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Chapter 1

Introduction
1.1 Towards Quantum Dots
1.1.1 Three, Two, One, Zero Dimensions
At the beginning of the twentieth century, a theory was needed to describe new
physical

effects

like

the

photoelectric effect, since they could

Junction 1

not be described by the classical
mechanics.

At

this

time

I

the

quantum mechanics was born. A

χI

new vision was given to many
physical

properties

and

much

research was done to verify the

E bandgapI

Junction 2
II

I
E vacuum

χ II
L

E conduction
E bandgapII
E valence

predictions of the new theory. One
of the problems, which can be

Fig. 1.1. A mirrored heterojunction. Evacuum is

described very well by quantum the vacuum level. Econduction is the edge of the
mechanics, is the square potential conduction band of the material, i.e. Evacuum-χi.
well. A particle in the well is Depending on the energy bandgaps (Ebandgap,i)
completely free, except at the two the potential well can also be present for the
walls. The probability of finding the

holes in the valence band (Evalence).

particle outside the well decreases exponentially. For this to happen, solids with
dissimilar electron affinity (χ) should be placed in contact (see Fig. 1.1).
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An interface within a semiconductor crystal across which the chemical
composition changes, a so-called heterojunction, was first synthesised by liquid
phase epitaxy in the late 1960’s. A square potential could be created by two
mirrored heterojunctions, a so-called double heterojunction structure (DHS) as is
schematically drawn in Fig. 1.1. The potential drawn in this figure is an
attractive squared potential for both the electrons and holes.
The DHS can be referred to as a quantum well if the distance between the
quantised levels in the attractive potential is larger than the thermal energy kT

h2
2m* L2

> kT ,

(1.1)

where L is the width of the potential and m* is the effective mass of the carrier in
the well. In other words, if the distance between the two heterojunctions is too
large no clear quantised levels are observed and hence the well material has
bulk-like properties. According to this definition, the maximum width for a GaAs
quantum well at 5 K is ±250 Å.
With the arrival of advanced growth methods, such as molecular beam epitaxy
(MBE), it became possible in the early 1970’s to fabricate DHS or quantum well
structures with atomically abrupt interfaces from alternating layers of
semiconductor compounds. Then the spatial confinement is built up in the growth
direction (see Fig. 1.2a). Quantisation changes the number of electronic states
available per unit energy, the so-called density of states (DOS). The density of
states can be expressed in the general form as ρ (E ) = E (d 2−1 ) with d=1,2,3, where
d is the dimensionality of the system. Instead of the continuously increasing
square-root function of the energy in the bulk, the one-dimensional confinement
provides a step-like DOS.
Once it was possible to fabricate two-dimensional structures of high quality,
lower dimensions came in the picture as well. However, to realise lower
dimensions, an extra confinement in the lateral direction has to be achieved (see
Fig. 1.2b). The three-dimensional confinement gives a discrete delta-function-like
density of states. To create such a three-dimensional (3-D) confinement defect
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free seemed difficult, if not impossible to realise, since extra technological steps
like lithography, etching or regrowth are required.
The first systems revealed as zero-dimensional were naturally occurring
spherical dots in a glass matrix. By including the group II-VI (e.g. CdSe, CdS)
materials into melted glass one could create nanosized clusters of the
semiconductors. The glass then serves as a barrier material for the
semiconductor clusters. First indications for small clusters of II-VI materials in
glass were found by Rocksby [1]. Nevertheless, it took a while before the concept
and real experimental proof of three-dimensional confinement was reported [2,3].
As for the quantum well, a cluster should also have a minimum size before it
can be referred to as a quantum dot. For a spherical potential with radius R the
energy levels are

DOS

Capping Layer
Quantum Well

Growth Direction

Substrate

Energy
a)

DOS

Capping Layer
Quantum Box

Substrate

Energy
b)

Fig. 1.2. a) Alternating layers of the group III-V materials provide a confinement in the
growth direction. This results in a step-like density of states (DOS). b) Further lateral
confinement makes the particle-in-a-box potential possible. In this case the DOS becomes
a delta peak.
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E n,l

2
h 2 χ nl
=
,
2m * R 2

(1.2)

where χnl is the n-th zero of the Bessel function of the order l. Hence, the
maximum radius for a quantum dot turns out to be 250 Å.

