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Abstract

In ensembles of self-assembled quantum dots (QDs), inhomogeneous broadening ef-
fects tend to partially obscure the multi-excitonic features. In this study we investigate
locally homogeneous, strain-free GaAs QD-arrays by micro-photoluminescence (u-PL) at
low temperature. The spectra indicate that the QDs exhibit excellent homogeneity on
length scales up to several microns. The PL linewidth of the homogeneous QD-arrays has
been shown to be as narrow as 170 ueV, allowing to clearly resolve multi-excitonic features.
Using a Hartree-Fock (HF) based calculations including Coulomb and exchange energies,
the observed spectra can be assigned to excitonic and multi-excitonic transitions, includ-
ing excited single exciton and excited biexciton transitions. The strong excited excitonic
features are explained by incomplete carrier relaxation pointing toward the presence of a
phonon bottleneck. Two fitting methods based on HF-approximations are able to explain
- the regularity of the positions of the peaks in the measured PL spectra. It is shown that the
fitting methods predict the observed PL peaks quite well and that the extracted Coulomb

and exchange values also show a good agreement with theoretical calculated values.
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Chapter 1

Introduction

1.1 General Introduction

Semiconductor quantum dots (QDs) are often described as artificial atoms due to their
d-function-like density of states. This analogy is nicely reflected in the fact that both free
atoms and QDs exhibit optical line spectra with narrow linewidth. However, in optical
spectroscopy of QDs the observed linewidths are orders of magnitude broader compared
to atoms. In semiconductor QDs, lower band gap material with typical lateral dimensions
of 1 - 40 nm, corresponding to about 10% - 107 lattice atoms are embedded into a matrix
~ of higher band gap material. Due to complete size quantisation of the electronic levels in
the QD, the associated density of state is discrete. However, because of the discrete energy
spectrum, the carrier relaxation dynamics in QDs are significantly different from those in
systems with continuous spectra.

In structures with higher dimensionality such as quantum wells and wires the density of
states is still continuous in translationary invariant directions. The optical absorption is
therefore continuous as well, with a cutoff at the effective band gap of the material. The
optical emission appears at or slightly below the energy of the band gap. The situation in
QDs is not so different, except that lateral motion in the vicinity of the QD is quantised.
Assuming fast relaxation almost all excitons will end up in the ground state of the QD prior
to radiative recombination. Optical excitation of a single QD does therefore result in a
narrow emission line at the position of the ground state energy. The excitonic ground state
is a well-defined quantity in a QD, it is a stationary eigenvalue in a confined environment.

The impressive progress in the fabrication of low-dimensional semiconductor structures
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during the last two decades made it possible to reduce the effective dimensionality from
three dimensional bulk materials to quasi-zero dimensional quantum dots. This was due
to the fact that the QD properties are, to a certain degree, controllable by the flexibility
in the structure design and the subsequent growth process. Nucleation and crystal growth
however, happen not strictly in thermodynamic equilibrium but also involve kinetic pro-
cesses. Therefore, size fluctuations will occur during the formation of QDs. In the next

paragraph, a brief introduction in the mechanism of quantum dot growth is given.

1.2 Growth of Quantum Dots

Several methods of producing quantum dots are available. The vast majority of quantum
dots are produced by a technique which uses epitaxial growth. One of the best candidates
for the study of single quantum dots are the self-assembled quantum dots formed by the
Stranski-Krastanov growth principle. Those are created by a thermodynamic instability
during the two-dimensional growth of layers with different lattice constants. A layer with a
lower energy band gap and a certain lattice constant, for example InAs, is grown on top of
a layer with a higher energy band gap and a different lattice constant, for example GaAs.
For thin InAs layers below a critical thickness, first a pseudomorphic layer with the lateral
lattice constant of underlying (GaAs) layer is formed, see Fig. 1.1. With increasing InAs
layer thickness the accumulated compressive strain can no longer be accommodated in a
two-dimensional arrangement. The system will get unstable against the formation of three-
dimensional, coherently strained islands with reduced strain energy but enhanced surface
energy. This process leads to the formation of approximately equally-sized, dislocation-free
InAs islands, so-called self-assembled QDs (SAQDs).

They are arranged on top of the remaining part of the two-dimensional InAs layer,
the so-called wetting layer. Individual QDs nucleate typically in disordered arrays with
nearest-neighbor separations down to 30 nm, corresponding to QD surface density up to
about 10! cm™2. Figure 1.2 shows an Atomic Force Microscopy (AFM) image and a cross-
sectional Scanning Tunnelling Microscopy (X-STM) current image of SAQDs. By capping
these self-assembled islands with an epitaxial layer, similar to that of the substrate, high
quality QDs can be produced. A typical PL spectrum from an ensemble of SAQDs is shown

in Fig. 1.3, resulting in a inhomogeneously broadened PL peak due to size fluctuations.
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< 1.7 monolayers InAs > 1.7 monolayers InAs
7% compressive strain strain relaxation: Qdots

Figure 1.1: Formation of InAs SAQDs via the Stranski-Krastanov growth principle.

Figure 1.2: a) AFM image of uncapped InAs GaAs SAQD, showing a random dot distribu-
tion over the sample surface [1]. b) X-STM current image of D. Bruls et al. [2] on stacked

quantum dots.
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Figure 1.3: PL spectra of an ensemble of SAQDs for a broad range of excitation densities

[3].
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1.3 Motivation and Outline of report

As said before, the transition energies of QDs are determined by size quantisation. The
ability to clearly understand and unambiguously interpret the experimental results have
been limited for some time by the inhomogeneous broadening of the observed PL peaks.
Thus, it is important to establish techniques to detect the PL from a single quantum dot
in order to clarify its nature. A possible way to get access to a single QD in real space in
general is etching mesa structures in a QD sample. Also covering the QD sample with a
mask consisting of small (submicrometer-size) holes is a commonly used technique. Con-
focal PL microscopy, which allows us to obtain spatial resolutions in the range of 1 um
is also an option. Another way to achieve access to a single QD spectrum in real space
is connected to sample preparation. Low density ensembles of homogeneous QDs can be
obtained by special growth conditions. Using growth on patterned substrates, QDs on
predefined positions are even introduced [4].

The first observations of narrow emission lines from QDs were reported about ten years
ago. The work in that stage was concerned primarily with the demonstration of theoretical
predicted sharp PL peaks of single QDs. Spatially resolved investigations have been per-
formed on QDs using confocal microscopy [5]. Experiments showed an optical linewidth
of the order of 100 ueV. Thus, by probing micron-size lateral region of QDs samples, it
was found that the inhomogeneously broadened spectra resolved into a sharp peaks which
corresponds to the recombination of excitons bound in QDs, see Fig. 1.4. In those early
stages, properties of QDs considering the ground state have been investigated in the one ex-
citon limit. Again the analogy with atoms can be made, one exciton is commonly described
as being hydrogen atom, the biexciton can be described as helium atoms and lithium is
the analogue for three excitons. Of importance for fundamental research are spectroscopic
results in the few exciton limit. Multi-excitonic complexes in QDs also attract the atten-
tion from researchers because of their application of QDs for photonic switching due to the
large non-linearity of multi-excitonic complexes. Clear signatures of the biexciton state in
single QDs have been obtained by power dependent PL [7, 6]. Higher exciton occupancies
leave a more and more complicated fingerprint in the emission spectra of single QDs [8].
The appereance of biexciton and multi-exciton spectrum is heavily influenced by the car-
rier relaxation dynamics. Carrier relaxation from excited dot energy levels to energetically

lower dot energy levels can already be hindered at low excitation densities (Pauli blocking).
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Figure 1.4: PL showing emission from SAQDs when probing (i) an ensemble of ~ 100
SAQDs and (i) a single @D. The schematic drawing shows a schematic overview of the
measured sample [3].

Observations of excited single and biexciton complexes, pointing towards the presence of a
phonon bottleneck have been shown by measurements. Many body interactions [9, 10, 11]
and spin related relaxation phenomena [12] also complicate PL spectra from single QDs as
will be seen in this report.

Our goal to study the fundamental physics of QDs requires an as simple as possible QD
system. We therefore want to avoid the smearing out of optical and electrical properties
of QDs and study the sought-for zero dimensional behavior. To be able to do so, a sam-
ple with uniform QD-arrays on predefined positions is used, grown by Notzel et al. by a
technique that combines both elements of self-organisation and patterning. The advantage
of this sample is the high size uniformity of the QDs along the array. Even by exciting a
number of QDs, one single sharp PL peak is observed indicating a homogeneous size distri-
bution of the QDs. The special sample configuration together with the use of confocal PL
microscopy allows us to study the intrinsic properties of only a small number of identical
QDs avoiding the smearing out of QDs properties due to the size distribution of the QDs.
The QDs under investigation (i) are strain free (ii) exhibit no electrical field due to piezo

electric effects (iii) are non-degenerate and (iv) have a high confinement for the carriers and
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therefore we consider our QDs as ”ideal” QDs. Most investigations have been performed
on SAQDs, which do not exhibit these criteria of an ideal QD. Hence fast relaxation of
carriers is observed in SAQDs [27], however in our case of an ideal QD, slowed relaxation
pointing toward a phonon bottleneck is more likely to be present. In this report, we hope
to overcome some of the obstacles by studying single dots of an ensemble of self assembled
QDs by various PL measurements. The measurements show complicated PL spectra with
various sharp lines. By carrying out detailed analysis of the PL spectra we hope to find an
appropriate model to explain PL line(s) in the emission spectra of QDs and ultimately be
able to predict various PL line(s).

In chapter 2 some intrinsic properties of QDs, which will be important in the remainder
of this report will be addressed. The relevant theoretical concepts are outlined and special
attention is given to the quantum mechanics of the carriers in the QDs.

The various experimental techniques and equipment used for this work is explained in
chapter 3. The sample structure and characteristics are summarised. The installation of
the monochromator is discussed and subsequently the micro-photoluminescence setup‘ is
described. The basics of the PL technique is given ending with possible variations on the
PL technique.

In chapter 4, the PL measurements are carried out and discussed. First a brief overview is
given of previous results of PL on QDs. The experimental observations are shown and con-
clusions concerning QD homogeneity are drawn. Next the interpretation of the observed
spectra is analysed and subsequently the analysis is discussed.

Finally, conclusions and recommendations are given in chapter 5.




Chapter 2

Theoretical Concepts

2.1 Introduction

Much experimental and theoretical effort has been performed in realisation and study of
low-dimensional semiconductor structures. The engineering and understanding of materials
at nanometer scale is a challenging subject. New effects, for instance due to quantum
mechanics, have been discovered in such nanostructures. Reduced dimensionality and
hence the discrete density of states of QDs leads to new physical properties. Also the
filling of the QDs with multiple excitons requires a many-body approach to describe the
phenomena in the QD [9, 10, 11]. Furthermore, the carrier relaxation dynamics in QDs
is a topic of discussion and is a key issue concerning the filling of QDs. This chapter is

concerned with the theoretical aspects of the relevant phenomena in nanoscaled structures.

2.2 Towards Quantum Dots

2.2.1 Dimensionality in Semiconductors

In a bulk semiconductor, the carriers are free to move, so their energy spectrum is con-
tinuous. The density of states per unit energy increases as the square-root of energy, see
Fig. 2.1. Two things will happen when a particle is confined to a small volume in space:
the particle acquires kinetic (referred to as confinement) energy, and the energy spectrum
becomes discrete [14]. The reduction of dimensionality is directly reflected in the depen-

dence of the density of states on energy, see Fig. 2.1.
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The density of states for a three dimensional system (bulk semiconductor) has the form
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Figure 2.1: Density of states as a function of energy in systems with different numbers of
spatial dimensions: 8D, bulkmaterial; 2D, quantum well; 1D, quantum wire; 0D, quantum
dot. Typical intraband level spacings in QDs (ground to first excited states) are in the range

of 10 to 100 meV, see 2.8.1.

For a two-dimensional system (quantum well) the density of states is a step function,

% = Z —6) =) 1 (2.2)

e<E a<E

for a one-dimensional system (quantum wire)the density of states has a discontinuity,

aN d 1/2 _ \-1/2,
= %o ) (E—e)ff= > (B—ea) (2.3)

e, <E e <E
and for a zero-dimensional system (quantum dot) the density of states has the shape of

d-peaks,

——O(——Z@(E—-e )2=Y"4(E -e). (2.4)

e;<E
Where ¢; are discrete energy levels, O is the Heaviside step function and § is the Dirac
function. The discrete energy spectrum in quantum dots gives rise to a strongly peaked

density of states, which can lead to fundamentally different properties with respect to
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bulk or 2-D semiconductor structures. Strongly enhanced oscillator strengths and optical

non-linearities are predicted as well as reduced relaxation of carriers.

