers
can relax to the dot states via phonon emission, as shown on the left hand side of Figure
IV-6. This can be achieved mainly in two different ways: muitiple phonons can be
simultaneously emitted to relax directly to the dot ground state, or alternatively, phonons
can be emitted sequentially to relax to the wetting layer band edge, at which point multi-
phonon emission is likely required to relax in the QD ground state (Ew-Eqo~70
meV>hw,,). An alternative relaxation process is provided by Auger scattering, presented
on the right hand side of Figure [V-6. Again. direct or sequential trapping is possible,
depending on the types of collisions experienced by the carriers. However, it should be
noted that the low excitation intensity used for the TRPL experiments reduces the

possibility of carrier-carrier scattering.

a . b )
) Phonon scattering ) Auger scattering
Direct trapping Sequential trapping Direct trapping Sequential trapping
AlGaAs @ ° T ee o -
L
" ' ‘ . ‘
o \J v ’
v ' ' v o0
v 4 » ) > . v;
oo ‘ Wetting Layer v ‘
B ’ continuum e '
Multipie phonon
emission
Figure IV-6

Representation of sequential and direct trapping for the phonon emission a) and Auger b) relaxation
processes. a) In direct trapping, the carrier emits several phonons simultaneously in order to relax directly
from the barrier to the dot ground state. For sequential trapping, the carrier emits a small number of
phonons (one or two) to relax in a wetting layer state. The same process is repeated to relax to the WL
band edge, and finally relaxation to the dot ground state takes place. b) For direct trapping, a single
collision takes place in which the carrier falls to the dot ground state. For sequential trapping, the first
collision helps the carrier to relax in the WL states, while a subsequent collision will help the carrier to
relax in the dot ground state.
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[rrespective of the precise capture process, it is clear in Figure [V-5 that the decay
times for the QD are faster in cases of resonant excitation. Figure [V-7 gives a summary of
the various rise times and decay times observed for different detection energies. The rise
time is defined here as the time necessary for the TRPL signal to reach its maximum value.
It should be noted that this definition of the rise time is not usually used, as normally a
deconvolution of the spectrum is performed to extract the real rise time, as opposed to the
observed rise time which is slower due to the detector response time. Decay times have
been obtained by fitting our results to a triple-exponential decay and keeping the dominant
(fastest) component which is adequate for at least the first decade in intensity. This does
not represent a specific physical process but provides a general trend to summarize the
data. Figure IV-7a shows the rise time for resonant (open symbol) and nonresonant (solid
symbol) conditions. The rise time obtained for the resonant cases are consistently shorter
than for the nonresonant case (except for two points at lower energy), although the
difference is small. A possible explanation for this would be that the photons are first
absorbed by creating an electron-hole pair in an excited state, exactly one LO phonon
higher in energy, followed by a resonant phononic relaxation to the ground state. Such
faster rise times for resonant excitation energies related to LO phonon energies above the
band edge have been observed in quantum well structures’. However, even when
pumping with high intensities the dot emission line does not show evidence of the
emergence of a higher energy emission line associated with excited state emission. The
interpretation in terms of absorption in an excited state is therefore not believed to be true.

Also, it should be mentioned that, as can be seen in Figure [V-5b, the rise part of the
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Figure IV-7

Rise times as defined in the text are shown in (a) and decay times in (b) as a function of
detection energy. Solid (open) symbols show the results obtained for nonresonant
(resonant) excitation conditions. The instrumental response of the system is 420 ps for
the rise time and 100 ps for the decay time.

spectrum is very similar for the three curves shown. This suggests that the capture rates
for a given detection energy are equal within experimental resolution for resonant and
non-resonant excitation.

Figure IV-7b summarizes the decay times for resonant (open symbol) and
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nonresonant (solid symbol) conditions. The nonresonant decay times become shorter with
higher detection energies. This might be explained by an increased carrier confinement for
higher emission energies. As smaller islands are probed, the decreased lateral and vertical
dimensions cause a shift of the bound states towards higher energies. At the same time,
the smaller island dimension causes a better overlap of the wavefunctions which increases
the recombination rate. Figure [V-7b also confirms that for the detection energy range
probed. the decay times are shorter in the case of resonant excitation. This was already
observed in Figure IV-5, and this phenomenon seems puzzling since resonant phonon
absorption is expected to speed up the capture process, but once the carriers have relaxed
to the dot ground state the recombination time (lifetime) is expected to be the same
irrespective of the capture process.

An element of the answer to this surprising result may be revealed by the study of
the power dependence of the sharp line spectrum. The evolution of the micro-PL spectrum
is monitored as a function of excitation intensity for the quantum dot emission lines in
Figure [V-8. The excitation energy was set at 1.960 eV which corresponds to wetting
layer absorption. The low intensity spectrurn simply reproduces the features of F igure [V-
2a. Exciting with even lower intensities will only produce a spectrum similar to the one
observed in (a). As the intensity is increased, most of the sharp spectrai features (A to F)
lose amplitude with respect to the collective emission background, and in some cases even
disappear completely, the most striking example being peak H. Lines that remain
identifiable tend to stay narrow, although some of them do show evidence of broadening

(peak B for example). In some cases, higher intensities have little effect (J, K, L) or even
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Figure [V-8

PL spectrum obtained at 4K from sample VI for different excitation intensities. The CW
dye laser system was used with the excitation energy set at 1.960 eV.
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cause the emergence of new features. Line I for example is barely detected at low
intensity, but progressively rises above the background as the intensity is increased. These
observations cannot be related to temperature effects, since Figure V-2 clearly shows that
increasing the temperature does not change the spectrum in that respect. An increase in
the carrier population is more likely to be at the origin of the new spectral features.

Neglecting the dynamics of the higher energy states, the steady state population is given

by the product of the photogenerated carrier flux, @(/...), and the lifetime in the quantum
dot ground state, r;. Estimating r; to be 400 ps as obtained from our single dot

experiment, and for excitation intensities of 15 W/cm?, 150 W/cm® and 450 W/cm’. the
steady state population is estimated at 0.002, 0.02 and 0.06 per dot respectively®’. Thus, it
seems that even in the regime of fewer than one electron-hole pair for very low excitation
power densities there is a significant change in the observed properties. The presence of
carriers in the QD at the moment of recombination is expected to have an effect on the
recombination energy***due to the modified Coulomb interaction. The corresponding
renormalization in the emission energy are expected to be in the range of a few meV,
depending on the exact nature of the interaction and the resulting binding energy. If one
imagines that within a given dot, the radiative recombination will sometimes occur in the
presence of other carriers and sometimes occur without this presence, the energy
renormalization causes one dot to emit at two or more slightly different energies. At very
low excitation energies only “excitonic” lines are observed, but as the excitation intensity
is increased one should observe the emergence of “biexcitonic” lines in the spectrum.

Thus, as the number of emission lines increases the collective emission background is
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enhanced with respect to the sharp “single dot” lines. Note that this renormalization could
cause the emergence of new features if one or a few of the “biexcitonic lines” happen to
appear right in between two non-renormalized lines. Such could be the case of line I for
example.

Alternatively, similar phenomenon could be observed if part of the dot population
starts to contribute to the emission only above a certain excitation power threshold.

Radiative recombination from excited states would also give lines at higher energies.
but this is an unlikely scenario here given that the large interlevel spacing associated to
small quantum dots would lead to peaks several tens of meV on the high energy side of
the ground state emission®.

Finally, the enhanced background emission observed in Figure IV-8 could be the
manifestation of “background states” associated with the quantum dots. S. J. Lee er al.
(ref. 33) have shown that for semiconductor quantum dots with finite barriers the density
of states, although comparatively small, is non-zero between the bound states. Thus, as the
carrier population is increased, carriers are forced to dwell in this flat DOS background.
producing a flat emission band which progressively rises with higher excitation intensity.
This background could also be responsible for the slow tail observed in the TRPL spectra
of Figure [V-5b, and it could significantly contribute to the strong resonant absorption
characteristics of the quantum dots. Finally, the phonon resonances observed in the macro-
PL spectrum of Figure [V-5a can be thought to be a manifestation of enhanced bound
state emission compared to “background state™ emission. In this case, the transient LO,

and LO; spectra of Figure [V-5b reflect the shorter radiative lifetimes of the carriers in the

86



bound states. Thus, at the moment more experiments focusing on this issue are needed to
clarify the role of phonons in self-assembled carrier dynamics.

In summary, temperature independent FWHM and lifetimes of the “single dot™ (in
reality one to six) emission lines have unambiguously shown the 0D nature of the DOS in
the islands. Transient properties of the dot ensemble excited resonantly have shown clear
speed-up of the dynamics, but this was not observed as a faster capture rate, but rather as
a faster decay rate. Finally, intensity dependent measurements hint towards the presence of
weak “background states” in the DOS between the dot bound states. This effect could be
related to some of the properties observed in the “large ensemble” dynamics and
experiments specifically designed to clarify this point are needed.