1.1.2 Growth of Quantum Dots
The heterojunction structures introduce difficulties associated with the lattice
matching at the interface. Although there are a few material systems where the
lattice matching is obeyed (see Fig. 1.3a), most systems nevertheless display
considerable lattice mismatch. In the last decade, the expertise on methods for

a)
a epi

a epi
asub

b) tension: a

a sub

substrate

>a expitaxy

c) compression: a

substrate

<a expitaxy

Fig. 1.3. a) Only for a few material systems the lattice matching is obeyed (This picture
is taken from Ref. [4]. b) If the lattice constant of the substrate (asubstrate) is larger than the
lattice constant of the epitaxial layer (aepitaxy), the layer will stretch in-plane in order to
“fit” to the substrate. This layer is under tension. c) In the opposite case (asubstrate<aepitaxy) the
epitaxial layer will compress in-plane.
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epitaxial growth has increased significantly, and driven by both fundamental
interest and the device applications, strained materials were intensively
investigated. By using a quantum well material which does not “fit” to the
substrate material, stress may be built into systems of reduced dimensionality,
resulting in a variety of effects.
If the lattice constant of the well material is smaller than that of the substrate
material (see Fig. 1.3b), the layer stretches itself in lateral direction1. The
material is referred to as being under compression if its lattice constant is larger
than in the barrier.
In thin layers, the lattice mismatch can be accommodated by elastic strain.
Beyond a certain critical thickness the layer breaks up with the introduction of
defects. Nevertheless, if the critical layer thickness is exceeded slightly, growth
can result in defect free clusters. Capping these clusters by a material with a
larger energy bandgap results in a 3D confinement. The quantum dots fabricated
in such a way in fact appear spontaneously and are termed as “self-organised” or
“self-assembled” quantum dots (SADs). An analysis of this growth mode will be
described in Chapter 2 but as an illustration of such clustering process one can
think of a cold metal plate on which water vapour is deposited. As long as not too
much water is deposited a nice layer of water is formed on the metal plate, the
epitaxial layer. However, water droplets are formed on the plate as the layer of
water gets thicker. Since the comparison between the quantum boxes and the
droplets described above is striking, the term boxes is often replaced by droplets.
The quantum droplets or dots under investigation in this thesis are InAs SADs
embedded in a GaAs matrix. The critical layer thickness of InAs on GaAs is
small, below 2 monolayers (MLs). Therefore, the material system is very suitable
for the formation of SADs.


1
What is called tension or compression depends on the direction in which deformation is
considered. Uniaxial elastic tension is the same as compression on the perpendicular plane. In
this thesis, deformations are defined as biaxial.
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1.2 Quantum Dot Lasers
Apart from fundamental motivations, interest in the research on quantum dots
has been enhanced by device applications. Already in 1982 Arakawa [5]
suggested the use of quantum boxes instead of quantum wells in the laser
structures. The advantage of the quantum box laser as compared to the
conventional semiconductor lasers is illustrated in Fig. 1.4. The density of states
(DOS) and the optical gain become identically shaped when going from quantum
wells to quantum boxes. Thus the energy at which the laser works and the levels

Gain

Energy

Density of States

b)

Gain

Density of States

a)

Energy

Fig. 1.4. The density of states and the optical gain (coloured grey) become equal, going
from quantum wells (a) to quantum dots (b). Thus, the energy at which the laser emits
and the levels which have to be pumped become the same as well, which lowers the
threshold current significantly.

which have to be pumped become equal and, in contradiction to the quantum
well, there is no loss of carriers to other levels. This lowers the threshold current
density required to initiate the laser action [6,7]. Degradation of the laser
performance at higher temperatures is another disadvantage of the conventional
quantum well lasers. The 3D confinement should make the laser performance
temperature insensitive [5].
In reality, the ideal quantum boxes are never realised and so are the
theoretical expectations. Nevertheless, in the last years many well performing
quantum dot lasers have been demonstrated, e.g. [8,9,10].
There is a clear need for improving the fundamental knowledge on quantum
dots in order to understand and improve the device performance. This thesis
focuses on optical spectroscopy of the self-organised InAs/GaAs quantum dots.
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1.3 Optical Properties of Quantum Dots
1.3.1 Confinement Regimes
The results presented in this paragraph are only applicable to the simple
particle-in-a-box approach but provide adequate insight in the strong deviation
from the properties characteristic to bulk materials.
Efros and Efros [2] distinguished three confinement regimes based on the ratio
between the confinement induced energy shift and the exciton binding energy:
i) The confinement is strong if the exciton Bohr radius aex,B is smaller than the
radius R of the dot. In this case, the motion of both the hole and electron are
quantised. It was therefore suggested that Coulomb interaction could be
neglected here. However, as is indicated by numerical calculations of electronhole pair states (e.g. [11]), this is never allowed. ii) If the Bohr radius of the
electrons (ae,B) is much larger than the radius R of the dot, but the Bohr radius of
the holes (ah,B) is much smaller than R, the confinement is called intermediate. In
this case, the effective mass of the holes is substantially larger than the effective
mass of the electrons. Under these conditions, the quantum confinement on the
electron and holes is different. iii) Finally, there is a weak confinement regime.
Under these conditions we are dealing with large dots. Theoretical analysis in
this regime is often based on the centre-of-mass approximation of the exciton,
like in the bulk case. Another assumption for this particular case is that the
quantum confinement effect does not interfere with the quantised centre-of-mass
motion.
The exciton Bohr radius of the InAs/GaAs system is approximately 115 Å.
According to the estimated radius of the dot of 100 Å (see Chapter 3) the dots
under investigation in this thesis are in the first confinement regime.