2.2.2 Confinement Regimes

There are several different scales where you can think of for defining the confinement of
the carriers. A generally used scale for defining the confinement is a length scale based on

the Bohr radius of the bound state of an electron-hole pair and is defined as:

Mo
ap = &r——Q0,hydrogen, (25)
red

where m},, is the reduced effective mass of the electron-hole pair; €, is the relative
permittivity and agrydrogen = 0.529 A. The Bohr radii of the exciton in GaAs dots is
approximately 116 A. Such a bound state of an electron and hole is called exciton and
is analogous to a hydrogen atom. Even in a QD, when the charge carriers are bound by
the confining potential rather than the Coulomb interaction, the electron-hole pair is still
referred to as an exciton.
Three regimes of quantum confinement were introduced by Efros and Efros [13] depending
on the Bohr radius of the electrons, holes and electron-hole pair respectively for spherical
semiconductor QDs. The different confinement limits depend on whether the exciton Bohr
radius of the exciton ax is larger (strong confinement), smaller (weak confinement)than
or equal (intermediate confinement) to the lateral dimensions of the QD. Comparing the
lateral dimensions of the QD (40 nm) to the exciton Bohr radius, the exciton Bohr radius
is much smaller. Hence the exciton is confined weakly by the QD dimensions. Another
confinement scale, based on the ratio of the confinement energy of the carriers and the

band gap energy offset, indicates strong confinement of the carriers, see 3.2.

2.3 Quantum Mechanical Approach

2.3.1 Particle in a Three-Dimensional Box

As said before, electrons can be confined in all three dimensions. In general it is impossible
to obtain an analytical solution of the Schrédinger equation, but a simple model will

illustrate the general physics. Such a simple model is justified since the band offsets, see
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3.2 are relatively large. It should be mentioned that this model is only valid for a single
particle confined in a volume. Let’s consider a particle in a box of dimensions a, b and c in
the z, y and z directions, respectively. The potential inside the box will be taken zero and
outside the box the potential is set to infinity. The Schrédinger equation in the envelope

aprroximation for a three-dimensional quantum box can be written as follow:

h2
{ ~ s V2 +V(z,y, z)}dz(x,y, z) = EY(z,y, 2) (2.6)

The hamiltonian can now be written using the kinetic energy expressed in terms of the
momentum as:

2
H=T+V=-J_w24v, (2.7)
2m*

with

O<z<a r<0AzZ>a
V=0 for O<y<b and V=00 for y<OAy>b
O<z<e z2<0ANz>c

Taking into account the conditions inside the box the equation Hvy = E1) becomes:

where 1) is commonly referred to as the envelope wavefunction and determines the
behavior of the electrons and holes. Elementary quantum mechanics [15] teaches us that
the solution can be factored into three functions, each of which is a function of only one
variable. Since each function will be independent of any change in the other two variables,
each term must be constant —k7, with i=x,y,z. The 3,_, . —k must be equal to the
right-hand side of Eq. (2.8), which is —2m*E/A?. Therefore, the total energy is the sum
of the contributions from each degree of freedom in the z,y and z coordinates. Since the
energy associated with any degree of freedom in any single direction is independent of the
two other directions, it is possible to write

12— 2m*E;
i 72

Thus the Schrodinger equation and the corresponding general solution for single particle

for i=uz,y,2. (2.9)

in a quantum box results in:

8 z
Yngnyn. (T, Y, 2) = 4/ e sin nzﬂx sin nzﬂy sin nc7rZ. (2.10)
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From the solution of the Schrédinger equation we can also deduce that k; = ™% and
together with the expressions for the energies using Eq. (2.9), it is possible to define energy

levels based on the different components as:

h2n2n2? '
E; = 27:’1*22 for i=,%, 2 (2.11)
The total energy is
R2r? n2  n2  n?
En;nyn; = Z E; = 2_77),*(;,-2. =+ ﬁ # ?), (212)
1=T,Y,2

where ng,n, and n, are integers. One quantum number is introduced for each degree
of freedom of the system. Therefore, the total energy of the system is dependent on n,,
ny and n.. In the case a=b=c, a cubic quantum dot, the denominators of the fractions
in Eq. (2.12) are identical. The lowest energy state, referred as ground state, will occur
when all the quantum numbers are 1 and this state will be designated as (111). The
next lowest energy level will occur when one quantum number is 2 and the others are
1 for example (211), but this state has the same energy as (121) and (112). Therefore,
these are degenerate states, in the case of a=b=c. However, if the dimensions of the box
are not equal, which is true for most practical cases, the (112), (121) and (112) are not
degenerate. An energy level diagram can be obtained and is shown in Fig. 2.2a. The
energy level diagrams show the allowed energy states of a QD and is strongly correlated
with the density of states as discussed in the previous paragraph. The states are indicated
in terms of quantum numbers n,, n, and n,.

Choosing unequal values of a, b and ¢ and then using several integers for the quantum
numbers, will enable one to see the nondegeneracy, see Fig. 2.2b. The energy levels can be
calculated by using Eq. (2.11) and the actual dimensions of the box and the appropriate
constants. Using the dimensions of the dot, see 3.2, the (111) state will be in the order of
130 meV and the intraband level spacing in the order of 15 meV. However, we have to be
aware that this is only an estimation for the energy levels.Ultimately, this model will be
used to give an approximation for the dimensions of the QD by means of PL lines from a
measured spectrum. Although the exact shape of the QDs is unknown, as long as we use
this model only to get an estimate of the approximately dimensions of the QD, this model

can be applied.
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Figure 2.2: Energy levels for a particle in a three-dimensional boz. For a) a degenerate
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In practice, the confinement potential of the quantum dots is not infinite. Therefore,
the wavefunctions will be able to penetrate into the barrier, and the energy levels will shift
with respect to the situation as described above. It should be mentioned that because of the
small z dimension, which leads to large intraband level spacing, we only consider possible
configurations of n, and n, with n, fixed to 1. Therefore the different configurations will

only be represented by the two quantum numbers n, and n, respectively.

2.3.2 Many-body states

In the previous section the behavior of a single electron was examined, but for (opto)electronic
applications, these nanostructures need to be filled with one or more carriers. By reducing
the dimensions of a structure the interaction between particles will be enhanced. Therefore,
the density of states of a many-particle system need not to resemble the one-particle den-
sity of states. So it is necessary to take this concept one step further to the many-particle
system. Several others have dealt with this concept in different situation as discussed
in literature by Dekel et al [11], Barenco et al [9] and Hawrylak et al [10]. The main
parameters are now the number and structure of bound single-particle levels, Coulomb
interaction among carriers and many-particle interaction which all mainly depends on the
number of carriers. The many-body wavefunction ¥ n,», for more than one electron is
not exactly known. The problem lies in the self-consistency of the solution of the Hamil-
tonian. The predicted distribution of the carriers itself will depend upon these predicted
distribution of the charges itself. In the case of atoms, this is intensively studied and is
called the Hartree Fock (HF) [16] approximation. This approximation fails however to
incorporate an important characteristic of the electrons and holes. Electrons and holes
have non-integer spin and are called fermions. Fermions are characterised by the property
that when two fermions of the same spin are interchanged, the wavefunction changes sign.
Only linear combinations which are anti-symmetric upon the interchange of two electron
indices are relevant. The many-body wavefunction must satisfy the anti-symmetric condi-
tion of fermionic wavefunction and this is done by writing it in the form of a determinant.
Consequently the many-body wavefunction can be expressed in terms of a product of two

determinants, one for spin up and one for spin down. The wavefunction for N electrons
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will be of the form:

. o1r(z1,y1,21) . Onp(T1,91,21)
Y= JNT : : i
¢11(zN, YN, 2N) -o. ON1(TN, YN, 2N)

. d11(z1,91,21) .. éni(T1,91,21)

Nl (2.13)

b1 (zN, YN, 2N) - ON(TN, YN, 2N)

The HF wavefunctions for N holes has identical form. Diagonalisation of the Hamil-
tonian will lead to the multicarrier energy levels and their corresponding wavefunctions.
Because of the self-consistency of this problem, only a first approximation will be used.
The single-particle energy levels and wavefunction are used to calculate the exchange and
Coulomb interactions. The single-particle energy levels are corrected by the exchange and
Coulomb interaction energies. Since this model implies that the electron and hole HF-
type wavefunctions are identical the electron and hole distribution throughout the QD are
identical too. Therefore the net charge distribution in the QD is zero, in contrast with
SAQDs shown in Fig. 2.3. In SAQDs strain-induced polarisation effects take place. Due to
expected zero net charge distributions in our strain free QDs no charge polarisation effects

will occur.

Figure 2.3: Plot of the wavefunctions for InAs SAQDs through a cross-section for a) elec-
trons and b) holes calculated by Cusack et al. [35].

In our geometrically non-symmetrical (a & b < ¢) box, each of the single carrier state is

double spin (T|) degenerate. The Hamiltonian of an interacting electron-hole system can
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be written as [11, 10, 9):

H= 3 Hite= S WivjlVstvn) b S IVE ) = 5 DIV et

ikl ijkl ijkl
(2.14)

where 1); are Hartree Fock-type electron and hole wavefunction. The first term repre-
sents the single particle Hamiltonian, the second the Coulomb attraction between electrons
and holes, the third Coulomb term is the mutual repulsion between different electrons or
between different holes. The fourth term represent the electron-electron and hole-hole
exchange interactions, which only acts upon identical particles with identical spin. The
Coulomb potential between the carriers that plays a role in the Hamiltonian then give rise

to two-body Coulomb and exchange terms, transforming (2.14) into:

H= Z Hh,— S IVARS) + 5 S WslVE mabbiats) — 5 S WtV b,
i i iJ
(2.15)
The Coulomb and exchange terms are given by the integrals:

VIS = (@PyiVipPy?)  and VP = (PyiVipiyt),

with p and ¢ the appropriate QD energy levels and [i, j] € [electron, hole]. Notice that
the difference in these equations lies in the exchange of particles. These interaction can be

calculated by the two-body operator Vj;:

e?

Vij = (2.16)

dmeger|Ti — 15

where ¢y and ¢, are the dielectric constants of vacuum and sample material and 7;
is the mean radius of the relevant carrier. We will only treat neutral dots in which the
carriers are optically excited, although it is also possible to allow analysis of charged
dots with this general model. For each electron, a hole is generated as well when using
optical excitation for the carriers, maintaining neutrality in the QW. The carriers will
subsequently be captured by the QD. However, different capture rates for electrons and
holes could lead to a net charge in the QD. Although, once a dot is charged it will attract
the opposite charge, which will enhance the capture rate of the opposite charge, keeping
charge neutrality in the QD. Therefore it seems valid that we only treat neutral QDs in

our experiments.
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Exciton complexes

The lowest-kinetic-energy states are obtained by populating the lowest-kinetic-energy single-
particle levels of each type of carrier according to the Pauli exclusion principle. Because of
the lower effective mass of the light holes, the confinement energy will be higher. There-
fore, only the heavy holes are considered when the energy levels are filled with carriers after
optical excitation. Since heavy holes have spin :i:% and electrons have spin i%, excitons
with total spin of 2,41 will be formed. However, only excitons with total spin of +1
are optically active while excitons with total spin of +2 are dark excitons. One exciton
corresponds to an electron and a hole occupying their lowest-kinetic-energy state, as shown
in Fig. 2.5. According to equation (2.17) the total exciton ground state energy is given by
the electron and hole single-particle energy corrected by their mutual Coulomb attraction,

which is the exciton binding energy,

E% = ES, + EM — (11;11|V,|11;11) . (2.17)

Ve
11/11
Vc,eh

Where (11| represents the HF-type wavefunction for a carrier in energy level (11). Since
there is only one electron and one hole, the exchange interaction does not have any influence
yet. The exciton state is double degenerate due to spin. For the two-exciton complex there
is only one lowest-kinetic-energy configuration possible, see Fig. 2.5. The biexciton ground
state energy is twice the single exciton energy plus an extra many-body term, which leads

to the following result:

EYy = 2EY + (11; 11|Vee|11;11) + (115 11| Vi |11; 11) — 2(11; 11|V, |11 11) . (2.18)

(N S

y/u

with V2! known as the biexciton binding energy, see Fig. 2.4.

The first term is the single exciton energy, the next two are the electron-electron and
hole-hole repulsion respectively and the last is the Coulomb electron-hole attraction. These
terms make up the biexciton binding energy as shown in Fig. 2.4. Again the exchange
interaction is still left out, because there is only one possible configuration due to the Pauli
exclusion principle. Since there is only one singlet for electrons and holes, the ground state

is not degenerate. Therefore there are no dark biexciton states due to spin.
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Figure 2.4: Energy contributions to a) the single exciton and b) the biexciton.
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Figure 2.5: Overview of the lowest kinetic energy configurations of exciton complezes in a)

degenerate system [10] and b) non-degenerate system.

The three exciton case is somewhat more difficult to describe, this is because the pos-
sibility of degeneracy of the (12) and (21) energy levels, see Fig. 2.5. In the case of an
asymmetric dot the energy levels will be degenerate and the lowest energy levels of the
two will be populated. We shall assume that the (12) state is the lowest energy level of

the two and therefore will be populated first in the case of asymmetry. In the case of a
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symmetric dot, the energy levels are degenerate and the possibility to populate either of
the two energy levels is the same. Electron-hole interaction allows the electron-hole pair
to scatter from the (21)(21) state to the (12)(12) state and mixes quantum mechanically
the two configuration, see Fig. 2.6. As the electron-hole pair can be in either of the two

degenerate states, the ground state energy for a three-exciton complex results in:
Ei = Ed + E5y + Ely — V2P 112 4 oy 112 4 (12:12|V5 ,121521).  (2.19)

c,eh
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Figure 2.6: Energy contributions to three exciton complex in a degenerate system.