[n this chapter, the experimental results show no manifestation of excited bound
states in the quantum dots. Although the importance of resonant excitation was clearly
shown, the absence of excited states limited our ability to study the inter-sublevel

dynamics. This is one of the main objectives of the next chapter with sample IR.
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V Excited states dynamics: properties of InGaAs self-
assembled dots

Sample VI proved to be a useful system for an initial study of self-assembled islands.
The strong emission in the visible range made it an easy sample to characterize
experimentally, and the fact that most of its properties could be explained in terms of a
single bound state per dot simplified the analysis. Also, the high quantity of sample pieces
available allowed the use of destructive techniques, such as wet chemical etching, which
proved useful to perform micro-PL measurements. In contrast, only a small 2x1.5 mm
piece of sample IR was available. This restricted the possibility to study small ensembles of
islands in order to reveal the properties of “single dots”. To overcome this difficulty, a
new way of proving the zero-dimensional properties of the islands was obtained by means
of magneto-PL measurements on macroscopic ensembles of dots. This techniques takes
advantage of the presence of many bound states in these bigger dots and the resulting
evolution of the PL spectrum as a function of magnetic field will be presented in the last
part of this chapter (section V-4). In the first section, the known properties of
InGaAs/GaAs quantum wells are used to build a simple model for the potential in the
quantum dots. The energy spacing between transitions can thus be determined, and the
predictions of this calculation are compared with intensity dependent PL results presented
in the second section. In the third section, the inter-sublevel dynamics of the carriers is

studied by means of up-conversion measurements. As discussed in section 1.4, the
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presence of a continuum of energy states in higher dimensionality structures (1D, 2D, 3D)
guaranties that selection rules for phonon-assisted transitions can be readily satisfied.
Consequently, thermalization of the carriers to the ground state of a particular band can be
achieved easily in higher dimensionality structures via sequential LO and LA phonons

Q . . . . . .
3369707 This remains true even when the carriers are created in a high-index

scattering
state (ex.: n=2) due to the continuum of states available™. The situation is different for a
quantum dot with a discrete DOS in which the energy difference between the bound states
is not likely to match the phonon energies. The presence of several bound states in the

quantum dots of sample IR provides a very good test ground for the problem of inter-

subleve! dynamics in quantum dots.

V.1 Single dot modeling

In this section, the method presented in chapter two to calculate the bound state
energies of carriers trapped in a lens shaped dot is improved to obtain a more realistic
estimation of the energy spacing for optical transitions.

The QD is modeled as a hemispherical cap, with a fixed height /, and radius at the
base p, , formed on a wetting layer of thickness t., as shown in Figure V-1. The confining
potential is zero inside the dot and wetting layer, but finite outside. The effective-mass

Hamiltonian is used to describe both valence and conduction band states:

2
v e - g V-1
2m
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cap layer

Figure V-1

Representation of the shape of the quantum dot used in the model. A typical island has a hemispherical
cap of height 4=4.4 nm, with radius at the base py=18 nm and wetting layer thickness t,=1.6 nm.

where the effective mass (m’) , and the potential (V) have to be chosen consistently with
the band described. Equation V-1 can be separated as explained in Section II-2 and is

transformed into an equivalent system of equations:

2
_A - azd"z(") +VID,(x)= E,® (x) V-2a
2m, &
r: FO,(y)
B 2’": é:z M V;”(Dy(y) =E®,(y) V-2b
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o PP (z)

-~ > +V¥*®.(z)= E®.(z) V-2¢

2m (z) &
E=FE +E +E, v-2d
¥Y=000. V-2e

where V7 =E®(l(x))-E®(l, +t,) and vZ =E®(l(y)-E™(l, +t,) are

effective potentials obtained in the adiabatic approximation; ¥,2* is the potential of an

InGaAs/GaAs quantum well of width /, +¢,:

yow _ |0 Sfor O0<|d<i,+1t,
T Vy otherwise

and finally m:( z) is replaced by the appropriate mass depending on the layer

considered

*
m‘(z)={m: Jor O0<|zd <l +1,

m, otherwise

where m: is the effective mass of the carriers in the InGaAs layer and m: is the carrier
effective mass in the barrier layer.

The main improvement of equations V-2 compared to the theory presented in
chapter two comes from the consideration of a finite potential barrier. In this case, the
energy levels of a quantum well of thickness / can be obtained from the implicit
equation®

(-yfet

*
2h (mon| M, [ V. int| =
I(E,‘,f’”) = W arctan (—1) [J"’?( E,é’w °IJJ +zr‘mt(7) V-3
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where n_=1,2...is the level index in the z direction, V, is the band discontinuity, m: and

 d
m, are the effective masses inside the island and in the barrier respectively. The above
equation cannot be inverted to obtain an exact expression for £, (/) and one must obtain

a numerical solution. Also, one should note that equation V-3 does not directly take the
strain into account and this causes a significant error (several tens of meV) on the absolute
position of the emission lines. More accurate models including the effect of the strain have
been developed for lens shaped dots of InGaAs/GaAs’’ and for pyramidal dots of
[nAs/GaAs”. However, assuming that the strain causes a constant energy shift
independent of the well thickness. one can still estimate the separation of the energy levels

with good accuracy.

V.1l.1l Conduction Band

For the conduction band, the following parameters are used:

m‘ m: Vo (meV)

0.067 m, 0.067m, 350 meV

Table V-1
Parameters used for modeling the conduction band.

. ‘ . -
where m, is the strained InGaAs conduction band effective mass’™*, m, is the unstrained

GaAs effective mass and V,, has been estimated for InGaAs/GaAs strained layers assuming
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a 67% conduction band offset in reference 35.
For I =1, +1,=6.0 nm. the values found for ES" are
EC? (6.0nm) =116 meV
E,S'fz(6.0nm) = 34TmeV

from which one can see that the first excited state in this direction is very weakly bound

(£¢" - v,) which justifies the approximation of a single bound state in the z direction.

Replacing for n, = 1, in equation V-3 one gets

~ 2h
|J0067m E%*

l

4
* arcran( —E—Q°7 - lj V4.

This equation is used to numerically calculate £ (I(x)) and E9¥ (I(y)). An expression

for I(x) (I(y)) can be found in a similar way as /( p) was obtained in chapter 2 with the

difference that one now has to consider the presence of the wetting layer. Figure V-2
presents a cross section of the ideal quantum dot presented in Figure V-1 along the x

direction. From that picture one can easily see that

I(x)=JR*-x* -h V-5

and the values of R and h can be obtained from the two equations presented in the

figure along with the known values of p,, /, and ¢, so that £*(x) can be calculated by

numerically inverting the implicit equation

V39022 -x? -3302 = 676 * arctan iog,—l V-6
,/EQ" E

where £9” is in meV and x is in units of nm. The result obtained from the above
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Figure V-2
Cross section of the idealized quantum dot as defined in picture V-1.

equation is shown as a solid curve in Figure V-3 where the energy reference is taken at the
bottom of the conduction band. Starting at 116 meV, the confinement energy of an

InGaAs/GaAs quantum well of thickness /, +¢, , the effective potential curves upwards

until it reaches the wetting layer ground state energy, at which point the electrons are no
more confined laterally since they are free to move in the x-y plane. The dashed curve is

obtained from a quadratic fit of the effective lateral potential for |x| < 10nm and the
corresponding expression for V7 is given in the inset. By symmetry the same expression

is valid for V,7 provided one replaces x by y. Substituting the expressions of V7 and

V,7 in equation V-2 yields
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Figure V-3

Evolution of the effective lateral confining potential (solid line) for the conduction band states as obtained
from the ground state energy of an InGaAs/GaAs quantum well of thickness L(x). The quadratic
approximation (dashed curve) gives a good approximation for x<10 nm and provides a simple expression
for the effective potential as shown in the inset. From the coefficient of the quadratic term, the
eigenenergy is found to be 28 meV.
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B Fo(x)

. —~ +0.334x°®V(x) = EDP(x) V-Ta
2m, &
2 Fo - .
-zh - ’z(y - 0334y°'®y(y) = E;'®(y) V-7b
m,

where the energies and the wavefunctions have been identified as conduction band values

by the superscript cb. The above is the set of equations for a two-dimensional uncoupled
harmonic oscillator with --2l—m’.a)2 =0.334(meV / nm*), from which the energy

eigenvalues can immediately be obtained by computing the product Aw and one gets a

value of 28 meV. The eigenvalue spectrum is then
E®* =E’+E? +E® =28(n,+n, +1)+116 n.n, =012.. V-8.

where n, (ny) is the number of oscillations in the x (y) direction. The bound state energies

are indicated by transverse bars in Figure V-3 along with their degeneracy level g,

(including spin degeneracy). A natural basis for the wavefunctions is given by n,,ny.n:>

where n, n, = 0,1,2,3,4,5 and n,=1. Since this last index is fixed it can be dropped and one
only needs to specify n. and n,. Moreover, for most of the discussion in this chapter it is
sufficient to specify the level index defined as n=(n,+n,+1), hence the notation el.e2...
which denotes an electron in level 1,2...
The wavefunctions are given by
¥ = OVOTOL = 4, (x)pn(¥)1:(2) V-9

where ¢, stands for the n" one-dimensional harmonic oscillator wavefunction with a
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length scale given by 8., = [ f ] =5.7nm; y, denotes the ground state wavefunction

m,w

of an InGaAs/GaAs quantum well of thickness /, +¢_ .

V.1.2 Valence Band

For the valence band, the situation is somewhat more complicated. First, the
presence of the strain splits the m, = +4 (heavy-hole) and m, = £4 (light-hole) at k=0
and as a result the band edge states are heavy hole states while the light-hole states are not
confined anymore’*. Also it has been shown that for strained InGaAs quantum wells the
m, = +1 states have an anisotropic mass'", as the in-plane mass is a light-hole mass and
the transverse mass is a heavy-hole one. These effective masses are strain dependent and
despite a growing interest, the strain distribution in self-assembled dots remains a matter
of discussion”. Since this subject is not the focus of this work, as a first approximation the
following discussion assumes that a simple isotropic mass can give us a reasonable
estimate for the spacing of the energy levels. The hole mass is assumed to be close to the
GaAs light hole mass due to the heavy-hole light-hole mixing induced by the strain
distribution. The barrier effective mass is the GaAs heavy-hole mass and the band
discontinuity is obtained assuming a 33% valence band offset. The resulting parameters

are presented in Table V-2.
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& * VO (mev)

mw mb
0.085m, 0.45m, 175 meV
Table V-2

Parameters used for modeling the valence band.