1.3.2 Oscillator Strength
An important parameter to characterise the optical transition rate is the
 2 
2
 M , where M
dimensionless quantity f known as oscillator strength: f = 
 m0 hω 
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is the matrix element for the optical transition in dipole approximation. With
Coulomb interaction taken into account, the ratio between the oscillator
strengths of the quantum dot transition and the bulk exciton is

fQD

a3
∝ B 3.
fbulk
R

(1.3)

To put it otherwise, the transition rate should increase significantly if the size
of the dots becomes less than the Bohr radius. It should be noted that this picture
is oversimplified, because it assumes that there is a 1s-type ground state with
non-extending wavefunctions. Furthermore, no polarisation effects due to
differences in dielectric constants between dot and barrier are considered.
Nevertheless, although the assumption of more realistic dots might have a
negative impact on the oscillator strength, it never removes the effect of reduced
dimensionality.

1.3.3 Phonon-Bottleneck
For an excited carrier to relax to a lower energy there has to be a number of
states available through which the carrier can release excess energy by emitting
phonons. In a two-dimensional system, as a function of energy the DOS increases
step-by-step at every new level and the carriers can relax through this
continuous spectrum of available states. In a quantum dot the DOS is deltafunction-like with no motion of particles in any direction. Therefore, an excited
carrier cannot relax unless its energy fits to the very restricted number of
available states. To put it otherwise, this discontinuous DOS is a bottleneck for
fast relaxation in a quantum dot and is referred to as the “phonon-bottleneck”.
Besides the theoretical prediction [12,13,14] the phonon-bottleneck is also
observed experimentally [15,16,17,18]. Nevertheless, as is the case for many
physical properties, there are also reports which show the opposite. These
experiments show that fast relaxation can happen due to Auger-like relaxation
processes [19] or emission of a combination of Longitudinal Optical (LO) and
Longitudinal Acoustical (LA) phonons [20] as well as LO emission only [21]. It is
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hard to judge which picture is right or wrong, since the outcome mainly depends
on the specific properties of the quantum dot system under investigation as well
as the experimental conditions.

1.4 Fröhlich Interaction
The electron-hole pair interaction with phonons in quantum dots can be
divided into two main contributions. First, the coupling to acoustical phonons
occurs via deformation potential and piezoelectric interaction and secondly, the
coupling to optical phonons occurs through the polar or Fröhlich interaction.
Vibrations of the ionic lattice can induce an electric field on a macroscopic scale.
This macroscopic electric field couples via Fröhlich interaction to the Coulomb
field of the electron-hole pair by the longitudinal optical (LO) phonon modes only
(see Appendix I for the proof). An overview of the possible types of interaction is
given in Table I.
Table I. Possible interaction in a zinc-blende structure. DA is deformation acoustic and

r

PO is polar optical interaction. Tr (εˆ ) is the trace of the strain tensor. Γ is the deformation
potential vector and γ is the piezo-electric modulus for optical deformation. B(q) is the
matrix element for a scattering process changing the momentum vector from q to q .
Interaction and

Present

Comment

Matrix

Phonon Mode
DA

PA
DO

PO

Element B(q)

Longitudinal

Yes

Tr (εˆ ) ≠0

Transverse

No

Tr (εˆ ) =0

Longitudinal

Yes

Non-zero piezo-electric modulus, both Bo q-1

Transverse

Yes

modes –possible

Longitudinal

No

Nowhere to direct the sublattice Bo

Transverse

No

displacement, Γ nowhere to direct

Longitudinal

Yes

γ[111]≠0

Transverse

No

γ=0 for both [111] and [100] direction

Bo q

r

Bo q-2

Note: This table is composed out of Ref. [22]