Where Vi'/12 represents exchange interactions between identical carriers with identical
spin of (11) and (12), and V;; represents scattering, which is only present in degenerate
configurations. It turns out that only one of the two degenerate configurations is optically
active due to scattering. The lowest energy level, E;y, will be populated and corresponds
to the optically active configuration. Note that in the case of an asymmetric dot the
scattering potential disappears and consequently there is only one possible configuration,
which is optically active. It should be mentioned that additional Coulomb interaction
occur due to direct attraction/repulsion between electrons and holes in different energy
states, compared to the biexciton complex. A schematic summary of different mechanisms
leading to shifts in energy levels is shown in Fig. 2.7.

In the three exciton configuration, either the exciton in (11) or (12) can recombine
resulting in three different recombinations: 3X — 2X, 3X — 2X*$ or — 2X**. The indices
's’ and 't’ indicate singlet (antiparallel spin alignment of the carriers) and triplet (parallel

spin alignment) configuration respectively, see Fig. 2.8. When an exciton of the (11)
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Figure 2.7: Ouverview of interaction contributions to energy levels in a degenerate system

of the three exciton complex [10].

energy level recombines this is defined as s-shell recombination. PL lines originating from
recombinations of an exciton either from the (12) or (21) are called p-shell recombinations,
see Fig. 2.9. Recombinations of p-shell excitons have a higher photon energy, because of

the higher confinement energy of the carriers which recombine.
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Figure 2.8: Three exciton recombinations, a) for s-shell recombination and b) p-shell re-

combination.

The four exciton complex can also be more difficult to describe, depending on whether

the dot is asymmetric or not. For a complete overview in the case of a symmetric dot,
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intensity arb. units]

Figure 2.9: Recorded PL spectrum with only two electronic shells occupied, leading to s-

and p-shell recombinations [17].

see Hawrylak et al. [10]. For practical reasons, we assume that we deal with asymmetric
dots and consequently non-degenerate states. Therefore, the fourth electron-hole pair will
resemble the case of the biexciton case. There is only one possible configuration of the
ground state for the fourth electron and hole to fill the energy levels due to the Pauli
exclusion principle. The state filling for five or more excitons is analogous to the state
filling of the first two energy levels as discussed before.

It is also possible for exciton complexes to occupy an excited state. These excited states are
characterised by promoting one or more excitons to a higher energy level. For an excited

single-exciton with the electron-hole pair in the (12) state the energy can be written as:

Ex = Bf, + Bl - V.22 (2.20)

For excited two exciton complexes, different configurations are possible. This depends
upon whether the spin of the electrons/holes are parallel or anti-parallel. If the spins are
aligned in the same direction, an exchange interaction will be present. However in the case
of anti-parallel spin alignment, this exchange interaction will be missing. The energy of an

excited two exciton complex depends on the configuration of the carriers, see Fig. 2.10.
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Figure 2.10: The two first excited biexciton configurations, a) singlet and b) triplet.

For the singlet state the energy can be written as:

Epx = B, + B + Ef, + Eb, — VM —yI2  yui, (2.21)

c c

Because of the opposite spin alignment of the carriers in (11) and (12) the exchange term
will not come into play for this configuration. The energy for the triplet configurations is
defined as:

B = BY + B +B5 + B — Vl,j,{” S e R (L L (2.22)

c c,eh

The energy of a triplet state has a lower total energy, as can be seen from equations
(2.21) and (2.22). It depends on the relaxation, see section 2.5, which configuration the
electron and hole will finally occupy. Hund’s rules determine which few-electron configura-
tion in atoms can give contribution to photoluminescence spectrum. Hund’s rules say that
when all quantum numbers are equal, the state with the highest total spin will have the
lowest energy and therefore will most probably be occupied. Furthermore, Hund’s rules
say that electrons should be distributed as much as possible over degenerate energy levels
and that electrons should be placed with identical spin in degenerate energy levels. How-
ever, we are populating energy levels with two types of particles, electrons and holes. The
hidden symmetries in the PL spectrum due to the many-particle states results an analogue

of Hund’s rules for real atoms.
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2.4 Optical Properties

To discuss the optical properties resulting from discrete energy levels, the probability of

dipole-allowed optical transitions has to be evaluated
a(w) ~ (g PT)* (2.23)

with P the dipole operator. ¥; and ¥y are the initial and final state of the optical transition.

Considering only the interband part, the overlap integral reads as

(FIPL) = (uns| Plus) (Wslei), (2.24)
A
Pev
where
I'L> : \I/i = Uy; » wia

If): Vg =,y

The integral can be separated into the integration of the fast oscillating Bloch part u,
and the integration of the envelope parti). The integration of the Bloch part results in the
size independent dipole matrix element p., of the bulk. Despite the different behavior of
the electrons and holes in quantum dots, there is an analogy with the optical transitions of
excitons in bulk material. The transition probability for the exciton in bulk is proportional
to the probability of finding the electron and hole in the same unit cell of the crystal. The
oscillator strength fx is proportional to the volume in k-space necessary to form the exciton

[19], i.e. the inverse of the exciton volume ma%,

|pcv|2

fx ~ (2.25)

In quantum dots the transition probability is proportional to the spatial restriction
of carrier motion in the quantum dot volume due to the externally imposed quantum
confinement, as shown in equation (2.23). The quantum dot specific selection rules of
interband transitions between confined electron and hole states are obtained by integrating
the envelope functions ¢ over the quantum dot volume. Due to the orthonormality of
the envelope functions ; and ¢, the integration yields delta-functions. The well-known
selection rules are obtained, all transitions that conserve n and [ (angular momentum) are

allowed between non-interacting electron and hole states. The oscillator strength of these
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transitions is proportional to (2/+ 1) due to the summation over all states with —l < m <1
contributing to the absorption. Optical transitions at the energies hiw = E¢, + E" above

the band gap will occur and for the absorption coefficient hold

1 h
(W) ~ Ipel g7 > (2l +1)8(hw — B — ER). (2.26)
3 n,l
However, degeneracy in angular momentum does not occur in our rectangular QDs,
thus we can neglect the degeneracy in angular momentum. Comparing the bulk exciton
oscillator strength with that of electron-hole pairs in quantum dots, (2.25) and (2.26),
results in

3
fep  ax (2.27)

fx R?

and an enhancement of the oscillator strength becomes evident when the size of the
quantum dots decreases below the Bohr radius. It should be noted that this picture
is simplified for an ideal case. It has been shown [20, 17] that dots (even of the same
sample) exhibit strong variations of their symmetry. These variations are reflected by
the optical properties of quantum dots. In these samples, a splitting of the absorption
spectrum into multiple lines has been observed [18, 17], when higher electronic states in
the dot appear. The splitting has been shown [21] to be an example of nontrivial mixing of
resonant electron-hole pairs, which couples only with coherent photons, in the interacting
quantum dot complex. More realistic quantum dots could have a negative influence on the

oscillator strength, it will however not cancel out the effect of reduced dimensionality.

2.5 Carrier Relaxation

Particularly in the case of the photoluminescence emission spectrum, the possibility of
observing higher-energy peaks, depends on two competing processes.(i) Carrier relaxation,
which can be subdivided into spin related relaxation and carrier related relaxation mech-
anisms. (ii) Radiative recombination, which can be subdivided into radiative and non-
radiative recombination. As a result of the optical properties of QDs, the usual Ak = 0,
selection rule of optical transitions has to be refined. Electron and hole states can decay
radiatively only if they have exactly the same quantum number A, n, = 0. The most
significant mechanism of carrier relaxation in semiconductor structures are the interac-

tions with longitudinal (LO) phonons. Alternative nonlinear relaxation mechanisms, like
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Coulomb scattering (electron-electron, hole-hole or electron-hole) [22] or Auger recombi-
nation are expected to become important with increasing carrier density. In typical 3D
and 2D (Quantum Well) systems, electrons meet holes both in real and k space, see fig
2.11. The elastic collisions between carriers very quickly randomise k directions, resulting
in a thermal equilibrium. Energy is lost first through LO phonon emission (timescales of
10~'2 — 10713 5) and next through acoustic phonons (timescales of 1079 s) due to the 2D

continuum of final states.
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Figure 2.11: (a) Energy relazation in a continuum. Radiative recombination is possible

even though k=k’ is needed because both band edges are populated. (b) Energy relazation
through fully=quantised box levels can be very slow, [24].

The relaxation of an exciton, which is confined in a quantum dot , through emission of
an optical phonon LO is rather inefficient. Two problems have been proven to be essential
in the course of this discussion. The first one concerns the energy separation between the
confined levels of the quantum dots. When decreasing the sizes of quantum dots, the spac-
ing between the confined energy levels increases and the energy distance can become larger
than the phonon energies. The phonon energy is almost constant (Ero = 36.2 meV for
GaAs) and therefore the first-order process (with the emission of a single phonon) requires

a precise fitting of the distance between two discrete energy levels and the phonon energy
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Ero. A dramatic modification of the electron and hole relaxation process can occur be-
cause of the lack of lower /higher energy states of electrons and holes matched in energy for
the phonon absorption and emission. In high quality samples and at low excitation den-
sities the relaxation through the ladder of excited states can only proceed via inefficient
multiphonon processes [23] or acoustical phonons. The second consists in the number of
states acting as free final states for scattering processes, which is drastically diminished in
quantum confined structures. The finite degeneracy of each QD state leads to state filling
effects already when few carriers populate the lowest dot states. Thus carrier relaxation
from excited states to energetically lower dot states (inter-dot relaxation) should be hin-
dered already at low excitation densities (Pauli blocking [12]). Both these considerations
have led to speculations about the suppression of the carrier relaxation rate within the lad-
der of the confined energy levels and the existence of the so called ” phonon-bottleneck”. It
was concluded by Benisty et al. [24] that the suppressed excited carrier relaxation presents
an intrinsic mechanism for the poor luminescence of quantum dot structures.

However, a number of experiments have been published which do not indicate the appear-
ance of a phonon-bottleneck or reduced relaxation rates in QDs. Generally, the theoretical
results show that interaction with acoustic phonons can not remove the problem of the
phonon-bottleneck. Apparently, alternative mechanisms come into play such as Auger-like
processes where the energy relaxation is mediated by an electron-hole plasma [25], via en-
ergy transfer from the electron to the hole and fast relaxation within the hole subsystem
[26]. Sosnowkski et al. [22] reported that electron-hole scattering already at low excitation
densities can reduce relaxation times drastically. Lattice imperfections can also contribute
to the relaxation of carriers. In SAQDs a strain-induced polarised exciton is present, which
is expected to enhance the Frohlich interaction according to Minnaert et al. [27] resulting
in a fast carrier relaxation. Brunner et al. reported to have observed slowed energy re-
laxation for GaAs/AlGaAs QDs[28], which are strain free. If one believes that the carrier
relaxation in our strain free QDs, circumventing strain induced polarisation effects, can be

considerably slowed down, observation of a phonon bottleneck could be possible.
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Experimental Setup

3.1 Introduction

From an experimental point of view, single QD spectroscopy would be the technique of
choice for investigations in optical properties. For a fundamental understanding of the
optical properties of a QD, one has to get rid of all background signals, which might
disguise the optical spectra and hence complicate comparison to theory. Experimental
methods with extremely high spatial resolution are required to isolate the dots for advanced
spectroscopic analysis. Therefore a high resolution PL setup is used which allows us to
perform confocal PL microscopy even in cryogenic environments. The main advantage of

such a system is the high collection efficiency and the ability to get images.

3.2 Sample

As described in the introduction 1.2, it is possible to grow QDs on predefined positions and
with reduced size fluctuations. The sample under investigation has these characteristics and
is grown by R. Notzel et al [4]. A method for improving size uniformity, while maintaining a
high density is used, that combines elements of both self-organisation and patterning. For
a detailed description of the procedure see [4]. Here a brief outline will be given. Starting
with a two dimensional GaAs/AlGaAs quantum well grown by MBE on patterned GaAs
(311)A substrates, the evolution of a fast-growing sidewall for mesa stripes along the [011]
directions is observed [29]. The sample is prepared by optical lithography and wet chemical

etching in such a way that stripes orientated along the [011] direction are formed. These
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stripes have a periodicity of 300 um, see Fig. (3.1).

fast-growing sidewall

a)

$ 300 um
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017}
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| | [223]

Figure 3.1: Schematic illustration of the quantum dot sample, a) cross-section and b)

topuiew.

The complete growth sequence consisted of a GaAs/Aly ;Gag 3As double heterostructure
on a GaAs buffer layer. A GaAs quantum well, with AlGaAs barriers, is formed over
the entire substrate. However, the evolution of a fast-growing sidewall is only present
on one side of the etched stripes pattern. A quantum wire structure is enclosed with a
height of approximately 6 nm and a width of approximately 40 nm. If atomic hydrogen
is added during MBE growth on GaAs (311)A substrates, natural one-dimensional surface
corrugations on the nanometer scale form in the [233] direction, which is perpendicular
to the stripe direction mentioned above. These corrugations have a lateral periodicity
of approximately 40 nm and are straight over several micrometers. With the supply of
atomic hydrogen, the natural one-dimensional surface corrugation along [233] direction is
also established on the convex curved part of the sidewall. Due to this effect, the quantum
wire is subdivided into pieces by the step bunching. Therefore the presence of dot-like
nanostructures are observed in the corrugated GaAs layer which is embedded between
the two lower and upper AlGaAs barrier layers, see Fig. (3.2). This mechanism described
above can be used as a template for the formation of nanostructures. The photoluminescence
spectra is dominated by one single sharp peak (FWHM = + 70 peV) without background
emission over a large energy range, see Fig. 3.3.