Replacing these parameters in equation V-3, assuming n,=| and using equation V-5 for

Kx) one obtains the following implicit equation for £%(x)

Vv39.022 - x? -3302 = )99 *arcta 0.085 -ﬂ—l V-10
[Eo* 045 \ EY¥

where energy is in units of meV and length in units of nm. The resulting effective lateral
potential is shown as a solid curve in Figure V-4 where the energy reference is taken at the
top of the valence band. Note that for simplicity, the energy scale in Figure V-4 has been
inverted with respect to the one used in Figure V-3 since we are now considering holes.
Starting at 43 meV, the confinement energy for the valence band of an InGaAs/GaAs
quantum well of thickness /, +1,, the effective potential curves upwards until it reaches
the wetting layer ground state energy, at which point the electrons are free to move in the
x-y plane and are no more confined laterally. The dashed curve shows a quadratic fit near
the center (M <10 nm) of the dot and one can see that it provides a satisfying
approximation for this portion of the potential. From the fit, a constant energy spacing of
14 meV is deduced and only five bound states are observed. in contrast with the case of
the conduction band where 6 bound states are predicted. The eigenvalue spectrum for the

valence band is given by
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Evolution of the effective lateral confining potential (solid line) for the valence band states as obtained
from the ground state energy of an InGaAs/GaAs quantum well of thickness L(x). The quadratic
approximation (dashed curve) gives a good approximation for x<10 nm and provides a simple expression
for the effective potential as shown in the inset. From the coefficient of the quadratic term, the
eigenenergy is found to be 14 meV.
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E®=E’+E’+E’=14(n, +n,+1)+43 n.n,=012.. V-11

Following the notation for the conduction band the states are labelled h1.h2... according to
a single quantum number related to the total number of energy quanta n=(n.+n,+1). The
corresponding wavefunctions are

V= 0rOD? =9, (x)p.(y)x.(2) V-12

where ¢, stands for the n® one-dimensional harmonic oscillator wavefunction with a

length scale given by £, = [—f—] =80 nm; y, denotes the ground state wavefunction
m,w

of an InGaAs/GaAs quantum well of thickness /, +¢,, .
Comparing the length scales 8" obtained for the conduction and valence band. one

can conclude that there is a significant difference between the lateral extension of the
electron and hole wavefunctions. This is in contrast with the result obtained in chapter II
for infinite potential barriers, in which case it was shown that the lateral extension is
independent of the effective mass. [n that case the selection rules obtained in section II.4
implied that radiative transitions can only occur betwen states with the same quantum
numbers. [n contrast, for a finite wall case the lateral extension of the wavefunction is not
the same for both electrons and holes, and as a consequence the selection rules obtained
are somewhat relaxed compared to those of chapter two. This means that some of the
transitions forbidden for the hard wall case become allowed in the finite wall case. This
effect is neglected in the discussion that follows, and it is assumed that transitions between

states with the same quantum number n are much stronger than other transitions. In

100



particular transitions between an even and an odd index state remain forbidden because of
parity. Therefore, in the discussion that follows an el-hl recombination between a n=1
hole and a n=1 electron is simply referred to as an n=1 transition.

With the above selection rules, there are 5 different radiative transitions allowed for
carriers trapped in a quantum dot of sample IR. The energy of the photons emitted are
given by

i vh
E™ = Epy +E o +E +E V-13
where E_, is the energy gap of lattice-matched InGaAs and E__, is the
contribution of the strain distribution. Replacing E® and E™ by their respective

expression from equation V-8 and V-11 yields

E"’"=EW+E,,,“,+IS9meV+n‘42meV V-14

where n is the transition index and accepts values ranging from 1 to 5. From this, the

energy spacing between radiative transition lines is expected to be ~42 meV.
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V.2 Steady state photoluminescence

In the previous section, the time-independent form of the Hamiltonian for a typical
InGaAs quantum dot was modeled and the stationary states of a single dot were obtained.
In this section, steady state photoluminescence experimental results obtained from sample
IR are presented under different excitation conditions, namely CW excitation and pulsed
excitation. The results are interpreted in light of the calculation of section V-1, and also in

terms of dynamical properties of an ensemble of quantum dots.

V.2.1 CW excitation

As a starting point for the investigation of the steady state properties of sample IR,
the set-up of Figure I[11-4 is used to perform CW PL. A CW AR’-ion laser is used as an
excitation source and the sample signal is detected with the Germanium detector.

Figure V-5 summarizes the results obtained for different excitation intensities. At
very low excitation density (0.20 W/cm®), only one emission peak is observed at 1.10 eV
with a shoulder at 1.13 eV. As the power is increased, up to S peaks are resolved
including the ground state, and the transitions are labeled from n=1 to n=5 according to
the labeling scheme developed in the previous section. Table V-3 summarizes the

transition energies obtained from the peak positions of Figure V-5.
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Figure V-5

Evolution of the low temperature (4 K) emission spectrum as a function of nonresonant (E.=2.54 eV)
excitation intensity with a CW laser source. In (a), for very low excitation intensity only ground state
emission is observed. The vertical bars show the emission energy of strained InGaAs/GaAs quantum wells
of the same composition as sample IR as a function of thickness in monolayers. In (b), higher energy
emission lines appear progressively as the excitation intensity is increased.
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=1 n=2 =3 n=4 =5
Peak Position (eV) 1.107 1.157 1.202 1.247 1.287
Table V-3

Transition energies obtained from the peak positions of figure V-5.

The higher energy peaks of Figure V-5 could originate from various phenomenon.
each one having its own characteristics. For example. in the absence of the self-assembling
process, it is possible that monolayer fluctuations (ML) of a 2D layer will lead to the
observation of multiple peaks in the macro-PL experiments’. Alternatively, higher energy
emission could originate from excited quantum dot state interband transitions®*”’. In the
latter case, the population of higher levels could be achieved because of a restricted
relaxation rate (phonon bottleneck), or via the Pauli exclusion principle forcing carriers to
remain in higher energy states when lower states are populated (state-filling).
Alternatively, if one assumes that only ground state emission is observed, the higher
emission line can be ascribed to segregated inhomogeneous broadening. In this case, it has
been observed that long range fluctuations along the sample surface could be held
responsible for the existence of different families of islands™, each giving rise to a distinct
emission line. The above four effects (monolayer fluctuations, phonon bottleneck, state-
filling and segregated inhomogeneous broadening) are represented in Figure V-6. All of
them can give rise to higher energy emission peaks, and each has specific characteristics.

The good island size and near-neighbor distance uniformity observed in Figure [-3
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A) Monolayer Fluctuations

B) Inhomogeneous broadening - Phonon Bottleneck
- State Filling

C) Segregated Inhomogeneous broademing

[- From wetting layer monolayer fluctuations

Figure V-6

Hlustration of the different types of layers that could give rise to higher emission lines as observed in
Figure V-5. In the figure, inhomogeneous broadening in a given dot population is represented by size
fluctuations, while compositional disorder is represented by a change in color. A) Excitons localized in
regions of a QW with different thickness give rise to emission lines at different energies. B) Electron-hole
pairs localized in large islands can give rise to excited state emission C) Electron-hole pairs localized in
quantum dots with different wetting layer thickness/alloy composition or other variations could give rise
to several emission lines, even if there were only one bound state in the dots.
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tends to dismiss the possibility of segregated inhomogeneous broadening for this sample.
Also, the calculated emission energies for a corresponding hypothetical quantum well with
various numbers of MLs are shown at the top of Figure V-5a. One can see that there is a
complete lack of correlation of the emission energies with the emission expected for ML
fluctuations. On the other hand, the average energy spacing of 45 meV obtained by
inspecting Table V-3 correlates well with the transition energy spacing predicted in section
V-1 for a quantum dot.

Also, one expects that the excitation intensity required to observe saturation effects
will be different when comparing a quantum well to an ensemble of quantum dots. For
example, in Table [V-4 Dqw represents the density of conduction band states in the ground
state of a quantum well, while Dqp represents the density of conduction band states for the
ground state of a quantum dot layer. To calculate Dow , equation II-9 is used considering

only the ground state in the sum, which yields

L 4
mt

’m2

Doy (E) = Z(E, - E,) V-15

where [’ has been factored out so as to consider the areal density of states, and E has
been set to E,, since no saturation will be observed in a PL experiment unless the Fermi
level is raised above the energy of the second subband. From Table V-3, the energy
difference E;-E, is equal to 50 meV, while m: for strained InGaAs is given in Table V-1.