It was suggested that with reducing dimensionality the coupling to LOphonons would decrease [23] and a significant increase in the coupling to LA
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phonons might occur. However, as will be shown in Chapters 4 to 8 electronphonon coupling via Fröhlich interaction can be a very efficient process in
InAs/GaAs quantum dots. Since this coupling mechanism is that important a
brief introduction to Fröhlich interaction is given below. A more extended
overview of the Fröhlich interaction in general can be found in Ref. [24].
To estimate the strength of the Fröhlich interaction, two approximations are
made,

Estimate I
In ionic crystals a charge carrier produces a deformation of the surrounding
crystal and some self-trapping occurs. Assume that there is an electron placed on
a cation site of the lattice. If the ions did not move from their lattice position, the
e2
, where ε∞ is the highpotential energy at distance r would be V (r ) =
ε ∞r
frequency dielectric constant. Once the ions have relaxed into their equilibrium
position, the energy becomes V (r) =

e2
, where ε is the static dielectric constant.
εr

Hence the electron “creates a potential well” for itself by polarising the medium.
This potential is


−

V (r ) = 

−


e2 1
r ε

,r > r0

e2 1
r0 ε

,r < r0

,

(1.4)

where r0 stands for a distance beyond which the medium is fully polarised and
1 ε = 1 ε ∞ − 1 ε . This difference between the high and low frequency response forms

the basis of the polar interaction through the lattice polarisability. By minimising
e 2 4π 2 h 2
the total of the electron −
+
radius r0 can be estimated as
ε r 2m * r 2
r01 =

4π 2 h 2 ε
.
m* e 2

(1.5)
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The electron accompanied by its own polarisation field behaves as a particle
and this combination constitutes a quasiparticle known as a polaron. The
polarisation field often is described as a “cloud of virtual phonons” and the
number of phonons (N) involved is related to the strength of the interaction.
When the electron disappears, e.g. by recombining with a hole, the polarisation
energy of the surrounding medium is released through the emission of LO
phonons. For such a process no real crystal states are needed, which is an
important property with respect to the quantum dots under investigation (see
paragraph 1.5).

Estimate II
Let an electron with velocity v move through a lattice of eigenfrequency ω. In
case the electron’s velocity is much higher than that of the ions, the lattice would
not adjust to the electron motion. The electron appears to be static at a distance
greater than v/ω. However, this distance should exceed an uncertainty in the
electron position, which is

2πh
. Calculating the intersection between these two
m *v

distances provides a unit of length, i.e.

r02 =

h
.
2m *ω

(1.6)

There is also a unit of energy, the phonon energy, hω .

Fröhlich Constant
1 e2
The self-energy of the trapping,
2 ε

h
, measured in units of the
2m *ω

phonon energy, gives the dimensionless coupling constant, also called the
Fröhlich constant,
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α =

1 e2
2 ε

2m *ω
1
e2
*
=
h
hω
ε

m*
.
2ωh 3

(1.7)

For α smaller than 1 the coupling is weak. In this regime, the self-energy of
trapping calculated by the second estimate is much higher than

2

1 e
.
2 ε r01

Consequently, the polaron size is given by the second estimate. GaAs has a very
low value of α, i.e. 0.068. The estimate for the polaron size is 100 Å, which is
much larger than the dimensions of the elementary lattice cell. For the strongly
ionic NaCl α is high, i.e. much larger than 1 and hence the coupling is strong.
Nevertheless, in the absence of a large α still strong phonon emissions are
observed in photoluminescence experiments, e.g. for the group II-VI quantum
dots with α <1. In order to describe the observed phenomena properly a netcharge distribution was required. The efficiency of the Fröhlich interaction
observed in optical experiments is not related only to the coupling constant, also
to the so-called Huang-Rhys parameter S is needed. This parameter is by
definition the average number phonons involved per photon emission but also
holds the following relation [25]:

 ρq
h

S ∝α
∑
2mω q  q

2


 .


(1.8)

Here the parameter ρq is the q-th Fourier coefficient of the excition charge
density in the quantum dot and q the wavevector of the phonon emitted. This
relation illustrates that for the Huang-Rhys parameter to be large not just a
large coupling constant has to be present but also a net-charge distribution can
increase the efficiency of Fröhlich interaction.
To introduce a non-zero charge distribution in the spherically symmetrical
quantum dots (e.g. CdTe in glass), an electron trapped at the interface was
proposed, since this could break the spherical symmetry of the charge
distribution.
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Since strong LO-phonon emission is also observed in the InAs/GaAs quantum
dots under investigation (see Chapter 3-7) and value for α <1, a model for
inducing a non-zero charge distribution in these dots is desirable.