If only a small fraction of the dots were of equal size, emission of either a number
of sharp peaks or an inhomogeneous broadening would occur; this was not observed by
Noétzel et al [4]. Thus, the atomic hydrogen induced periodic step bunching removes the

random interface fluctuations along the wires while the random interface fluctuations along
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Figure 3.2: Schematic illustration of the quantum dot array.

the step bunches in the corrugated quantum well are removed by the well defined wire
width in patterned growth. The result is a uniform array of QDs. Because on high index
surfaces less step edges occur compared to low index surfaces this effects is even enhanced.
Moreover, the spectra of the QD array remain unchanged when the optical probing is
increased to several micrometers, corresponding to the probing of several hundreds of dots.

Note that the QDs formed by this growth mechanism are strain free. The density of the
1, The background contaminations of the

dots in the one-dimensional array is 1.5 10° cm™
QD sample is in the order of 10*® cm~3. The QDs formed by this method are more or

less rectangular boxes with the dimensions of approximately 40 x 40 x 6 nm, measured
by Atomic Force Microscopy (AFM) and cross-sectional Transmission Electron Microscopy

(X-TEM). Therefore the excited states are non-degenerate in both perpendicular in-plane

directions. The collected photoluminescence is characterised by a narrow peak in the
spectra, with small asymmetric broadening in the sharp PL peak, see Fig. 3.3. This is an

indication for small size fluctuations between the homogeneous QDs.
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Figure 3.3: Optical properties of the @QD-array. a) Micro-PL spectra taken at 8 K at
different positions at the Quwire. The diameter of the ezcitation spot is reduced by confocal
imaging system to 2 pm with an excitation power of 0.1 mW. b) High resolution u-PL of
the @D-array [4].
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As discussed already in 2.2.2 it is difficult to say in which confinement regime the
excitons are. Considering the Bohr exciton radius and the lateral dimensions, the excitons
are confined weakly. However, there is a relatively large band gap energy difference however
between GaAs and Alg7GagsAs i.e. the band gap energy for GaAs is 1.52 eV and for
Alp7GagsAs 2.49 eV at 5K.

o ~04-0.5
~0.1]
1524
AlGaAs GaAs AlGaAs
~0.015T
I ~02-0.3
A

Figure 3.4: Schematic overview of band gap energy for the Alo7Gag3As/GaAs heterostruc-

ture. Numbers shown are energy differences in eV.

Therefore the resulted AlGaAs/GaAs heterostructure which is formed after the growth
sequence will have a large confinement potential, see Fig. 3.4, due to the band gap energy
difference between GaAs and Alp;GagsAs. The groundstate energy is typically in the
order of 100 and 15 meV for electrons and holes respectively. The ratio of groundstate
energy and the confinement potential is high which indicates strong confinement for the
carriers in the QD. Consequently, the excitons are weakly confined by the QD dimensions,
but the carriers are strongly confined by the confinement potential. The confined carriers
will feel primarily the dielectric constant of GaAs, which is important for the Coulomb
interaction, see equation (2.16). Therefore it is necessary to quantise both the electron
and hole motion. It should be mentioned that the confinement potential is not uniform in
all three directions, due to the complex growth mechanism. Therefore this is only used as
a model to be able to make an approximation for the relevant properties, such as Coulomb

interactions.
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3.3 Monochromator

In order to have an high spectral resolution for the collected photoluminescence a Jobin-
Yvon triple spectrometer was used to disperse the light. The T64000 triple spectrometer
delivers a high performance in resolution, stray light rejection and imaging capabilities.
The instrument is based on a triple 0.64 meter focal length mononchromator, which result
in a total focal length of 1.92 meter in additive configuration. It should be mentioned that
the major part of the measurements are carried out in subtractive mode. Depending on
the requirements, different configurations are possible for the monochromator. The first
two monochromators are referred to as foremonochromator and the third is referred to
as spectrograph. Because the gratings are kinematically mounted and driven with a sine
bar, the instrument will operate over a large spectral range. The step size of the sine bar
is 0.01 A based on a 1200 gr/mm grating. The monochromator can be used as a triple
spectrometer with the double foremonochromator usable as a subtractive filter or as a
double additive dispersive system for ultimate resolution. The monochromator is equipped
with two independent sine bars. One is scanning the gratings of the foremonochromator
and the other one is scanning the spectrograph. The gratings of the foremonochromator are
mounted on a single sine bar, which maintains the correct alignment of the two gratings.
Our system is delivered with two different sets of gratings; a set of gratings with 1200
gr/mm and with 600 gr/mm. For specifications for the different gratings, see table 3.1.

Table 3.1: Specifications for the monochromator system.

Subtractive Additive
Grating | Mechanical | Monochannel | Multichannel | Monochannel | Multichannel
(gr/mm) Range Resolution [A] | Coverage [A] | Resolution [A] | Coverage [A]
600 0-3000 nm 0.54 520 0.18 175
1200 0-1500 nm 0.27 260 0.09 87

In the double subtractive configuration, the double subtractive foremonochromator is
used as an tunable filter in the spectral range defined by the scanning mechanism and the
gratings. Light which enters the first monochromator through the entrance slit is dispersed
by the first grating. The exit slit of the first part of the foremonochromator (the entrance

slit of the second part of the foremonochromator) selects a bandpass between A; and ;.
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In the subtractive configuration the grating in the second monochromator recombines all
the dispersed radiations on the exit slit of the second monochromator (the entrance of
the spectrometer). This radiation contains again a range of wavelengths, but now limited
by the spectral range between \; and A, see Fig. 3.5. The grating of the third stage
of the monochromator will again disperse the radiation. The spectrum is acquired with
a multichannel detector in the plane of the exit image or with a monochannel detector
through an exit slit. The effective focal length in this configuration is only 0.64 m. For
optimal use of this configuration, two criteria must be considered. First the width of the slit
Siz/3 must be equal to the width of the entrance slit in order to couple foremonochromator
and spectrograph correctly. And second the width of slit Sj;/2 must be equal to the length

of the multichannel detector for its full coverage.

a) b)
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Figure 3.5: Querview of monochromator in a) subtractive and b) additive configuration.

In the triple additive configuration the monochromator permits to obtain a high res-
olution, because the light is dispersed in each stage of the monochromator, see Fig. 3.5.
The triple additive dispersion is equivalent to a spectrograph of 1.92 m focal length, which

results in a three times better resolution than in subtractive mode. When a multichannel
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detector, for example a charge couple device (CCD) camera, is used in the triple additive
configuration, only the entrance slit S; is narrow, defining the resolution. All other slits
should be widely opened for the largest coverage on the CCD camera. The monochro-
mator is driven by the a custom software program, Labspec which is also operating the
monochannel detector.

To be able to fulfill the specifications of the monochromator, the system must be calibrated
and verified against the specifications. The calibration and determination of the resolution
has been done with a Xenon lamp, which is placed exactly in front of the entrance slit Sj.
In this way the Xe-lamp is positioned as close as possible at the optical axes and acts as a
point source. Determination of the resolution for each individual stage is done by narrow-
ing the entrance and exit slit of each individual stage with all other slits widely opened.
For example to determine the resolution of the second stage, the intermediate slits Sj; /o
and Sjo/3, which act as entrance and exit slit respectively, are narrowed to approximately
30 pm. Subsequently a small wavelength scan is made and the Xe-peak is recorded by a
monochannel detector. After calibration of each individual stage, the deelength of the
double foremonochromator is calibrated and the resolution is determined. Because the two
stages of the double foremonochromator are mounted on the same stepping mechanism
the wavelength can only be calibrated for the double foremonochromator and not for the
individual stages itself. The spectrograph is moving independently and therefore also the
wavelength can be calibrated independently. By calibration of the foremonochromator and
the spectrograph, the total monochromator system is calibrated in wavelength on the Xe-
peak. Hereafter it is possible to determine the resolution of the foremonochromator and
the total monochromator system both in subtractive and additive mode. The results of the
resolution determination are shown in table 3.2. These values are valid for the monochro-
mator system with 1200 gr/mm gratings. The entrance and exit slits were narrowed to
30 - 40 um. The given specifications for the monochromator are 0.27 A and 0.09 A for
triple subtractive and triple additive mode respectively, see table 3.1. Unfortunately, the
specifications are not fully achieved, which can be caused by the following. The positioning
of the Xe-lamp in front of the entrance slit is quite critical. It is not possible to place the
Xe-lamp exactly in the plane of the entrance slit but just in front of it and therefore the
light rays emitted by the Xe-lamp can slightly deviate from the optical axis. Secondly, the
internal alignment is not perfect either, because we often changed the set of gratings. A

light beam which enters the entrance slit completely in the center and which is reflected
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Table 3.2: Measured resolution for the monochromator system with 1200 gr/mm gratings.

Stage | subtractive [A] | additive [A]
Mono 1 0.36 idem
Mono 2 0.20 idem
Double 0.40 0.19
Mono 3 0.37 idem
Triple 0.38 0.18

by first grating also in the center is not going through all centers of the intermediate slits.
This means that one or more elements of the internal alignment of the monochromator are
not perfect. These two imperfections can cause the beam to deviate from the optical axis.
Hence the beam can be stopped by one of the slits if they are being narrowed. To prevent
that the light beam is stopped by one of the slits, the slits must be opened further. This
implies that the resolution is becoming worse, because the resolution is determined by the
slit opening. Despite these imperfections, the obtained resolution is sufficiently high for

the intended measurements and we did not try to further optimise the system.

3.4 Photoluminescence Setup

Photoluminescence measurements are the basic tool that allow for the investigation of
discrete energy levels of QDs. See for a global overview of the PL setup Fig. 3.6. The
sample, which is placed in a Helium flow-cryostat (b),see 3.4 and cooled down to 5 K,
is excited by a laser system (a). Two different laser systems are used; a pulsed and a
continuous wave (cw) laser system. A Helium-Neon (He-Ne) laser is used for the cw laser,
emitting at 633 nm. For the pulsed laser systems two different laser were available; a
Yttrium Aluminium Garnet (YAG) pumped dye laser, which is tunable between 550 - 650
nm and a Ti:sapphire laser, which is tunable between 700 and 1000 nm. The laser beam
is reflected by an semi-transparent mirror onto the sample and is focussed by a Newport
F-LA15 aspheric lens (1) with a numerical aperture of 0.5. The lens has a focus distance
of 2 mm, an aperture of 2 mm and a minimum spot size of 1.8 um. The excitation spot is

imaged by a CCD video camera module on a monitor(h). The focus of the excitation beam
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can be checked on the monitor. The emitted photoluminescence (PL) is also collected by

this lens and is guided through the semi-transparent mirror into the monochromator.

a) Laser system
b) He-flow cryostat
a c¢) Triple monochromator
d) CCD Camera
e) PhotoMultiplier Tube (PMT)
f) Lens
g) Cylindrical lenses
h) CCD vidoedcamera connected to monitor
1) Si-detector connected to powermeter
j) Fast photodiode connected to ADC
k) Sample
1) Aspheric lens
m) Personal computer
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Figure 3.6: Schematic overview of the photoluminescence setup.

The previdusly discussed monochromator is a key element in the experimental setup for
high resolution photoluminescence. The most important issue is to find the optical axis of
the monochromator, in order to have the correct coupling of the light into the monochro-
mator. Several adjustable mirrors and lenses are placed in front of the monochromator
to be able to steer the light beam to coincide with the optical axis. The aperture of the
lens in front of the monochromator has to meet the requirement of £/7.5 to illuminate the
entire gratings for optimal resolution. The optical axis is found when a light beam enters
the entrance slit in the center and also illuminates the center of the first grating. By nar-
rowing the slits, adjusting the mirrors and lenses and monitoring the illumination of the
first grating the optical axis is found. The PL is subsequently dispersed by the monochro-
mator (c) and detected by a 2-dimensional CCD camera (d) or a Photo Multiplier Tube

(PMT) (e). A movable mirror just in front of the exit slit of the monochromator, driven
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by the monochromator software makes it possible to switch between the CCD camera and
the PMT. The deep depletion silicon 2-dimensional, 1340 x 100, array CCD camera with
a pixel size of 20 x 20 um, is cooled with liquid nitrogen. The CCD camera, which has
the best quantum efficiency from 700 to 900 nm, allows us to image the light emitted or
reflected by the sample. The advantage of the CCD camera over the PMT is the ability to
make an instant wavelength scan over a large range. Imaging the laser spot on the sample
with the CCD camera, it appeared that the spectral and spatial focus distances were not
the same. This astigmatism of the monochromator was corrected by two cylindrical lenses

(g) in front of the monochromator.

spatial distance

2 pm

photon energy [eV]

Figure 3.7: Image of the GaAs QW PL. The photon energy is plotted along the horizontal

azris and the spatial distance in one direction of the sample along the vertical axis.