To calculate Dop, the island areal density given in figure I-3 is multiplied by g,, the
degeneracy of the n=1 state as given in Figure V-3. Comparing Dow and Dqp in Table V-

4, one can see that the population density required to observe state-filling effects differs
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Pexe(W/cm®) f o(cm?) Dow(cm™) | Dgp(cm®) No
0.2 0.19 8.8x10’ 1.4x10" 2.3x10" 0.0077
1.4 0.18 6.4x10° 1.4x10" 2.3x10" 0.056
14 0.18 6.5x10° 1.4x10" 2.3x10" 0.56
45 0.20 2.2x10" 1.4x10" 2.3x10" 1.9
130 0.16 5.3x10" 1.4x10" 2.3x10" 4.6
250 0.15 9.3x10" 1.4x10" 2.3x10"° 8.0
400 0.15 1.5x10" 1.4x10" 2.3x10" 13.1
800 0.14 2.8x10" 1.4x10" 2.3x10" 24

1.5x10° 0.099 3.7x10" 1.4x10™ 2.3x10"° 32
3.0x10° 0.068 5.1x10" 1.4x10* 2.3x10"° 44
Table V-4

Evolution of the density of carriers (o) created in the InGaAs layer as a function of nonresonant excitation
intensity (P). Column f gives the fraction of the energy that is converted into carriers trapped in the
InGaAs layer, Dqw gives the number of states available per cm? in a quantum well, Dqp gives the number
of states available in the ground state of a population of quantum dots with the same areal density as the
Island density of sample IR, and finally Ny gives the average number of carriers contained in a given
quantum dot at any time. Absorption coefficient of 1.0x10° cm™ , carrier lifetime of 1.0 ns and interlevel
separations of 50 meV were assumed.

by two orders of magnitude for a quantum well compared to a quantum dot layer.

In order to relate the level of excitation used in our experiments to Dow and Dqp, an
estimate of the average carrier density (o) created in the strained InGaAs layer is

calculated. The integrated PL intensity (I.s) of each spectrum in Figure V-5 is assumed to

be proportional to the fraction "™ of carriers captured in the layer, and that for a very low
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intensity *“f” can be estimated from optical constants given in the literature’ and shown in

table V-5.

Eexc (€V) n k a(cm™) R
2.54 4.2 0.43 | 1.0x10° | 0.38
Table V-§

Optical parameters for GaAs used to evaluate the absorption in sample IR under CW excitation.

where E.. is the excitation energy of the laser, n and k are respectively the real and
imaginary part of the refractive index, and a is the absorption coefficient in GaAs at E..
From these parameters a reflection of 38% at the sample surface is obtained. Next, using
the absorption coefficient the remaining intensity at the strained layer and at midpoint
between the two InGaAs layers is obtained. Assuming that the island layer captures the
electron-hole pairs created in the GaAs barrier betwen these two points (see inset of
Figure V-7), and that carriers created in the cap layer recombine non-radiatively before
they can be captured, one concludes that for low excitation 19% of the incident radiation
is transformed in carriers that will fall in the strained layer. Therefore fis set equal to 0.19
at the lowest excitation intensity (3.7 pW), as can be seen in Table V-4. Figure V-7 shows
the wavelength integrated radiated output power as a function of the incident excitation
intensity. At high intensities, the relationship between P, and I, ceases to be linear, and
clearly f can not be considered independent of the laser excitation power. A correction for

this non-linearity can be calculated assuming that the total radiated power from the
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Figure V-7

[ntegrated radiation intensity output of the sample as a function of excitation power intensity; the line is a
guide to the eye. The inset shows the structure of the sample and the limit of the carrier capture regions
for both InGaAs layers present in the sample.

strained layer is proportional to both the excitation intensity and the fraction of carriers

captured, /[, (P, )< P, o f(P_ ). Using the result for 3.7 uW as a reference, the

effective fraction captured can be estimated as
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L(P.) 37uW
P =
(P 1 (37uW) P

f(3.7uW) V-16
where fis the fraction of the total carrier population created that is captured in the island
layer, Lo is the integrated intensity emitted from the island layer, Pe is the laser excitation
power and f{3.7uW) is given by 0.19. The resulting values of f are presented in Table V-4.
Finally o, the average areal carrier density created in the layer, is obtained by computing

the product ®(F, )t , where ®(P,) is the carrier generation function given by

QP )= —EPL f(P,) with E, . the energy of each individual photon in the laser

photon
beam, and t is the carrier lifetime in the dots. The latter is estimated at 1.0 ns as will be
shown by the time-resolved experiments presented later in this chapter. By comparing
columns 3 and 4 in Table V-4, it can be seen that even at the highest excitation intensity,
the number of carriers generated is clearly insufficient to saturate the conduction band
ground state of a quantum well.

Also, dividing o by the island areal density, one can obtain Np, the average number
of electron-hole pairs per dot present in the layer at any given time. This quantity is listed
in the last column of Table V-4. From these numbers, it is seen that the twofold

degenerate ground state of the dots become saturated at £, = 45 W/cm’. The next state

is fourfold degenerate and becomes saturated at an excitation intensity of 250 W/cm’, and
so on until the 30 available electron-hole states become completely saturated for an
excitation intensity of 1.5 kW/cm®. Clearly, the excitation levels used here are consistent
with saturation effects in a quantum dot layer and completely inconsistent with saturation

effects in a quantum well layer (monolayer fluctuations). After complete saturation has
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been reached (i.e 30 carriers per dot are created), excess carriers are simply forced to
dwell in unbound states such as the wetting layer states.

The detailed temperature dependence of the PL emission spectrum, in the high
optical excitation regime (where higher energy lines can be observed), was obtained and
the evolution of the emission spectrum is shown in Figure V-8. It is clear from the figure
that as the temperature is increased, the number of high energy satellites is reduced. This
quenching effect starts with the highest energy peak and progressively moves towards the
lower lying peaks as the temperature is increased, such that at T=225K, only the low
energy n=1 transition can be observed. This temperature dependence is typical of electron-
hole pairs localized in deep confining potentials with excited states. For excitons localized
in shallow minima originating from ML fluctuations, one would expect the lower energy
transitions to be quenched at much lower temperatures depending on the localization
potential (typically a few tens of Kelvins™). It should also be emphasized that a PL signal
was detected up to room temperature with a modest excitation power density of
200W/cm®. This is a clear indication that Stranski-Krastanow growth is capable of
producing QDs of very high optical quality with very few nonradiative recombination sites
present. The red shift observed as the temperature is increased reflects the reduction of the
bandgap with temperature. The quenching effect observed at high temperatures can be
understood simply by the thermionic emission of the photocarriers out of the QD into the

wetting layer material. From the calculation of section V.1, the energy difference between
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Figure V-8
Evolution of the emission spectrum as a function of sample temperature.
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the various levels and the wetting layer continuum (*activation energy”) are: AE.w ~ 249
meV, AEs.. ~ 207 meV and, AE;.w~ 165 meV. Therefore, a deeper confinement clearly
leads to thermal quenching at higher temperature.

To summarize the CW excitation PL results, the transition energy spacing observed
is consistent with excited state emission of quantum dots, the excitation power densities
used are consistent with saturation effects in a quantum dot layer as opposed to a quantum
well layer, and the successive quenching of the transition lines as a function of temperature

is consistent with excited state emission from an ensemble of quantum dots.

V.2.2 Pulsed excitation

For emission originating from quantum dot excited states, the luminescence intensity
of each line depends on two main factors: the subband degeneracy and the inter-sublevel
dynamics. Changing from CW to pulsed excitation conditions is expected to have an effect
on the carrier dynamics for different reasons. For example, exciting the sample with high
peak power short laser pulses can create a high density electron-hole plasma in the wetting
layer. It has been shown that such a 2D electron-hole gas in the vicinity of a quantum dot
can affect the inter-sublevel dynamics by means of Auger interactions®'. This is a situation
similar to the one presented in Figure [V-6. Also, irrespective of the dominant relaxation
process, in CW operation the carriers lost by radiative recombination are replenished by
the constant flow of new carriers created. In contrast, for pulsed excitation the initial

population is allowed to decay completely so that each dot becomes empty before its
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carrier population is replenished. Each situation gives rise to different results.

The PL experiments presented in Figure V-5 were repeated using a mode-locked
YAG pumped dye laser system as an excitation source, with 10 ps laser pulse impinging
on the sample at a repetition rate of 76 MHz. Figure V-9 shows the intensity dependence
of the PL spectrum obtained under these excitation conditions. Once again, the emergence
of higher energy emission is observed as the excitation intensity is increased.

In order to verify if the excitation levels used are consistent with saturation of
quantum dot states. the carrier density created in the dot layer is calculated following the
method used for CW excitation. The following optical parameters found in the literature™

are used

Eexc (CV) n k a(cm") R
1.968 3.5 0.12 | 3.5x10° | 0.31

Table V-6
Optical parameters of GaAs used to evaluate the absorption in sample IR under pulsed excitation.

where the same symbol definitions as before are used. Figure V-10 shows the integrated
PL intensity as a function of average excitation power for pulsed excitation. There is again
evidence of saturation in the fraction of carriers captured and this effect can be corrected
in the same fashion as described earlier. The capture efficiencies (f) thus obtained are listed
in Table V-7, along with the corresponding excitation powers. It is worth noting that the
populations created by two consecutive pulses will not overlap since the carrier lifetime

(~1.0 ns) is much shorter than the repetition time of the laser (~13 ns).
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Figure V-9

Evolution of the low temperature (4 K) emission spectrum with the excitation intensity for pulsed
excitation. The laser energy was set at 1.968 eV with a repetition rate of 76 MHz and pulsewidth of ~10

ps.
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Significant information is therefore contained in oy, the carrier density created per
pulse, and in Npp, the average number of carriers created per pulse per dot. Both
quantities are listed in Table V-7 as a function of average excitation power. As can be seen
from the results listed, for all excitation intensities studied here, the carrier density created
by a laser pulse is less that the density of states available for the ground state of a quantum

well. However, from these calculations it is predicted that the quantum dot ground state
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Figure V-10

Integrated sample output intensity as a function of average excitation
power for pulsed excitation. The line is a guide to the eye.