To check the correction for astigmatism the PL of the GaAs Quantum Well (QW) is
imaged by the CCD camera. The distance between the two cylindrical lenses is varied such
that the image of the GaAs QW PL is at his narrowest. This also determines the spot size
on the sample, see Fig. 3.7. The spot size is calculated, from Fig. 3.7 together with the
magnification of the lens systems, to be approximately 2 um. The next step is finding the
QDs by scanning the laser spot over the sample with the help of the micrometer screws.
Having found the position of the QD array, the PL emitted by the QDs can be detected.
The size of the laser spot corresponds with the excitation of approximately 25 QDs. The
excitation power is measured with Si-photodetector connected to a digital Newport 835
digital power meter (j). A polarising filter between the cryostat and the monochromator

can be added to the setup for polarisation dependent measurements.
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Cryostat

A He-flow cryostat is used with a home built insert, see Fig. 3.8.

a)

b) ‘

Figure 3.8: a) The spring based manipulation system, which can be externally scanned, is

connected with the lens. b) Externally scannable lens just in front of the sample holder.
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The aspheric lens is mounted on the insert just in front of the sample for stability.
The raw focussing is done manually outside the cryostat. Three micrometer screws are
attached to the lens, to be able to steer the laser spot over the sample with a conveyance
of 30:1. Two micrometer screws are for scanning over the sample and a third one for the
fine adjustment for focussing of the lens. This enables us to scan the externally in all three
directions with a precision of 0.1 yum using the spring-based manipulation system. The

maximum adjustable distance of the aspheric lens inside the cryostat is 300 pm.

3.5 Micro-Photoluminescence Experiments

(Non-resonant excitation)

The characteristic feature of u-PL is that the excitation spot size is in the order of microns.
In this way we are able to excite only a small number of dots and can observe, what is
to be most likely in our case, a homogeneous set of dots. Due to the small spot size,
high excitation density can be achieved. Measurements are carried out with excitation
densities in the range of 10° - 10* W cm™2. All three laser systems are suitable to perform
u-PL. The monochromator is used in subtractive mode with a spectral resolution of 80
peV. The condition of obtaining clear peak(s)in the PL spectrum, which are characteristic
of systems with a discrete energy levels, is to avoid thermal broadening. Therefore the
measurement are taken at 5K, so that the condition kg7 < ¢ (9 is the energy separation
of neighboring energy levels) is satisfied. Furthermore, at low temperatures phonons are
less probable to dephase with excitons, which also results in a more clear PL spectrum.
First the PL intensity of the GaAs QW is optimised by the mirrors and the lenses in
front of the monochromator. The correction for the astigmatism is checked and adjusted
if needed. Subsequently the emitted PL of the QDs, displayed on either the CCD camera
or the PMT, is also optimised by the mirrors and lenses in front of the monochromator.
The principle of PL experiments is presented in Fig. 3.9. A laser beam of appropriate
wavelength excites the electrons from the valence band to the conduction band and creates
electron-hole pairs (E;, — e + h). These pairs can be excited into the discrete levels of
the dot, into the two dimensional quantum well or into the bulk semiconductor continuum.
The wavelength of the excitation source is in most cases A < 700 nm and the electron-

hole pairs (excitons) are created above the energy levels of the dots, in the GaAs QW. A
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fraction of the generated particles are captured into the QD and relax non-radiatively to
the ground state or into weakly excited states of the QD. Finally, the electron-hole pairs
confined in the QD recombine, emitting photons, which are then detected (e + h — Eoy:).

increasing excitation power
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Figure 3.9: Photoluminescence experiment: measurement of the intensity of the outgoing

beam E,as function of the wavelength.

Depending on the exciton creation rate, which is related to the excitation density of
the sample two situations are possible:
(i) The number of created excitons is so small that at most a single exciton is confined at a
time in each dot (each confined exciton recombines before the capture of the next one during
its recombination lifetime). When the relaxation rate is higher than the recombination rate,
almost all excitons relax to the ground state before recombination, and a single peak will
dominate the PL spectrum. The reason for the occurrence of higher-energy peaks in the
PL spectrum may be the presence of excited states in the energy level system, for which

the characteristic relaxation time is larger than the recombination lifetime, as discussed in
2.5.
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(ii) The carrier capture rate into the QDs is larger than the recombination rate. In this
case the number of created pairs is large enough to reach the state of quasi-equilibrium,
in which the dot is populated with a number (N) of bound excitons. In such a case, the
recombination from the initial (ground) state of N excitons is possible either to the final
ground state or to final excited state of N — 1 excitons. Due to Pauli’s exclusion principle,
some of the particles occupy higher-energy levels and therefore multi-excitonic spectra can
be observed.

For identical excitation density, in pulsed excitation all carriers will recombine, before
the next excitation pulse. The last recombination will most likely be the 1X — vacuum
recombination, when only one exciton is still remaining in the QD. So in a pulsed excitation
PL experiment, the single exciton recombination peak is expected to occur always and thus

be dominantly present in the PL spectrum.

3.5.1 Resonant Photoluminescence (RPL)

The excitation energy in RPL is in resonance with the higher confined energy levels of
the QDs. The excitation wavelength for RPL is A > 700 nm for our measurements. The
carriers can relax to the lower energy levels and the emitted PL from the these levels will
be detected. By exciting higher energy levels and observing the emitted PL one can get
more insight in the QD characteristics. To make sure only one energy level is excited, a
narrow linewidth for the excitation beam is required. Knowing the pulsewidth of the laser
it is possible to calculate the linewidth of the excitation beam, assuming transform limited
pulses, from the uncertainty principle (AEAt > k/2). When using the Ti:sapphire laser
system in cw mode (At can be considered infinitive), the linewidth (AE) of the excitation
beam is a few meV, which is considered sufficient narrow for exciting only one energy level.
The excitation density will in general need to be higher because of the lower absorption
probability for the QDs. The measured spectra however will have a lower background with
respect to the non-resonant PL due to the absence of GaAs QW related PL. Because of the
lower absorption coefficient of the QDs compared to the QW also the amount of excited
carriers is less. When less electron-hole pairs are created the probability of Auger scattering
(and thus dephasing) is lower, resulting in less broadening of the peaks. A narrow linewidth
of the excitation beam enables the possibility to do PhotoLuminescence Excitation (PLE).

Apart from high excitation densities to observe excited states of the QD, also PLE can be
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used. PLE is based on an absorption depending measurement technique. The energy of the
excitation beam E;, is varied and only the emitted PL is detected on a fixed wavelength.
The intensity of the detected system is related to the number of electron-hole pairs excited
at a given energy F;,. This is because the number of electron-hole pairs that relax to the
state from which recombination is detected depends on the total number of created pairs.
On the other hand, the absorption probability is proportional the joint (optical) density
of states of the electron-hole pair. Hence, a peak in the PLE-spectrum corresponds to a
peak in the optical density of states, which in the QD case translate to a discrete energy

level diagram.

3.5.2 Time Resolved Photoluminescence (TRPL)

To obtain experimental evidence for possible long relaxation times, time resolved measure-
ments are required [23]. The time dependent properties of each individual peak can be
analysed by fixing the monochannel detector at the center of a PL-peak. The PMT is re-
placed by a fast Hamamatsu R3809U-51 microchannel plate PMT. Time Correlated Single
Photon Counting (TCSPC) is used for TRPL. A pulsed laser system is needed to generate
a "start” and "stop” signal. The pulsewidth of the modelocked Ti:sapphire laser system
is 150 fs which results in a linewidth of approximately 30 meV. The repetition rate of the
laser is 78 MHz. The excitation pulse triggers the fast photodiode (j), see Fig. (3.6), which
is electronically delayed and will eventually act as a stop signal for the time dependent
measurement. It should be mentioned that the number of photons per pulse is larger than
the number of emitted photons. The emitted PL is detected by the microchannel plate
and the first emitted photon acts as the start signal for the time dependent measurements.
The microchannel plate is connected to a 1-GHz amplifier and timing discriminator, which
is optimised for use with millivolt signals produced by microchannel plate detectors. The
timing discriminator output logic pulse can be transmitted over much longer cables to a
time to pulse height analyser, which is subsequently connected to a multichannel analyser
(MCA) without compromising the picosecond time resolution. The electronic delay of the
measurement equipment is calibrated with a timing calibration and the time resolution is
measured using the 150 fs laser pulse and is of the order of 90 ps. The excitation can be
done in the bulk or GaAs QW or close to (near resonant PL) or in (RPL) resonance with

the quantised levels of the QDs. However due to the broad laser line in resonant excitation
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multiple energy levels can be excited.




Chapter 4

Micro-Photoluminescence

Experiments

4.1 Introduction

Optical measurements allow to probe the electronic structure of a dot in detail, which will
be required for a full understanding of QD structures. The number of lines increases with
increasing excitation density, which is assumed to correlate with an increasing number
of charge carriers in the dot. Optical studies of semiconductor QDs might open new
possibilities for investigating Coulomb interactions in multiparticle states consisting of
electrons, holes and excitons. In this chapter, high spectral resolution photoluminescence

is carried out and discussed.

4.2 Previous Results of PL on QDs

The confined nature of the single-particle states in QDs has been shown by various tech-
niques of optical spectroscopy. Multiparticle effects are of importance in a variety of aspects
of the linear and nonlinear optical properties of semiconductor quantum structures. The
number of charge carriers in QDs correlates with excitation power. Thus by varying the
excitation power density, the number of charge carriers in the QDs can be influenced. The
formation of multiparticle complexes in QDs is determined by the strong Coulomb inter-
actions among carriers. The interplay of these effects can cause new collective phenomena.

A well-known example of such a complex is the biexciton. Biexcitons in QDs have been
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subject of a number of investigations [6, 30, 31]. A systematic increase of the ground
state biexciton binding energy with decreasing dot size was found by Bayer et al. [30].
Landin et al. however observed the recombination energy of the biexciton below as well as
above the single exciton peak. In a quantum well a biexciton is formed by molecule-like
attraction, making the biexciton emission energy lower that the single exciton emission.
In a quantum dot the electron and hole wave functions are primarily determined by the
strong confining potential. The charge distribution resulting from those confined wave
functions is determining the Coulomb energy, depending on the relative strengths of the
electron-electron, hole-hole and electron-hole interactions. In general, it is believed that
the biexciton binding energy is of the order of magnitude of 2 - 5 meV. It is also found in
literature that the luminescence lines of the biexciton recombinations grow superlinearly

approximately proportional to the square of the excitation density [6, 7).
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Figure 4.1: Single SAQD PL spectra at various cw ezcitation powers [11]. The exciton is
labelled 2, the biexciton as 1 and 3 and higher represent excited states. The inset contains

similar spectra from SAQD sample without aluminium.
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At even higher excitation densities carriers will also fill higher energy levels with mul-
tiparticle complexes and are able to recombine from excited states. A typical PL spectra
is shown in Fig. 4.1. The PL spectra are composed out of groups of emission lines, with
a few characteristic spectral lines in each group. The rate at which the intensity of each
emission line grows with excitation power is different. This behavior has been observed in
several multi-excitonic recombination spectra. At low excitation densities, emission from
the ground state is observed [7, 11, 18]. The ground state can be occupied by not more than
two excitons, resulting in a group of peaks at the low energy side. Increasing excitation
densities results in complete ground state filling and saturates emission. Simultaneously,
emission from the second energy level appears, resulting in a group of lines at higher en-
ergy. According to the model the lowest energy peak (line number 1) should appear only
when the number of excitons exceeds two. The first peak observed by Dekel et al. however
is the lowest energy peak, which is designated as the biexciton recombination, instead of
the expected single exciton recombination, see Fig. 4.1. This discrepancy is explained by
Dekel et al. in terms of nonradiative recombination channels which are very efficient at low
excitation densities and quickly saturate at higher excitation densities. Such nonradiative
recombination channels are known to be the result of aluminium content in the barrier
layers. The quick saturation of these non-radiative recombination channels at higher exci-
tation density is, in our view quite surprising. Therefore GaAs QDs embedded in InAs are
also measured for comparison as can be seen in the inset. In the absence of the nonradiative
decay channels, associated with aluminium, the single exciton (2) and biexciton (XX) lines
are clearly observed in these spectra already at extremely low excitation powers. Emission
lines of electrons and holes that occupy excited confined energy level have been reported,
however these lines are still not completely understood in a coherent picture which agrees
with experimental observation of different authors. Therefore it is important to get an
insight in the electronic structure, the characteristic role of energy level filling and carrier

relaxation of QDs.

4.3 Experimental Observations

The sample was lightly glued on a coldfinger with characteristic direction of the sample as
close as possible in the directions of the micrometer screws. The emitted PL of the GaAs
QW is a broad peak around 695 nm (1.78 eV) and the PL lines of the QDs near 765 nm
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(1.62 eV) [4], see Fig. 4.2.
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Figure 4.2: Micro-PL spectra taken at 5 K at different wavelength positions of the

monochromator.

The QW is used as reference and for optimising the throughput of the monochromator.
Photoluminescence measurements are carried out with different excitation densities. The
excitation power is attenuated by Neutral Density (ND) filters in series with a rotating
gradient ND filter. These filters are selected in order to have minimum spatial displacement
of the excitation beam, since any such displacement also moves the excitation spot away
from the QDs under study. While scanning over the sample, abrupt appearance and
disappearance of PL peaks is observed. This is strong evidence for the local homogeneity
of the QDs. The measured PL spectra are shown in Fig. 4.3.

The sample is excited with the dye laser at 585 nm (2.13 eV) with a repetition rate
of 78 MHz and a pulsewidth of approximately 1 ps. The emitted PL is dispersed by the

monochromator in subtractive mode. The spectral resolution in subtractive mode, see table
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Figure 4.3: Photoluminescence spectra of GaAs QDs for different excitation densities.
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3.2, is 80 peV. The integration time was 1 minute except for the lowest excitation density
where it was 15 minutes. The intensity of the lowest excitation density is normalised to 1
minute. Figure 4.3 shows three distinct peaks at the lowest excitation density developing
in a more complex PL spectra with increasing excitation density. The spectra features a
great resemblance with previous observed PL spectra on single QDs reported in literature.
We however want to emphasize that we observe QD-arrays with approximately 25 QDs
within our excitation spot. Assuming non-homogeneous QDs, the pronounced measured
PL peaks originate from QDs with different dimensions. Figure 4.3 shows three pronounced
peaks at 1.6320, 1.6461 and 1.6479 eV respectively. Those three PL peaks might originate
from single ground state exciton confined in a QD with different dimensions. The QD
dimensions can be determined by varying them, so that the recombination energy will
become 1.6320 or 1.6461 eV respectively. If the PL at that energy is emitted by a single
ground state exciton confined in a QD, the dimension of such a QD emitting an photon at
1.6320 or 1.6461 eV would be approximately 36 x 39 x 7.40 nm?® or 32 x 34 x 7.06 nm?3,
respectively. That would mean that the QD dimensions would vary about 10 % within 2
pm, which could be possible. The same applies for the PL peak at 1.6479 eV as well as
for the pronounced PL peaks measured in Fig. 4.5b. However based on our measurements
we assume we are dealing with a set of homogeneous QDs with no size fluctuations on the
length scale of the laser spot (& 2 um), as will be discussed in the next paragraph.

The strong PL peak at approximately 1.632 eV is considered to be the single exciton peak.
The feature at the low energy side is assumed to be the biexciton peak. The peaks at
higher photon energies are assumed to be excited exciton recombinatibns, which will be
discussed in the next paragraph. The photon energy difference between the single exciton
and biexciton is 2.5 meV, which is in good agreement with previously reported results.
Taking a closer look at the evolution of the peak intensities of the exciton and biexciton,

results in Fig. 4.4.

The different behaviors of the single exciton and biexciton with increasing excitation
density are shown. The PL peak of the single exciton grows linear with increasing excitation
density up to a certain density where saturation effects become dominant. The biexciton
intensity differs from the linear dependency, shown by the drawn line, see Fig. 4.4. The
intensity of the biexciton peak is growing superlinear with increasing excitation density.
Once again this behavior is exhibited until saturation effects become dominant. This

behavior is observed multiple times at various positions at the sample. Therefore it is
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Figure 4.4: Ewvolution of the peak intensity as a function of the excitation density. The

lines drawn represent linear dependency between peak intensity and excitation density.

likely to assume that biexcitons exhibit a superlinear dependency with increasing excitation
density.

Subsequently, PL measurements were carried out in order to make a comparison between
excitation with the HeNe (cw) laser system with excitation at 633 nm in the QW and the
Ti:sapphire mode locked laser at 746 nm, exciting only in the QDs, at identical positions
at the sample. Note that these measurements are performed at a different position on the
sample with respect to the spectra measured in Fig. 4.3. The difference between excitation
in the quantum well and quantum dot can be seen in Fig. 4.5a. Excitation in the QDs
results in a cleaner spectrum with the peaks more distinctively visible. In this situation
the detection region is close to the energy of the excitation beam, which causes the increase
in intensity at higher photon energies. PL measurements for different excitation densities
are carried out for excitation at 746 nm as well, see Fig. 4.5b. Higher excitation densities
are needed because of the lower absorption of the QDs compared with excitation in the
QW. Once again spectra similar as discussed before are observed. The full width at half
maximum (FWHM) of the dominant peak at 1.6194 eV, which is considered to be the
single exciton peak, is approximately 170 peV. The FWHM of the single exciton peak,

results in a dephasing time of > 2 ps. The observed spectra for excitation at 746 nm are
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an excellent example to show the high amount of regularity of the position of the different
PL peaks. Exciting in the QDs, avoids QW related PL, leading to better information about
the optical properties of QDs.

4.3.1 QD homogeneity

In section 3.2 it is assumed that we are dealing with a set of homogeneous QDs within
an one dimensional array. Careful analysis of the numerous PL measurement which have
been carried out, yield a number of strong indications for the local homogeneity of the
QDs in the arrays. These indications are: (i) Upon scanning the excitation spot along the
QD-array, the abrupt and simultaneous appearance and disappearance of successive multi-
excitonic features with very sharp peaks (< 0.2 meV) are observed. (ii) The QD emission
peaks show a small asymmetric broadening, as already reported by Notzel et al. [4],
which indicates small size fluctuations between the homogeneous QDs. (iil) The excitation
density dependent measurements show the appearance of new peaks, with identical peak
characteristics, with increasing intensity indicating a multi-excitonic spectrum instead of
PL lines originating from dots with different dimensions. (iv) After analysis of many
measured PL spectra, the spectra do not show randomly distributed peaks along the energy
axis; the positions of the different peaks are strongly correlated. (v) Our exciton lifetime
measurements using TCSPC and pulsed excitation show that only the ground state exciton
has a delayed risetime [11, 32] at higher excitation density, see Fig. 4.6 . Due to practical
reasons these measurements could not be performed on the identical positions at the sample
where the previous spectra are measured. Nevertheless, the lifetime measurements are
performed on PL peaks which display a high analogy with the previously observed spectra.
Such a delayed risetime is typical for the ground state exciton since the ground state exciton
recombination line becomes visible only after the recombination of all other excitons in
multi-excitonic complexes.

Taking into account these indications, we thus interpret the u-PL spectra as multi-
excitonic spectra from locally homogeneous QD-arrays. On macroscopic distances along the
QD-array however, the u-PL spectra can strongly vary, indicating that the QD dimensions
and excited state degeneracy, determined by the symmetry along [011] and [233] vary

substantially with macroscopic position.
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Figure 4.5: a) Comparison of PL with ezcitation at 683 nm (cw HeNe laser) and ezcitation
at 746 nm (Ti:sapphire mode locked laser)with an ezcitation density of 160 and 960 W /cm?
respectively. The two sharp lines at about 1.645 eV are laser lines from the He-Ne laser. b)
PL spectra with excitation at 746 nm (Ti:sapphire mode locked laser) for different excitation

densities.
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Figure 4.6: Time resolved PL measurements on a spectra with high analogy with previously

observed spectra.
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4.4 Interpretation of the observed PL spectra

4.4.1 Assignment of the excited single exciton lines

For the spectrum observed in Fig. 4.3, we observe the ground state (11) single exciton (1X)
at 1.6320 eV and a biexciton (2X) line at 1.6295 eV, corresponding to a biexciton binding
energy of 2.5 meV. In addition we observe sharp peaks at 1.6461 and 1.6479 eV, which
we attribute to the (12) and (21) single excited exciton, since these peaks emerge already

at low excitation density. Recombination of carriers is only allowed for carriers which
h

occupy the same confinement level, since conservation of the quantum numbers n{ = n}! is
required. Therefore the positions of the excited single exciton recombinations correspond
to the confined energy levels corrected by the Coulomb interaction energies, which can be
calculated by equations (2.12) and (2.16), see appendix for exact values. By varying the
dimensions of the QD the corrected energy levels have to coincide with the recombination
energies. Doing so for the spectrum measured in Fig. 4.3 QD dimensions of 36.2 x 38.9 x
7.40 nm? are obtained for electron and hole effective masses equal to m} = 0.067m? and
mj, = 0.5m2. The obtained dimensions of the QD are in reasonable agreement with the
dimensions measured by AFM. The fact that the two sharp peaks at 1.6461 and 1.6479 eV
match with the (12) and (21) excited exciton levels of a QD of these dimensions, is a strong
indication for our assignment. The same procedure is done for the spectra shown in Fig.
4.5 which results in QD dimensions of 36.5 x 35.5 x 7.84 nm?3, see also appendix. It should
be stressed that the assignment of these two lines is not yet final. We will however show
that this provisional assignment allows us to eventually fit multiple exciton (3X — 2X and
4X — 3X) and excited biexciton features, which emerge at higher excitation densities, with

a small number of additional fitting parameters.

4.4.2 Identification of the observed recombination lines

Depending on whether carriers relax to their lowest possible energy state before they
recombine (A), or whether they recombine before they relax (B), two different ways of filling
the QD are distinguishable. The first situation (A) greatly simplifies the spectrum, since
the number of possible initial states before recombination is reduced. In a system where the
particle relaxation time is longer (B) than the exciton recombination time [12, 7], additional

recombination are possible and extra PL peaks can occur in the PL spectrum. We focus
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on the Coulomb and exchange interaction [21] that arise between the carrier occupying the
single QD by applying a Hartree Fock approximation treating the QD confinement levels
with a simple particle-in-a-box model, as described in chapter 2. The energy of an exciton
in the ground state is given by equation (2.17) and the biexciton energy is expressed in
equation (2.18). If the single exciton (1X) recombines, the final state is the vacuum (v)
state: a single line appears in the spectrum. Upon recombination of a biexciton (2X), the
1X is the only allowed final state, also contributing a single line to the PL spectrum, see
Fig. 4.7. The recombination energy of a certain state in a PL experiment can be calculated

by the difference between the final state energy and the initial state energy:
EpL = Einitia — Efinal-

The band gap energy E, of GaAs at 5 K, which is E; = 1.5190 eV, has to be added for the
correct value in the PL spectrum. Applying this to the case of biexciton recombination,

results in:

E?’L,ZX =E;+ Eyx — Eix =
E9+E1X _*_‘/cll/ll,

with V2" known as the biexciton binding energy, see Fig. 2.4 and equation (2.18).
Additional PL lines can be constructed by allowing recombination of single excitons from
the QD’s first (12) and second (21) excited energy levels to vacuum, as discussed in 4.4.1,
at energies E;x- and Ejx.+, see table 4.1. The first excited biexciton states, have one
electron in (11) energy level and another in (12) or (21) energy level, are represented by
2X*$ or 2X** and 2X**¢ and 2X**!, respectively. In the excited biexciton configuration,
either the exciton in the (11) or in the (12) can recombine, resulting in four different
recombinations: 2X* — 1X, 2X* — 1X*, 2X* — 1X, 2X** — 1X*, shown in Fig. 4.7.
Identical recombination transitions are possible for the 2X*** and 2X*** configurations.

Table 4.1 displays an overview of the possible transitions with up to four excitons.
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Figure 4.7: a) The ground state 1X — v and biexciton 2X — 1X recombinations are shown.
The electron and hole ground state, first and second excited states are indicated with (11),
(12) and (21) respectively. Vertical arrows show the electron and hole spin alignment. b)
Various excited biexciton to exciton transitions. Superscripts ’s’and 't’ indicate the singlet

and triplet configuration.
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Table 4.1: The various transitions from the three lowest energy levels, occupied with up to
four excitons. Also shown are the PL energies, expressed with regard to other tabulated PL
lines and with appropriate Coulomb and exchange energy terms. The labels ’a’ through p’

identify the lines with respect to the figures.

PL transition PL energy label (ICR) | label (ISR)
IX—>v Eix (a) (a)
1X* > v Ey x- (c) (c)
1IX* > v Eqxes (d) (d)
2X — 1X Eyx — VM (b) (b)

2X* — 1X* Eix — V2?2 (e) (m)

2X* — 1X Eix. — VA2 (f) (n)

2X* — 1X* Bix — Vcll/12 - Vz11/12 (g) (e)

2X* — 1X Eyxs — VIR _y (h) (f)

22X — 1X** Eix — V2 (i) (o)

2X*s — 1X Eyx-. — Va3 (i) (p)

2X*E 5 1X* Eix - V2P -y (k) (g)

29Xt 5 1X Eyxe — VY2 Ly 2 4y (h)

3X — 9X Eix. — 2ViV12 _ yuiz ) (i)
3X — 2X* Esx—1x — ‘R (n) 8)
3X — 2X*¢ Esx—1x — 611/12 = Vxn/m ’ (o) (k)

4X — 3X | By — 2VI12 _ iz _y2ne (p) )

Identification of PL transitions in the measured spectrum Fig. 4.8 can be done by

varying the various energy terms as fitting parameters. The 1X — vacuum and 2X —
recombination lines are used to fit E;x and vy 11, while the two excited single exciton
transitions are used to fit E;x» and E;x~. Having fit these four lines, 11 other peaks in the

spectrum (e’ through ’0’) can be fitted with only 4 additional parameters, being vz

12 /2 and VY. The 4X — 3X (line ’p’) recombination requires one additional

free parameter V:}W 2. The most important features of the measured spectrum can be

)

identified by choosing the proper values for the fitting parameters, see Fig. 4.8 and table

4.2. The fitting method used for Fig. 4.8 will be called "incomplete carrier relaxation”
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(ICR). Having in mind the list of possible transitions of 4.1, groups of lines can be fitted by
varying the different Coulomb and exchange contributions in order to obtain a high quality
fit. It should be mentioned that line (o) lies outside the energy range of the measurements.
Due to the fact that only four excitons and the first three energy levels are considered,
we are unable to identify the features above 1.65 eV. Calculations indicate that the (22)
energy level is to be expected at an energy of about 1.66 eV.