116



Pexe(W/cm®) f o,(cm?) Dow(cm™) | Doo(cm™) Nep
5.1 0.101 2.2x10° 1.4x10" 2.3x10" 1.8

25 0.038 4.0x10" 1.4x10" 2.3x10" 3.5

50 0.027 5.7x10° 1.4x10" 2.3x10" 4.9

255 0.010 1.1x10" 1.4x10" 2.3x10" 9.1
510 0.0066 1.4x10" 1.4x10" 2.3x10" 12.0
1.0x10° 0.0042 1.8x10" 1.4x10" 2.3x10" 15.4
2.5x10’ 0.0025 2.7x10" 1.4x10™ 2.3x10" 22.8

Table V-7

Evolution of the density of carriers (op) created by each pulse in the strained InGaAs layer as a
function of excitation intensity (Pc). Column f gives the fraction of the energy that is converted into
carriers trapped in the layer, Dow gives the number of states available per cm? in a quantum well, Dgo
gives the number of states available in the ground state of a population of quantum dots with the same
areal density as the [sland density of sample IR, and finally Npp gives the average number of carriers per
dot reaching the layer after each puise.

should become saturated for excitation intensities of 2SW/cm® and higher. Thus, the
results presented in Table V-7 are consistent with an interpretation in terms of quantum
dot emission. This confirms the conclusion reached with the steady-state excitation PL
measurements.

So far, the saturation effects observed in the PL spectra obtained from CW and
pulsed excitation experiments have been discussed separately. In the following section, the
two series of experiments are compared and a detailed analysis in terms of state-filling

dynamics is presented.
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V.2.3 Modeling of the PL results: state-filling

When comparing the results of CW excitation (Figure V-5) with the results of pulsed
excitation (Figure V-9), two striking differences can be observed: 1- In the case of pulsed
excitation, the amplitude of an excited state peak never becomes higher than that of a
lower level, and the ground state emission remains strongest at all excitation intensities. 2-
excited state emission is observed for lower average excitation powers in the pulsed case.
For example, the 25 W/cm® spectrum in Figure V-9 clearly shows emission from the first
three levels, while a comparable spectrum, obtained for 14 W/cm® and presented in Figure
V-5, shows negligible excited state emission.

The second observation can be explained in the following way. For a similar average
excitation intensity, the time average number of carriers created in a dot should be similar
for both experiments. However, in the pulsed excitation case all carriers that would have
been created over a period of 13 ns are now created within 10 ps, before radiative
recombination takes place. This causes higher excited states to be occupied in view of
Pauli’s exclusion principle. This explains why excited state emission is observed for lower
average excitation powers in the pulsed case.

In order to explain the first observation, a model of the carrier dynamics is
developed that will allow us to compare the relative intensities of the emission lines for
both PL experiments. In the discussion that follows, it is assumed that the inter-sublevel

relaxation rate is infinite (i.e. y,, = %) so that the carriers in the dot relax instantaneously

to the lowest energy configuration. An example of such a configuration is shown in Figure
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V-11 for a dot filled with 9 electron-hole pairs. In the case of non-resonant excitations
studied here. the electrons and holes are created in the barrier region. The carriers will
then diffuse near a quantum dot with a time Tp and get captured at a rate given by yc.
Since one expects the relaxation time of the carriers to increase with the energy difference
between the initial and final states®, carriers are more likely to first enter the dot by
occupying the highest excited state, and then relax to the ground state in a sequential way.
In this case, one would expect to observe excited state luminescence at low excitation
power, which is not the case as seen in Figure V-5. This can be explained if the inter-
sublevel relaxation rate is much faster than the radiative recombination rate. Indeed, the
luminescence intensity for a given excited state is proportional to yrap/(YisL+Yrap). This
factor becomes negligible if yrap<<yisL, and excited state luminescence can be observed
only if yis. is comparable to yrap. Since no excited state emission is observed at low
excitation intensities, the above condition is believed to be true in empty quantum dots,
which justifies the approximation yisi~. Also, based on Pauli’s exclusion principle this
relaxation rate is set to zero when all the states at lower energies are occupied. The above
assumptions define the state-filling approximation.

The CW excitation experiment is first modeled in this limit. Defining /, as the

number of e;-h, recombination observed per second, one has

I = f/,’zv, V-17

rm}

where the sum extends up to a maximum carrier population of 30 (see Figure V-4), I’ is

the number of e;-h, recombination observed given the dot contains “r” electron-hole pairs
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Figure V-11

Schematics of a typical InGaAs quantum dot filled with 9 electron-hole pairs. The y, are the radiative
recombination rates for a pair in level i, while yi5; represents the inter-sublevel relaxation rate. Each filled
circle stands for a state occupied by an electron, while open circles represent holes.

and VN, is the total number of dots containing *‘r” pairs in the ensemble probed. To
estimate N, the only available quantity is N, , the average number of pairs per dot.

Assuming the probability of a particular dot to contain n pairs can be calculated from a
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known distribution around a mean N, equation V-17 can be written as
30
I(Ny)= I[(PYN,,) V-18
r=|

where P> represents the probability of a given dot to contain n pairs given an average of

N, pairs per dot, and N_, is the total number of dots probed. /, can therefore be

r

calculated assuming one can estimate P> and /I in a way that is consistent with the
conditions of a steady state excitation.

The probability distribution function P*> is obtained by considering that at any
instant it maps a binomial distribution obtained when one throws a total of N (=N, ,*N_,)
objects in N,, boxes, with the objects having an equal probability of falling in any box.

Thus

. , n (Np*N,, -r)
P = Ny * N ) ( ! )[1-LJ V-19

" T PNN,*N, -r)I\N,, N,
and in the limit N, — o, this reduces to a Poisson distribution and one obtains®’

Plo = (¥o) e Vo V-20.
r!

Note that this distribution is not defined for r<0 which is consistent with the fact that a dot
cannot contain a negative number of carriers.

Next, the definition of I, is based on the fact that the number of photons emitted
from a given e;-h, transition is given by the number of electron-hole pairs in level i times a

constant radiative recombination rate y,. The matrix elements /; is simply given by

I'=y N’ V-2l
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where N/ is the number of electron-hole pairs in level i and can be determined as follows

for a dot filled with r pairs:

-1
0 if rsZg, a)

k=0

N =4g if rZng b) V-22
k=0

-1
(r - Z g,) otherwise c¢)

k=0

.

where g, is the degeneracy of the i energy level, and g, = 0 has been introduced so that

this definition of N, can be applied to the ground state. As an example of how to use
equation V-22, consider the situation of Figure V-11 where n=9, g,=2, g2=4, g;=6. In this
case the ground state is completely filled since (n=9) > (go+g:; = 0+2) (i.e. condition b is
true) and /’ =y N =y g,. The first excited state is also completely filled since (n=9) >
( gotgi+g2 = 0+2+4) and /; = g,7,. The second excited state is only half filled as there
are only three pairs left after filling the first two levels, while 6 states are available and
therefore I = 3y ,. The fourth and fifth confined levels are empty and /{ = /] = 0. Thus,

equation V-21 combined with the set of rules V-22 allow us to determine the radiated

intensities for each transition considered, provided the radiative recombination rates (y,)

are known. To determine these parameters precisely, time-dependent experiments are
necessary, and results of such experiments are presented in the next section. However, as

will be explained shortly, only an estimate for y, is obtained while other rates remain

unknown. As a starting point, for this discussion it is simply assumed that the e-h,
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radiative recombination rates are equal for all /.
In the case of the pulsed excitation experiments, one can consider that the effect of
each pulse is independent, as mentioned before. An equation analogous to V-17 can

therefore be expressed as

30
I, =RY I,N, V-23

r=|

where /, is the the number of e-h, recombination observed per second. R is the laser
repetition rate, /_ is the number of e,-h, recombinations observed per pulse in a dot filled
with r pairs, and N, is the number of dots filled with r pairs after each laser pulse.

Expanding N, as before one gets
0 LV
I, =RY I(P"™N,) V-24
r=|

where P is the probability of having a dot filled with r pairs given an average of N o0
pairs per pulse per dot are created in the layer. and N, is the total number of dots
probed.

The definition of P> is obtained by considering that for each pulse impinging on
the sample, one distributes randomly N (=N ,,*N_, ) pairs in N, boxes. This problem
is similar to the one considered in the steady state excitation case with N,, replacing

N, .Thus, P"» isgiven by

P = (Neo) -1 V-25.

r!

The calculation of the matrix elements /, is more complex in the case of pulsed
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excitation. Here, one cannot consider the number of dots with population n to remain
constant since each dot is allowed to empty itself completely before the next carrier supply
ammves. Let us consider one of these dots filled with r pairs shortly after a pulse reaches
the sample surface. A few instants later, a number of carriers have recombined radiatively
(non-radiative decay is neglected in view of the results of Figure V-8) leaving only k
electron hole pairs in the dot. The probability of the next event to be an e.-h,
recombination is given by Q' = N /k, the proportion of pairs in level i, and the total

number of e,-h, recombination is therefore given by

r r [ 4
I,=Y 0= ZT' V-26
k=| k=1
where one has to sum the number of photons emitted from level i for all successive total

populations until the dot is empty. For example, in the situation presented by Figure V-11

the first recombination event might produce a photon of energy E,, E, or £, with
probabilities of Q7 =2/9, Q5 =4/9 and O = 3/9 respectively. The next event produces
a photon of similar energies with probabilities O =2/8, QF =4/8 and Q! =2/8 and so

on. One obtains

I _;2_+3+_2_+3+3+_2_+_2-+-2—+1=4.66
*"9°8 7 6 5 4 3 2 1
P9 8 7 6 5 4 3 2 1
1; =2+E+l+9+9+9+9+9+9=0.73
*"9 8 76 5 4 3 2 1

Using a similar method the matrix elements /, can be calculated, and using definition V-

25 for P one can compute the intensities of emitted photons with equation V-24.
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The results of the calculations for both the CW and pulsed excitation case are
presented in Figure V-12 for average populations of 20 pairs or less per dot. In the case of
steady state excitation one can see that the ground state and first excited state are
expected to show absolute saturation of their emission intensities for populations of 3
pairs per dot and 8 pairs per dot respectively. This effect is not observed in the actual
experiment even for average populations much higher than those included in the
calculation, as can be seen in Figure V-13a. In the calculation it was assumed that the dot
population is excited uniformly. In real experiments, the gaussian profile of the laser beam
will always create an increasing number of carriers in the tail of the beam profile where the
dots are not filled, and this prevents the absolute saturation of the luminescence as a
function of intensity. Also, carriers created in a region where all dot states are occupied
can diffuse laterally and eventually be trapped in an empty dot at the edge of the beam
profile. This means that an ever increasing dot population is probed as the excitation
intensity is increased. Again, this effect prevents absolute saturation of the emission.
Finally, the inter-sublevel relaxation rate should become slower as the number of states
available in the lower level decreases. If the slower rate becomes comparable to the
radiative rate, a situation is reached where the average number of carriers in a lower level
scales with the total number of carriers in the dot, thus preventing an absolute saturation
of the emission.

Comparing the relative emission intensities at Np=44 in figure V-13a, it can be seen
that the e;-h; and e;-h; lines have similar intensities, as well as the e;-h, and es-hy

transitions, while es-hs is the weakest emission line. This situation is similar to the one
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predicted for an average population of 12 electron-hole pairs per dot, as presented in
Figure V-12a. Therefore, it seems that the capture ratio has been overestimated. The
biggest source of error in the calculation of f'is the capture range which was arbitrarily set
at midpoint between the dot layer and the quantum well. This range depends on the
diffusion length and might in fact not extend this far from the quantum dot layer. An error
of a factor of three would correspond to a capture range of about 14 nm.

In Figure V-12a one can see that ground state emission is expected to be dominant
for an average number of dots of 3.5 or less. Above 3.5 the first excited state shows
strongest emission until the second excited state reaches the same level of emission at 11
carriers per dot. This successive importance of one of the emission lines is also observed in
Figure V-13a and is typical of a state-filling effects. Each time a level is filled. excess
carriers are forced to dwell in higher states causing the emergence of a new emission line.

Inspecting Figure V-13b it can be seen that in the pulsed case the emission of an
excited state never becomes stronger than that of a lower level. This is in contrast with the
case of steady state excitation and is in good agreement with the calculations. The model
qualitatively predicts the observed evolution for excitations up to 15 carriers per dot at
which point a discrepancy may be observed from the fact that the emission of the first
excited sate is expected to exceed that of the ground state. This inaccuracy suggests that
the recombination rate of the excited state is lower than that of the ground state. This is

consistent with the observation that the relative intensity /,//, observed in Figure V-13a

tends to approach a ratio greater than g, /g, =1/2 . Also, the calculation predicts almost

126



7 LI N L3 v Ll v ) { ) g
- steady state (CW) excitation
6 a) —®—n=1
- —e— n=2
i —w—n=4
‘r —eo—n=5 —o
3 p—
2 1: -
s /
1
0 o
2 1 ' [ | N N "
0 S 10 N 15 20
D
7 ! L T Y T v
6 b) Pulsed excitation
5 ol
4 |-
3 I
2 pun
1}
0
L . l 4 l 2 l 2
0 5 10 15 20
NPD
Figure V-12

Calculated emission intensities for the transition lines observed in sample IR as a function of a) average

dot population for steady state excitation, and b) average number of pairs per dot per pulse created.
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Measured emission intensities for the transition lines of sample IR as a function of a) average dot
population for steady state excitation, and b) average number of pairs per dot per pulse created.
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no emission from a transition unless the lower levels are filled. In the actual experiment
however, higher level emission is observed for occupation numbers much lower than those
necessary to completely fill the lower levels. For example, consider es,-hy emission in
Figure V-13b for which the emission is significant for N,,=12 whereas it should be
almost negligible according to Figure V-12b. This observation is consistent with restricted
inter-sublevel transfer rates when the number of final states available decreases.

The discussion of section V-2 can be summarized as follows:

1- The transition energy spacing observed are consistent with an ensemble of
quantum dots.

2- The progressive rise of higher energy lines is inconsistent with segregated
inhomogeneous broadening of any type.

3- The excitation power densities used for the CW PL experiments are consistent
with saturation effects in a layer of quantum dots.

4- The temperature dependence of the PL spectrum is inconsistent with a QW layer
with ML fluctuations.

5- The comparison of transition intensitites as a function of excitation power for PL
spectra obtained with CW and pulsed excitation is consistent with a simple state-filling
model, with possible restricted inter-sublevel transfer rates before the dots become

completely filled.
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V.3 Time-Resolved Photoluminescence

As discussed in section V-2, all of the observations extracted from the experimental
results can be explained in terms of state-filling dynamics. This section presents time-
resolved experiments on sample IR to probe the dynamics of carrier relaxation more
directly.

The measurements are performed using the up-conversion set-up of Figure [11-4.
The sample was excited using a YAG pumped dye laser system with the laser energy set at
1.968 eV. During each experiment the sample was kept at 4.2 K. The LilO; crystal
allowed phase matching over a range of ~20 meV so that each individual peak was
monitored in separate successive experiments using the method presented in chapter [II.

The time-dependent trace for each PL peak is shown in Figure V-14 for an average
excitation intensity of S0 W/cm®. The decay part of each curve was empirically fitted to a
single exponential function of the form Ae™" in order to extract a decay time constant. The
ground state as well as the first and second excited state do not seem to show a single
exponential decay, but for the dynamic range permitted by the experiment, deviations from
the trial function were small. The same procedure was applied for two other excitation
intensities, namely 5 W/cm® and 1.3x10° W/cm®.

The time decay constants thus obtained are summarized in Figure V-15. From these

results, one concludes that the decay time of a given luminescence peak speeds up as
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Time decay of the various transitions obtained by up-conversion at 4 K. The experiment monitors an
energy bandwith of ~20 meV centered on the peaks presented in Figure V-9. A constant offset was added
to some of the curves for clarity.
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Summary of the decay time constants obtained for the various transitions (n=I| to n=$5) at different
excitation power densities.

higher energy lines are probed and as the intensity of excitation is decreased. These
observations are consistent with state filling effects in a quantum dot supporting a number
of excited states. In this approximation, the photocarriers are quickly captured in quantum
dots and relax to the lowest energy configuration (see Figure V-11). After this initial step,
and neglecting non-radiative recombination, the carriers can relax either by radiative
recombination or inter-sublevel relaxation, except for carriers in the ground state which

can decay by radiative recombination only. When a recombination event occurs, it creates
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an empty state. This empty state is eventually filled by a carrier coming from a higher
energy level, which in turn leaves an empty state in this higher level. This cascade stops
when the highest occupied level loses a carrier which cannot be replaced. Thus the state
filling effect explains the temporal behavior observed, ie. shorter decay times for higher
levels. Also, the non-single exponential decay of lower energy levels is caused by the
constant supply of carriers coming from higher states.

From the above discussion, the cascade observed in Figure V-14 implies a carrier
transfer between the different states. For segregated inhomogeneous broadening of the
type shown in Figure V-6¢, a transfer of carriers between the different families of islands
cannot be achieved”®. Therefore, any interpretation of the results in terms of segregated
inhomogeneous broadening has to be rejected for sample IR.

The excitation intensity dependence can be understood if one assumes that the
relaxation rates are reduced as the number of available states in lower levels decreases.
For lower exciton intensities the average occupation probability of a given state decreases.
and the number of decay channels available for carriers in excited states becomes higher,
hence the observed decay times are shorter.

According to the numbers of Table V-7, at 5 and 50 W/cm’ the average initial
population of a quantum dot is 1.8 and 4.9 electron-hole pairs respectively. Therefore, in
the case of low excitation power densities, some of the excited states are initially empty. In
this case the decay time of the highest occupied level approaches the inter-sublevel
relaxation time. For 5 W/cm® excitation, the decay time of the n=3 level is 310 ps, and if

one considers a sequential picture in which carriers can only decay to the next lowest
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level, this time is an estimate of the n=3 to n=2 inter-sublevel relaxation time. With the
above interpretation, the experimental rise times are also expected to become slower as
the excitation intensity is increased. However, defining the rise time as the time necessary
to increase the luminescence intensity from 10% to 90% of the maximum, all rise times are
found to be equal within the experimental resolution (3510 ps).

As the excitation intensity is lowered one expects the carrier refill to become
negligible, even for the ground state. For an excitation power density of 5 W/cm’, table V-
7 gives an average dot population of 1.8 electron-hole pairs, which means that for this
excitation level the ground state is not saturated. The decay time observed in this
condition suffers from little refill from higher states, and is attributed entirely to n=1

radiative recombination events. The value of r, is therefore estimated at 1.0 ns
(7, =10%s"") from the results of Figure V-15. A precise determination of other radiative

and inter-sublevel relaxation rates from the available information is not possible. A
modeling of the non-resonant experiments presented in this section would involve too
many unknown parameters to yield accurate results. To obtain good values for all the
radiative rates and all the inter-sublevel relaxation rates, resonant excitation experiments
would be required. For example, creating the carriers resonantly in the n=2 level would
greatly restrain the number of parameters involved and would allow a good determination
of the n=2 to n=1 relaxation rate along with the n=2 radiative relaxation rate. Such
resonant experiments proved more challenging with sample IR in view of the low
luminescence signal obtained for such experimental conditions. This aspect is left for

future investigations.
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Every measurement performed so far on sample IR reveals a fast inter-sublevel
dynamics that is not restricted due to the discrete density of states. The inter-level
relaxation can be supported mainly by three mechanisms: LA phonon emission, LO
phonon emission and Auger scattering. Once again, the reader is referred to Figure [V-6
for an illustration of these processes.