However, based on spin relaxation related results in literature [12, 33, 34], singlet states
are expected to have a lower probability to recombine before they relax than triplet states.
Due to the fact that triplet configurations need a spin-flip [33] process before they can relax
to a lower energy configuration. This spin-flip process in combination with relaxation will
require more time, hence recombination before relaxation to a lower energy state will have
a higher probability. Therefore, it is more likely to observe peaks from triplet states in
the PL spectrum. By taken into account these considerations, we will again try to explain
the most important features in the measured spectrum, see Fig. 4.9. The method of
fitting in this way will be called ”incomplete spin relaxation” (ISR). The fitted PL lines
for the singlet states are displayed at the bottom part of the figure, representing a lower
probability. In the appendix all possible cbnfigurations and transitions are listed together
with extensive fit to the measured spectrum for the two different fits.

Again by fixing the transitions of the PL peaks ’a’ through 'd’ and varying four addi-
tional fitting parameters an adequate fit of the measured spectrum can be made. Compar-
ing the resulting values of the two different manners of fitting the measured spectrum of
Fig. 4.3, leads to table 4.2. The biexciton binding energy is chosen to be the same for the
two fits.

Notice that our simple QD model predicts a zero value for the biexciton binding energy
and other biexciton Coulomb terms. The Coulomb interactions that compose the biexciton
binding energy exactly cancel in a QD with infinitely high barriers, resulting in identical
electron and hole envelope functions and thus a zero net charge distribution. Furthermore,
all Coulomb energy terms are composed out of four Coulomb terms of values in the order
of 10 meV. In different confinement limits, deviations may come from asymmetry of in-
teractions. Depending on whether the electron-hole attraction is weaker than or equal to
the electron-electron and hole-hole repulsion, slight deviations may occur by adding and
subtracting these values, leading to a contribution in the biexciton binding energy. Such

a cancellation does not occur for the exchange term. A slight deviations in the exchange
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Figure 4.8: Micro-PL spectra, measured at identical positions on the sample taken at 16, 32
and 640 W/cm?. Note that the z-azis has an offset between the highest excitation density
and the other two excitation densities. The various transitions from the three lowest energy

levels are shown corresponding to the labels in Table 4.1.
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Figure 4.9: Micro-PL spectra, measured at identical positions on the sample taken at 6.5,
16 and 32 W/cm?. The various transitions from the three lowest enerqy levels are shown

corresponding to the labels in Table 4.1.
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Table 4.2: The eztracted values for the various interaction terms of the two different fitting

methods for Fig. 4.3. The values shown are in meV.

interaction term | incomplete carrier relaxation | incomplete spin relaxation
e -2.5 -2.5
el -2.6 1.2
s -2.0 0.5
vz -3.0 -3.6
P -3.5 -4.9
A 35 -4.8

energy values is obtained in comparison with the theoretical calculated value of - 7.0 meV.
Once again this is caused by the simplicity of our model, which is based on ideal QDs which
have impenetrable walls. In practice, the wavefunctions of the carriers will penetrate into
the barrier and hence the exchange energy will decrease due to the decrease in overlap of
the wavefunction from different energy levels.

Nevertheless, it appears that by choosing four lines and varying the values for the interac-
tion energy terms, two high quality fits can be obtained. However, it should be mentioned
that by allowing the carriers to relax to the lowest possible energy level, no high-quality fit
of the spectrum can be obtained. These observations and corresponding fits indicate the
presence of a phonon bottleneck in these strain free QDs.

These fitting methods can be applied to the measured spectra of Fig. 4.5b for checking the
accuracy of the two fitting methods. Notice that these measurements are carried out with
excitation using the mode lock Ti:sapphire laser system at 746 nm. As already displayed
in Fig. 4.5a, fine distinction are noticeable between exciting in the QW and QD. Applying
the incomplete carrier relaxation method for the measurements of Fig. 4.5b, results in Fig.
4.10.

The quality of the fit is not as good as it is for the measured spectra of Fig. 4.8. It is not
possible to fit all PL peaks of this measured spectra, with keeping the values for the fitting
parameters close to the values obtained for the previous fit, see table 4.4.2. Although the
regularity and the relative position of the peaks resulting from this fitting method are in

good agreement between the two different spectra. For a complete overview of the fit for
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Figure 4.10: Micro-PL spectra, ezcited with the Ti;sapphire laser in mode lock at 746

nm, measured at identical positions on the sample taken at 160, 320 and 480 W/cm?. The

various transitions from the three lowest energy levels are shown corresponding to the labels

in Table 4.1.
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Table 4.3: The extracted values for the various interaction terms of the two different fitting

methods for Fig. 4.5. The values shown are in meV.

interaction term | incomplete carrier relaxation | incomplete spin relaxation
u/n -2.9 -2.9
11/ -3.3 1.1
/a -3.1 1.0
Vi -2.5 -2.9
a2 -2.9 -5.3
A -2.0 -6.3

this spectra see the appendix. The same can be done for the incomplete spin relaxation
method, leading to the fit displayed in Fig. 4.11.

The quality of this fit is again rather high, with comparable values of fit of the previous
spectra, see table 4.4.2. Note that the features at low photon energy (£ 1.60 eV) can not
be explained by either of the two fitting methods. A more extensive fit is given in the
appendix. For low excitation density however, the excited single exciton recombinations in
Fig. 4.5 are not that pronounced as in Fig. 4.3. This could indicate an enhanced carrier

relaxation compared with the previous spectra.
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Figure 4.11:

nm, measured at identical positions on the sample taken at 160, 320 and 480 W/cm?. The

various transitions from the three lowest energy levels are shown corresponding to the labels

in Table 4.1.




68 Chapter 4. Micro-Photoluminescence Experiments

4.5 Discussion of the fitting methods

Taking into account up to four excitons and the lowest three energy levels of QDs, two
Hartree-Fock based fitting procedures are used to fit the measured spectra. The incom-
plete carrier relaxation method is depending on the presence of a phonon bottleneck in
the QDs. In contrast to SAQDs, our QDs are strictly strain free, circumventing strain
induced polarisation effects within the dot [27], which might lead to the existence of a
phonon bottleneck. Especially the first spectrum 4.8 can be fitted accurately by the ICR
method. This method correctly predicts the position of the 3X — 2X recombination,
which is becoming visible at higher excitation densities. At such excitation density, also
the other possible recombination from 3X to excited 2X states should become visible. At
even higher excitation density the 4X — 3X will be visible as well. The value of the addi-
tional free fitting parameter for identifying the 4X — 3X transition is in good agreement
with other values, which makes the position of that transition plausible. Figures Ba and
Bb in the appendix displays that the PL lines appear in two groups. One group con-
sists of PL lines originating from recombinations of an exciton in the ground state (s-shell
recombinations), the other group consists of PL lines originating from recombinations of
an exciton from either the (12) or (21) energy level (p-shell recombinations). The high-
est possible recombination energy from the s-shell is the single exciton recombination, all
other exciton recombinations from the s-shell will have additional Coulomb or exchange
term lowering the recombination energy. The highest p-shell recombination is 1X** — to
vacuum and the lowest possible p-shell recombinations considering up to four excitons in
the incomplete carrier relaxation is the 4X — 3X recombination. These two values set
an energy range in which all possible p-shell recombination will recombine. In the case of
incomplete spin relaxation this is slightly different, because also positive terms come into
play. However almost all p-shell recombinations for both fitting methods have an higher
recombination energy than the single exciton recombination energy. From the extensive
fits in the appendix it can be seen that the predicted closely packed PL lines coincide with
measured PL peaks. Comparing the incomplete carrier relaxation with the incomplete spin
relaxation for spectra measured in Fig. 4.3 some significant differences are noticeable. For
the incomplete spin relaxation the transitions from 3 or 4 exciton complexes are already
visible at relative low excitation densities compared to the incomplete carrier relaxation.

The incomplete spin relaxation method predicts identical recombination energies for tran-
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sitions for several recombination transitions consisting out of 3 or 4 excitons. Hence for
higher excitation densities the probability to observe recombination from 3 or 4 exciton
complexes becomes higher, due to overlapping transitions from different configuration with
identical recombination energy. The increase in intensity of 3 or 4 exciton recombination
for increasing excitation density recombination could thus be explained. Concerning the
global positions of the s- and p-shell recombinations of the different fitting methods ISR
would have a slight preference. The predicted lines in the ISR-method are in better overlap
with the measured PL peaks and also the most pronounced measured PL peaks lie within
the predicted energy range of the p-shell of the ISR-method. The approximate position of
the peaks is directly related to values for the fitting parameters. The values for the differ-
ent Coulomb energies are expected to be close to zero either positive or negative, which
is for both fits in good agreement. The exchange energies of the ISR-method are closer
to the exchange energies theoretically calculated (- 7.0 meV) for a QD with impenetrable
walls. In the practice the exchange energies are expected to be lower which would give
the ISR-method the preference. However, the transition 3X — 2X* (line 'k’ in Fig. 4.9)
does not overlap with a measured peak in the incomplete spin relaxation fitting method.
Although the 3X — 2X*! recombination is quite probable to occur and is thus likely to be
measured. The predicted position of the 3X — 2X* recombination does not coincide with
a measured peak, but lies in a shoulder in between the exciton and biexciton recombina-
tion lines. These considerations would favor the incomplete carrier relaxation above the
incomplete spin relaxation fitting method for the spectra of Fig. 4.3.

An analogue comparison can be made for the two fitting methods considering the spectra
of Fig. 4.5b. The ICR-method has less overlap with the measured spectra. It is found to be
difficult to fit the measured PL peaks with the ICR-method keeping the fitting values close
to the fitting values of the previous spectra. An other possibility is to choose the position
of the excited single excitons differently, but even then it was difficult to improve the qual-
ity of the fit. The Coulomb energies are once again in good agreement with the expected
values and also with the values of the previous fit. The exchange energies however are
even lower than in the previous fit, leading to a larger discrepancy between the theoretical
calculated value and the fitted value. Looking into detail to the ISR-method there is again
no overlap observed between the 3X — 2X* and a measured PL peak. However, this is
the only relevant transition which can not be fitted by this method and all other predicted

lines are in good agreement with the measured spectrum. Especially the predicted p-shell
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recombinations are in close overlap with observed PL peaks as can be seen in Fig. B of
the appendix. Even for higher excitation energies no significant additional peaks become
visible, which is also not predicted by the ISR-method. The ICR-method predicts peaks
in that region where no significant peaks appear at higher excitation densities. Noticeable
also is the conformity of the fitted values for the ISR-method not only with the previous
spectrum, but also with the theoretical predicted values. Detailed analysis of the spectrum
of 4.5b favors the ISR-method instead of the ICR-method. Another contrast between the
two spectra is the intensity of the excited single exciton peaks, as mentioned before. The
lower intensity of the excited single exciton peaks in Fig. 4.5b could indicate an enhanced
carrier relaxation with respect to the measured spectra of Fig. 4.3. Apparently, the behav-
ior of the carriers are locally, on the length scale up to several micrometers, homogeneous
but macroscopic their behavior can change. Therefore it is possible that the carrier relax-
ation rates within the QDs, determining the amount of excited-state PL, can vary with

macroscopic position.

4.6 General Discussion

Assuming fast hole relaxation, as suggested in literature [12], could perhaps lead to an
improved fit of the measured PL spectra. The energy levels of holes are much closer to each
other than the electron energy levels. Due to the lifetime broadening (% /t;;fe) of the hole
energy levels the closely spaced hole energy levels can overlap. This results in a continuum
of allowed hole energy levels and hence the hole relaxation will be fast. Fast relaxation of
holes, captured with zero total spin and slower electron relaxation, would imply that only
electrons can occupy excited energy levels and that the optical polarisation is depending on
the electron spin. Preliminary results of polarisation dependent measurements however, do
not indicate a different polarisation for different PL peaks. In this situation, not only a new
manner of filling the QD has to be considered, but also new exciton recombinations appear.
Figure 4.12a show a number of possible (multi-)exciton configurations. The selection rules
for QDs, conservation of n{ = nl, determine which transitions are allowed or not, see Fig.
4.12b and 4.12c. The transitions shown in Fig. 4.12b assuming fast hole relaxation are
very likely to occur and obey the QD selection rules in contrast to the transition in Fig.

4.12c. It is also shown that the electron spin will determine the polarisation of the photon.
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Figure 4.12: a) Various possible carrier configuration assuming fast hole relazations.
Charge neutrality is maintained by electrons occupying higher energy levels. Possible re-
combination assuming fast hole relazation are shown in b) and c). The transition of b)
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It can be seen that by assuming fast hole relaxation additional fitting parameters such

as shown in the PL energy are required.