Relaxation rates between a set of two discrete levels have been considered from a
theoretical point of view in the literature. Bockelmann er al. have studied a quantum dot
made of an Ino +7Gao s3As/InP well in the z-direction and infinite barriers in the x-y plane.
In a first calculation, only LA phonons are considered and the contribution of LO and
Auger scattering is neglected®. The results of the calculation for a lattice temperature of 4
K show that a minimum scattering time of ~1 ns is achieved for an energy level separation
of 1.0 meV. For higher energy separation, the scattering rate is quickly quenched and
becomes negligible (scattering time > 10 ns) for an energy separation of 2 meV. Thus, fast
inter-sublevel dynamics in sample IR cannot be explained by LA phonon emission.

[noshita and Sakaki®’ have considered the case of LO phonon emission for a
parabolic GaAs quantum dot. In their calculation, transitions involving one LO and one
LA phonon are considered. The results for low temperatures show that relaxation rates of
the order of ~10 ps are achieved if the energy level separation is equal to the energy of one
LO phonon with a tolerance of 2 meV. In sample IR, phonons with an energy of 30 meV
(InAs-like) and 36 meV (GaAs-like) are available. Thus, relaxation between conduction
band states can be achieved via LO phonon emission since the energy separation of 28

meV closely matches the InAs-like phonon energy.
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Auger scattering can also contribute significantly to the inter-sublevel relaxation.
Using the same system as for the LA phonon relaxation calculation, Bockelmann et al.
have considered the interaction of a carrier trapped in the first excited state of a quantum
dot with a surrounding 2D electron-hole plasma®'. This situation is of relevance in the case
of self-assembled dots for which the carriers trapped in a dot can interact with the carriers
trapped in the wetting layer. At low temperatures, the calculation predicts relaxation times
lower than 10 ps for an energy level separation of 40 meV with a plasma density of the
order of 2x10'® cm™. Given the densities estimated in Table V-7, Auger scattering may
play a significant role in the inter-sublevel relaxation. Other types of Auger interactions
involving energy transfer between an electron and a hole trapped in the same dot have
been invoked to explain efficient relaxation®. In experiments, rise times of the QD
emission for a self-assembled system subject to non-resonant excitation was reported®’ to
shorten from 90 ps to 30 ps around a transition excitation intensity of 10 W/cm®. This
effect was attributed to Auger scattering at higher excitation intensities.

[n this section, TRPL experiments using non-resonant excitation were performed on
sample IR. The results have shown faster decay rates for higher levels and lower excitation
intensities. Both observations could be explained in terms of state-filling effects in an

ensemble of quantum dots with excited state emission.
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V.4 Magneto-Photoluminescence

The zero-dimensional nature of the shell structure in sample VI was demonstrated by
direct probing of the discrete density of states as a function of temperature. Similar
conclusions were reached by monitoring the evolution of the inhomogeneously broadened
emission line as a function of magnetic field up to 40 T* for quantum dots with a single
bound state.

In the case of sample IR, both theory and experiment are consistent with the
presence of a degenerate electronic shell structure with excited states. Much work has
been devoted to understand unusual behavior of excitons in strong magnetic
fields*’*4#7#%5% More specifically, for self-assembled dots the degeneracy of the energy
shells is partially lifted by the application of a magnetic field perpendicular to the plane of
the islands’, and this is expected to have an effect on the emission spectrum. The
magnetic field dependent single particle energy spectrum of a lens-shape quantum dot was
obtained in chapter two (equation [I-31), and Figure V-16 presents the results obtained
using the oscillator frequency  calculated in section V-1°'. The energy axis reflects the in-
plane degrees of freedom. At zero magnetic field, carriers carrying the same number of
quanta have degenerate energies and can be labeled according to a single level index as
introduced earlier in section V-1. As the magnetic field is increased, the energy of the right

handed and left handed quanta are progressively split so that one now needs to specify the

number
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Evolution of the bound state energies as a function of magnetic field. At O Tesla, the states are labeled
according to the state index n, while for higher magnetic fields it is more convenient to use the circular
polarizarion index n. and n_, as shown in parenthesis for the conduction band states. The magnetic field
partially lifts the degeneracy of the shell structure, but for specific values of the magnetic field, a partial
restoration of the shell degeneracy can be observed. The lowest allowed optical transitions are indicated by
arrows.
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of quanta in each polarization. The most striking feature of the diagram is that for specific
values of the magnetic field, a partial reconstruction of the shell degeneracy can be
observed. This effect occurs around values of 11.5 T for the conduction band and 7.2 T
for the valence band. This behavior of the shell structure should be reflected in the
recombination spectrum, and the arrows indicate the five optically allowed transitions with
the lowest energy. To obtain the evolution of the emission lines as a function of magnetic

field. equation V-14 can be written in terms of circularly polarized oscillators:

E™ = Epp + B + E + EX +n,0(Q2 + Q)+ na(Q% + Q7) V-25

where Q" is defined in equation II-30 using the appropriate effective masses and

oscillator frequency given in section V-1. Figure V-17 shows the evolution of the emission
line for the five lowest radiative transitions as a function of magnetic field. At zero field.
only three transitions are observed because of the degeneracy of the lower bound states.
For intermediate fields (~4-5 T) there are now five distinct emission peaks coming from
five distinct energy levels each having a degeneracy of two due to spin. For strong fields
around 10 T, the third and fourth emission line merge into a single emission line so that
only four emission lines can be observed. This peak reconstruction effect is typical of
emission originating from quantum dots with excited state. Ground state emission
originating from different families of quantum dots or ML fluctuations of a quantum well
could not produce such a reconstruction since the weaker diamagnetic interaction would
produce a uniform shift of the emission towards higher energies for all lines. Stronger
Zeeman interaction producing shifts in opposite directions for the emission lines can be

observed if states with opposite circular polarization are present.
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Evolution of the energy of the lowest radiative transitions as a function of the
magnetic field. Those transitions were indicated by arrows in Figure V-16.
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Magneto-Photoluminescence spectra of sample IR are obtained using the set-up of
Figure V-18. The sample is placed in an 200 series Oxford Instrument dilution refrigerator
in between superconducting coil magnets and kept at a temperature of approximately 4 K.
The YAG pumped pulsed dye laser is used as an excitation source with a photon energy of
1.968 eV; the laser beam is reflected on the surface of a diode edge filter and coupled to a
multimode fiber with a core radius of 100 um. The other end of the fiber is placed directly
above the surface of the sample (~ 0.1 mm distance) in the cryostat. The sample emission
is collected through the same fiber, and dispersed by the 0.64m spectrometer. The photons
were detected with the cooled Ge detector using a standard synchronous detection
scheme. The fiber transmission was measured independently at room temperature in the
detection range and the result was used to correct the sample emission spectra obtained.

The resulting spectra, for magnetic fields ranging from 0 to 13 T, are shown in
Figure V-19. At zero field, the three lowest transitions are clearly observed with an
intensity ratio typical of CW excitation with an average of approximately 8 excitons per
dot (comparing with the results of figure V-5 and table V-4). The fact that the spectrum is
not typical of pulsed excitation is attributed to the dispersion of the fiber which
significantly broaden the laser pulses. Also, because it is not possible to access the sample
end of the fiber that sits near the surface of the sample during the experiment it is difficult
to evaluate the excitation power density.

For low magnetic fields, the ground state, first excited state and second excited state
are populated with an estimate of 2,4 and 2 excitons respectivelv. This distribution can be

n,.n_)=|0,0),|0,1),|1,0),[0.2). As

separated into 2 excitons each for the following states

141



Optical Fiber

T - __ﬂ

\

Dilution
Fridge

Diode Edge
Filter

Tunable

Magnet Laser

RN Chopper

' Y
:
| Sample Pump
| Laser
) Lock-in
Germanium o :
detector

Single spectrometer
=0.64m

Figure V-18
Set-up used to obtain magneto-PL measurements of sampie IR

142



PL Intensity (a.u.)
|
( l @‘-

5 ot
B=0T
0 1 1 i 1 1 | L |
1.10 1.15 1.20 1.25
Energy (eV)
Figure V-19

Low temperature (4 K) emission spectrum of sample IR for magnetic fields ranging from 0 to 13 T. The

arrows tentatively indicate the evolution of the transition energies for the five lowest energy states.
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the magnetic field is increased, the ground state line shows little variation in intensity or
emission energy, except perhaps for a weak shift towards higher energies. On the other
hand, the higher energy emission lines progressively rearrange their emission energies as
suggested by the arrows. As the field is increased. the |0,1) and |1,0) transition lines are
split and “move” in oppesite directions, while the [0,2) transition is displaced almost
parallel to the |0,1) transition. At intermediate fields of 9 T, these three inhomogeneously

broadened emission lines are equally spaced within ~17 meV of each other so that none of
them can be resolved and their emission merges in a very broad distribution. For yet higher

fields of ~12 T, the |1,0) and |0.2) transition energies become equal and well resolved

emission peaks are recovered in a more compact energy range than for zero field. Also,
one can see that the first excited state has lost amplitude with respect to the other two
emission lines indicating a redistribution of the excitonic population.