Epy = E;l + E}lll _ QV.zlhl/u _ Vlhl/12 + Ve161/12 + Vhlhl/n'

e

All Coulomb and exchange terms now come into play, where in the case of identical
relaxation times for electrons and holes, the Coulomb terms often appeared in pairs. These
pairs denoted as AL Vo Vhl,: N2 _ 21/;1,11/ 12, reduced the number of fitting parame-
ters. Therefore more PL lines need to be chosen in the case of fast hole relaxation in order
to be able to assign values to the different Coulomb and exchange interactions. The pos-
sible exciton configurations, considered in Fig. 4.12a assuming fast hole relaxation could
result in an unequal number of electrons and holes in the QD indicating a charged QD.
Because we only consider the three lowest energy levels an unequal number of electrons and
holes could appear. However, due to the slower electron relaxation, electrons will occupy
higher energy levels, which are not shown here, maintaining charge neutrality in the QD.
As already discussed previously, charged QDs are not likely to occur in our case.
According to the two fitting methods it seems inevitable to assume incomplete carrier
relaxation or a phonon bottleneck, but is this reasonable? In the vast majority of measure-
ments concerning carrier relaxation no phonon bottleneck has been observed, especially
not in SAQDs. Minneart et al. have reported that the phonon-assisted PL is due to en-
hanced Frolich interactions between strain-induced polarised excitons in SAQDs and LO
phonons [27]. In SAQDs a net charge distributions resulting in a dipole is expected [35] to
be present due to strain effects, see Fig. 4.13.

The growth of III - V materials results in a polar environment because of the different
charges of group III and group V elements. The polarised exciton interacts with the polar
lattice atoms, which gives rise to an enhancement of the Frolich interaction. Therefore
a strong coupling between the lattice and the confined excitons is present and relaxation
by emitting LO phonons is more effective. In our strain-free QDs, we do not expect a
polarised exciton giving rise to an enhanced Frohlich interaction. Consequently a phonon
bottleneck might be present in our ”ideal” QDs, explaining the observed incomplete carrier

relaxation.
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Figure 4.13: Artist impression of the charge distribution in SAQDs.



Chapter 5
Conclusions and Recommendations

In this work, we studied u-PL on QDs and performed detailed analysis of the obtained
spectra, in order to get a better insight in the carrier dynamics and fundamental physics
of QDs. Especially the strain freeness of our QDs is a key element for the study of the
intrinsic properties of QDs. Conclusions can be drawn regarding the homogeneity of the
QD sample itself, for the interpretation of the u-PL spectrum and also the carrier relaxation

mechanism. Furthermore some recommendations for future work are given.

5.1 QD homogeneity

Throughout this report, the assumption is made that we are dealing with homogeneous
QD-arrays on length scales up to several micrometers. A number of strong indications
for the local homogeneity of the QDs in the arrays have been obtained to justify this
assumption. (i) Upon scanning the excitation spot along the QD-array, the abrupt and si-
multaneous appearance and disappearance of successive multi-excitonic features with very
sharp peaks (< 0.2 meV) is observed. (ii) The QD emission peaks show a small asymmetric
broadening, as already reported by Notzel (4], which indicates small size fluctuations be-
tween the homogeneous QDs. (iii) The excitation density depending measurements show
the arising of new peaks with increasing intensity also indicating a multi-excitonic spec-
trum. (iv) After analysis of many measured PL spectra, the spectra do not show randomly
distributed peaks along the energy axis; the positions of the different peaks are strongly
correlated. (v) Our exciton lifetime measurements using TCSPC and pulsed excitation

show that only the ground state exciton has a delayed risetime [11, 32] at higher excitation
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density. Such a delayed risetime is typical for ground state exciton since the ground state
exciton recombination line becomes visible after recombination of all other (multi-)exciton
complexes.

Taking into account these indications, we thus can interpret the u-PL spectra as multi-
excitonic spectra from locally homogeneous QD-arrays. On macroscopic distances along
the QD-array however, the u-PL spectra can strongly vary, indicating that the QD dimen-
sions and excited state degeneracy, determined by the differences in the QD dimension
along the [011] and [233] vary substantially. As mentioned before, the carrier relaxation
rates within the QDs, determining the amount of excited PL, can vary significantly with

macroscopic position.

5.2 Photoluminescence on the QD sample

The obtained u-PL spectra show excitonic and multi-exciton recombination, including
excited exciton and excited biexciton recombinations. Focussing on the multi-excitonic
characteristics of the spectra, we have treated the QD confinement levels with a sim-
ple particle-in-a-box model. Such a simple model is valid since the band offsets of our
GaAs/Aly 7Gag3As QDs are comparatively large. Then it is allowed to use this model to
make an approximation for the QD dimensions with the help of excited exciton recombina-
tions. Subsequently, the Coulomb and exchange interactions that arise between the carriers
occupying the energy levels of a QD by applying the Hartree Fock (HF) approximation are
taken into account. The HF terms are used as corrections on the single particle enérgies.
The exciton and excited exciton recombinations are used to fit E1x, E1x+ and E; x« which
are correlated with the QD dimensions. The 2X — 1X recombination is used to fit the
biexciton binding energy VM1 The extracted QD dimensions are in good agreement with
AFM measurements [4]. The biexciton binding energy is also close to reported biexciton
binding energy values reported in literature [30, 31].

Once these four lines in the spectrum are fixed, 11 other peaks can be fitted accurately
using four additional fitting parameters; Al 2 Al 2 VoY and VY2 Two fitting
methods based on two different principles, incomplete carrier relaxation (ICR) and incom-
plete spin relaxation (ISR), display a quite good agreement with the measured spectra. The
two different fitting methods result in slightly different values for the fitting parameters.
The obtained values vary slightly with the theoretical predicted values, but are in good
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agreement with previously reported values. Our simple particle-in-a-box model predicts a
zero biexciton binding energy as well as for Vcn/ 12 and V2'/?'. Since these terms consists
of four Coulomb terms, the exact values of the Coulomb energy corrections are sensitive to
detailed shape and charge distributions within the QD. In practice, depending on whether
the electron-electron and hole-hole repulsion is weaker or larger than the electron-hole at-
traction either positive or negative values result for the various Coulomb terms. For the
exchange interactions good agreement with the theoretical calculated value (-7.0 meV) is
obtained. The slight variations is again caused by the simplicity of our model, which is
based on ideal QDs which have impenetrable walls. In practice, the wavefunctions of the
carriers will penetrate into the barrier and hence the exchange energy will decrease due
to the decrease of the wavefunctions from different energy levels. Only the 4X— 3X re-
combination requires one more additional free parameter 2212 The obtained values for
this parameter are in close agreement with the other Coulomb terms which makes the fit
plausible.

Our assignment of the QD spectrum critically depends on the carrier occupation of the
QD energy levels. The straightforward assumption of complete carrier relaxation before
carrier recombination fails to explain some pronounced PL lines, which emerge already
at low excitation density. PL peaks can be assigned by allowing excited single exciton
and excited biexciton recombinations, pointing toward an incomplete carrier relaxation or
a phonon bottleneck. Assuming fast carrier relaxation and slow spin relaxation, excited
spin triplet states are unable to relax to the ground state without spin relaxation. In this.
incomplete spin relaxation model PL peaks can also be assigned accurately. Note that also
for incomplete spin relaxation, slowed down carrier relaxation is assumed. It is remarkable
however, that the best fits are obtained by including excited single- and biexciton recom-
binations indicating a phonon bottleneck, within this strain free QD sample. Substantial
variations in the dimensions, symmetry and carrier relaxation rates with macroscopic posi-
tion along the QD-arrays lead to different PL characteristics of the measured sample with
macroscopic position. It has been shown by means of the two different fitting methods that
the measured PL peaks can be predicted quite well. In SAQDs the absence of a phonon
bottleneck is attributed to strain induced polarised excitons [27]. We believe that such an
incomplete carrier relaxation within our strain free QD-arrays is the only way to explain

the very rich and strongly correlated u-PL spectra observed in this sample. Although an

unambiguous fitting method is not obtained, we do have two fitting methods which are
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able to predict the regularity of the measured PL peaks quite well.

5.3 Recommendations

The goal to improve the understanding of the fundamental physics of QDs, leads to single
dot spectroscopy. Although considering a homogeneous QD-array, we are still studying an
ensemble of QDs. To achieve single QD spectroscopy, a combination of the QD growth
mechanism used for our sample and masking or etching the sample in order to excite only
a single QD could be used.

Additional measurements could be carried out to improve the insight in the QD properties
such as polarisation dependent measurements, but also polarisation dependent excitation.
Carefully performed polarising excitation and/or polarisation dependent measurements
could give indications for possible spin alignment of the carriers, which can give additional
information for currently existing models describing the carrier dynamics in QDs. Time
resolved measurements are required to get a better insight in the relevant time scales
of the different mechanisms. A combination of polarising excitation and time resolved
measurement can lead to new insights in the physics of the QDs as well. Also additional
PLE or RPL can come up with new information.

Furthermore, the existing model can be extended for example assuming fast hole relaxation.
Assuming fast hole relaxation, carrier configurations that vary from the currently used
configurations can occur and recombine. These new configurations,with different Coulomb

and exchange terms might give an improved fit to the measured spectra.
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Appendix A

Estimation of the QD dimensions

The QD dimensions can be estimated by varying the three dimensions such that the re-
combination energy of possible transitions coincide with the measured energies. Three PL
energies are required to determine the three independent paramefers (a, b and ¢) to obtain
the QD dimensions. The single (excited) excitons recombinations are used to determine
the QD dimensions due to minimum number of to be calculated terms. Using 77eq:1X)
the exciton recombination energy can be calculated by the confinement energies and the
Coulomb interaction of the electron-hole pair added by the band gap energy of 1.519 eV.
The confinement energies are calculated by equation (2.12) and the Coulomb interaction

energy for the exciton by:

a b c
[ [ [ sustivasiistdsayaz, (A1)
0 0 0

where V is defined by (2.16). The calculated recombination energy is calculated and
subsequently checked with the measured values. This procedure is repeated until the
calculated recombination energies have a good overlap with the measured values. This
procedure is done for the three single (excited) exciton recombination energies at the same
time, resulting in values as shown in table A.1.

The single (excited) recombination energies are 1.6319, 1.646 and 1.6479 and 1.6197,
1.6356 and 1.6364 eV respectively for the two different dots. The eventual QD dimensions
are 36.2 x 38.9 x 7.40 and 36.5 x 35.5 x 7.84 nm? for the two dots respectively, which is in

reasonable agreement with AFM measurements.
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Table A.1: Calculated values for the ground state and single ezcited exciton confinement
energies as well as the Coulomb terms to get an estimation for the QD dimensions. Adding

these terms results in the recombination energies of the measured spectra.

Energy term | Fig. 4.3 [meV] | Fig. 4.5 [meV]
E! + E 125.4 113.5
E? + E}? 138.0 127.8
EZ + EZ 139.9 128.6
\pvh 12.5 12.8
Vi 11.0 11.2
NS 11.0 11.2




Appendix B

Extensive fits for the measured

spectra

All possible configurations, as shown in Fig. B.1, which are possible with up to four
excitons and three energy levels, can have a contributions in the PL spectra. In order to
be able to fit the measured spectra accurately, the corresponding recombination energies of
the possible transitions have to be taken into account. The relevant Coulomb and exchange
interactions, displayed in Fig. B.2 and B.4, have to be varied in order to obtain the best
overlap with the measured spectra. Each transition gives rise to a recombination line in
the PL spectra. Figures B.3 and B.5 show that the approximate positions of the predicted
PL energies for the two fitting methods have a good agreement with the measured spectra.
Also the s- and p-shell recombination are distinguishable in these extensive fits. The
highest possible recombination energy from the s-shell is the single exciton recombination,
all other exciton recombinations from the s-shell will have additional Coulomb or exchange
term lowering the recombination energy. The highest p-shell recombination is 1X** —
vacuum and the lowest possible p-shell recombinations considering up to four excitons in
the incomplete carrier relaxation is the 4X — 3X recombination. These two values set
an energy range in which all possible p-shell recombination will recombine. In the case of
incomplete spin relaxation this is slightly different, because also positive terms come into
play. However almost all p-shell recombinations for both fitting methods have an higher

recombination energy than the single exciton recombination energy.
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Figure B.1: Various multi-excitonic configurations taking into account only the lowest three
energy levels. Vertical arrows indicate the electron and hole spin states. Superscript ’s’
ant ’t’ indicate singlet and triplet configurations respectively. The labels of the various

configurations correspond with the labels in Fig. B.8 and B.5.
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Figure B.2: Possible transitions considering up to four excitons and three energy levels for
the spectra measured in Fig. 4.3. The labels ’a’ through ’p’ correspond with transitions

from table 4.1. The expected probability in case of the ISR-method is also displayed.
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Figure B.3: Extensive fit of all possible transitions listed in Fig. B.2 for the ICR- and

ISR-method.
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Figure B.4: Possible transitions considering up to four ezcitons and three energy levels for

the spectra measured in Fig. 4.5b. The labels ’a’ through ’p’ correspond with transitions

from table 4.1. The expected probability in case of the ISR-method is also displayed.
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