The observation of this peak reconstruction at 13 T over a more compact energy
range is consistent with the predictions of Figure V-17 if one considers that only the four
lowest lines will contribute to the emission spectrum for a population of 8 excitons. This
reconstruction was however expected for lower fields (~9.5 T), but this discrepancy can
easily be explained by the uncertainty in the valence band modeling, which did not take

into account anisotropic effective masses.
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V.5 Concluding remarks

In the first section of this chapter, the model of chapter two for lens shaped dots was
slightly improved by considering finite potential walls. This improved calculation method
was applied to the case of a typical dot of sample IR. The transition energy spacing thus
obtained were found to be consistent with the experimental results.

Next, after presenting the PL spectra for different excitation power densities, several
explanations were considered to explain the observation: monolayer fluctuations of a
quantum well layer, families of islands (segregated inhomogeneous broadening), quantum
dots with excited state emission in the phonon bottleneck or state-filling regime. The peak
reconstruction observed for the PL spectrum of sample IR under strong magnetic fields
unambiguously proved that the higher energy emission lines originate from transitions
between quantum dot excited states. The same conclusion was reached by careful analysis
of various measurements: excitation intensity dependence, temperature dependence and
TEM micrographs.

Finally, the time-resolved measurements, showing a decay cascade from higher levels
to lower levels, clearly showed that the dynamics is primarily dominated by state-filling
effects. This is confirmed by a careful analysis of the intensity dependence of the emission

spectrum under different excitation conditions.
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VI Conclusion

In this work, self-assembled semiconductor islands produced by Stranski-Krastanow
growth were modeled and characterized. Two different material systems were studied: 1-
Al 4sIn 55As islands imbedded in Al 35Gao 6sAs emitting in the visible (sample VI) and 2-
Ino sGao sAs islands imbedded in GaAs emitting in the infra-red (sample IR). From a cross-
section TEM micrograph of sample VI, the self-assembled layer was seen to be composed
of a series of “thick” (~5-6 nm) lens-shaped islands connected by a thin (~1.5-2 nm)
quantum well layer. The plan view TEM image obtained for both samples revealed a plane
of more or less randomly distributed islands, with a base diameter varying by about 10%
from island to island. The mean diameter obtained for sample VI was 18 nm, while a value
of 36 nm was found for sample IR.

The structural properties of these islands were used to model the electronic bound
states in the InGaAs/GaAs system in terms of harmonic in-plane potential combined with a
square well potential in the z-direction. The An,,=0 selection rule for optical transitions
was derived from this model, yielding and energy spacing of 42 meV between the
transitions, in good agreement with the experimental result of 45+5 meV. One should note
that other research groups have obtained small pyramidal shaped islands with a square
base (InAs)” or with an hexagonal base (InP/InGaP)”. In such systems, the selection rules
obtained for the optical transitions are different than for the radially symmetric dots, and

higher energy lines observed in the emission spectrum have been attributed to
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recombinations between ground state electrons and excited state holes. At this point it
seems possible that the shape of the islands indeed depend on the composition and the
amount of material deposited. More work involving systematic structural characterization
is needed to clarify this issue of the different shapes one can obtain in self-assembled
systems.

Also, It should be emphasized that the presence of at least five “zero-dimensional”
bound states was predicted for sample IR, and experimental results have confirmed this
prediction. This is in contrast with the results of sample VI for which no evidence of
excited state emission could be observed. This difference can be attributed to the
information provided by the TEM, which clearly demonstrated that the islands of sample
VI were much smaller than those of sample IR. This structural difference implies much
bigger inter-sublevel spacings in sample V1, to the point that even the first excited state is
an unbound state.

Following the investigation on the structural properties of the samples, the bound
states were probed by means of optical experiments. Our attention was focused on
establishing the dimensionality of the island’s density of states. To this effect, the emission
linewidth of “individual” dots was monitored as a function of temperature and the results
conclusively showed that the emission lines did not broaden as a function of temperature,
thus providing strong evidence to the zero-dimensional nature of the bound states in the
islands. Similar results were obtained independently by another group using
cathodoluminescence measurements on InAs/GaAs square pyramidal dots™, with the same

conclusion being reached. The temporal behavior of carriers trapped in individual dots was
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also shown to be independent of temperature, providing further evidence of the zero-
dimensionality of the bound states. Finally, the zero-dimensional properties of the islands
was confirmed through magneto-photoluminescence measurements done on sample IR.
Carriers trapped in the excited states with non-zero angular momentum states have shown
strong interaction with the magnetic field, as evidenced in the spectrum from the peak
reconstruction occurring around 12T. This effect was related to the Zeeman splitting of
the in-plane parabolic states, typical to quantum dots but not to structures of other
dimensionalities. A similar experiment was performed concomitantly on strained-induced
GaAs dots with radial symmetry, and the results have shown the peak splitting typical of
non-zero angular momentum states’’. It would be interesting to compare these results with
the case of pyramidal shaped quantum dots, since the different in-plane symmetry should
yield different level degeneracy and therefore different magneto-PL results. To the
author’s knowledge, no such experiments or calculations are reported in the literature at
this time. Such magneto-PL experiments coupled with appropriate calculations should in
principle provide an additional way of characterizing the shape of the islands.

With the dimensionality of the bound states well established, the emphasis of the
study was turned towards carrier dynamics in self-assembled dots. Because of the discrete
nature of the bound states in quantum dots, early calculations based on phonon-mediated
relaxation predicted a very slow relaxation rate from the higher energy states to the lower
energy states (ref. 50). It is important to mention that for both samples the observed
emission intensity of the quantum dot ground state was found to be dominant at low

excitation intensities, thus indicating efficient carrier relaxation, in contradiction with
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theoretical predictions. Nevertheless, the resonant excitation experiments of chapter [V
have undoubtedly shown that phonons do play an important role in the dynamics of
carriers trapped in self-assembled dots. A strong enhancement of the PL emission at
energies corresponding to one LO phonon mode below the excitation energy was
observed. In another investigation where pyramidal dot shapes were assumed, other
authors have assigned similar phonon resonances in self-assembled dots to Raman
scattering and resonant relaxation from higher excited states”. However, this conclusion
was reached without any time-dependant information. In our case the width of the
resonances and the long lifetimes observed are inconsistent with a Raman effect. Also, a
faster decay time was observed for resonant excitation, compared with the non-resonant
excitation case, and this remains unexplained at the moment. However, abnormally high
background emission was observed in temperature and power-dependent micro-PL
experiments (see fig. [V-2 and [V-8). Such abnormal background was also observed in
micro-PLE*"*® experiments and at least in one case (ref. 97) the authors pointed out this
phenomenon that they could not explain. These unexplained results could be related to the
abnormal dynamics observed.

The issue of restricted phonon relaxation was also investigated by means of time-
resolved measurements on sample [R. [t was found that the decay time of the transition
monitored shortens as the level index probed is increased and as the excitation intensity is
lowered. This effect was interpreted in terms of state-filling effects, where the relaxation
time of an electron-hole pair towards the next lowest level is empty. However, this inter-

sublevel relaxation time becomes much longer than the radiative lifetime when the lower
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level is filled with carriers. Furthermore, the relative weight of the transition lines observed
in power dependent PL experiments showed satisfactory agreement with predictions
obtained assuming the state-filling limit for the carrier dynamics. Thus, once again the
experimental results are in contradiction with models based on phonon-assisted dynamics.
For LA phonon scattering, calculations show that the transfer rate between levels becomes
very small when the energy separation exceeds 2meV (ref. 69). On the other hand, sub-
nanosecond scattering rates can be obtained by LO phonon emission only if the inter-
sublevel spacing is within 10% (~3 meV) of the phonon energy. One can compare these
numbers with other experimental results where state-filling dynamics was obtained for
strain-induced dots with level separations of 15 meV (ref. 77), and evidence of the
phonon-bottleneck was reported for dots with level separation of 75 meV®. Certainly in
the first case, the level separation is much higher than the acceptable range for efficient
acoustic phonon scattering, while too small to match LO phonon energies of any kind.
Alternatively, Auger scattering was proposed to explain the efficient relaxation, but in
view of the low excitation intensities generally used for the PL experiments this
explanation remains doubtful despite recent experimental evidence (ref. 85).

Our time-resolved experiments have also enabled us to establish that the radiative
lifetime of electron-hole pairs trapped in the ground state of sample IR is 1.0 ns or shorter.
Also, from the low intensity measurements an upper limit of 310 ps was obtained for the
scattering time between the n=3 and n=2 level. The precise determination of all the inter-
sublevel and all the radiative relaxation rates would have required resonant excitation

experiments to be performed. This was not achieved in this work and remains an
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interesting challenge for the future.

In Summary, the optical properties of self-assembled quantum dots were
investigated in this work. The results of structural characterization (TEM pictures) were
used to model the properties of the electronic states of the islands. Optical experiments
were performed and successfully compared with theoretical results in a number of cases:
temperature independent linewidths, temperature independent lifetimes, excited emission
energy spacing and Zeeman effect.

A number of the properties observed remain either unexplained or uninvestigated.
For example, the physics underlying the finite linewidth (i.e. not uncertainty limited) of
single quantum dot emission lines is not well understood at the present time. Also, the
origin of phonon resonances observed in the PL spectra under resonant excitation and the
presence of a broad background in some experiments could not be satisfactorily explained.
As a last example it should be montioned that a regular in-plane arrangements of the
islands is necessary for many applications, as well as a better control of the structural
fluctuations in the dot population. These problems, and many others, leave many

challenges for further investigations of self-assembled quantum dots.
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