1.5 Strain-Induced Dipole
To obtain a clear picture of the phonon emission most optical experiments
described in literature are performed under so-called resonant excitation of the
dots. Under these conditions, the excited carriers have an energy equal to the
quantised levels in the dots. Provided that the dots have excited states it is
proposed [26] that according to the phonon-bottleneck (see paragraph 1.3.2) only
those dots, which inter-subband spacing coincides with the available phonon
energies, show radiative recombination.
However, the dots discussed in this thesis are, as we will show in Chapter 3,
much smaller than most of the SADs described in the literature [20,26,27].
Photoluminescence experiments (see Chapter 3) clearly show that these smaller
dots do not have any excited states. Thus, the explanation given for the larger
dots is not valid to the strong phonon assisted emission observed. In addition
Auger-like processes and intra-dot hopping are excluded, since the excitation
density is low and only LO-phonons modes are observed. According to the
observed phonon modes and description of the Huang-Rhys parameter at the end
of paragraph 1.4, we propose a model based on an enhancement of the efficiency
of the Fröhlich interaction by introducing a non-zero charge distribution.
To introduce a non-zero-charge distribution in the group III-V quantum dots
one needs an interface trapping state as mentioned for the II/VI quantum dots.
Besides the non-spherical symmetry, the main difference between the II/VI and
III/V quantum dots is the strain field. The strain field is non-uniform in the
quantum dot sample [28,29,30]. This non-uniformity results in a different
localisation for the electrons and holes in real space and hence a net charge
distribution is present in the dot.
Thus, induced by the strain distribution the exciton is aligned as a dipole in the
growth direction. After recombination of the electron and hole, depolarisation
takes place and the stored electrostatic energy is released by emitting LO
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phonons. In such process, no real crystal states are involved and therefore the
model is applicable to these small dots without any excited state.

1.6 Scope of the thesis
The goal of this thesis is to perform and to interpret the optical spectroscopy
performed on the small sized InAs/GaAs quantum dots. After a general
introduction on the Stranski-Kranstanow (SK) growth mode and a description of
the

sample

in

Chapter

2,

the

common

optical

characterisation

by

photoluminescence (PL) is discussed in Chapter 3. In this chapter also an
estimate for the average size of the dots is given, based on a simple theoretical
model.
In Chapter 4 the resonant photoluminescence (PL) experiments performed in
order to obtain the phonon spectrum are discussed and the model proposed above
is introduced in more detail. In addition, photoluminescence excitation (PLE)
measurements, showing the same phenomena are discussed. To characterise the
optical transitions, polarisation dependent PL and PLE experiments are
described in Chapter 5. The character of the transition is discussed and linked to
the presence of a non-uniform strain field.
The number of dots involved in the experiments mentioned is approximately
108, while the model considers the exciton alignment in every individual dot.
Therefore, further experimental evidence for the model is obtained by performing
micro-PL measurements (see Chapter 6), because these experiments give access
to every individual dot. From these spectra, a clean estimate of the efficiency of
the Fröhlich interaction, the Huang-Rhys parameter, can be made. In addition,
temperature dependence of the luminescence, which is described in Chapter 7,
shows how powerful the micro-PL experiments are.
Finally, in Chapter 8, InAs/GaAs quantum dots in a p-i-n structure are
investigated. Although these dots are larger than the dots used in the
experiments described above, the model of the aligned exciton is confirmed for
the large dots as well.
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Chapter 2

Stranski-Krastanow Formation of
InAs/GaAs Self-Assembled Quantum
Dots
2.1 Introduction
During the last decade the expertise on the epitaxial growth of strained
quantum wells has improved significantly. Highly strained layers can be grown
up to the critical layer thickness. Above the critical layer thickness the built-in
strain energy releases by either the formation of defects and dislocations or by
the formation of dislocation free islands (dots). In this respect, it should be noted
that for many material systems the island formation is preferred to dislocation
formation [1]. This is in particular true when the critical layer thickness is only
slightly exceeded. This was shown in experimental work for Ge on Si(100) [2],
InGaAs on GaAs [3] in agreement with the prediction in the theory [4,5]. When
the island formation occurs, the growth is referred to as the 3D growth.
Nowadays, a main part of the research on quantum dots is performed on this
type of spontaneously appearing dots, which are, because of their spontaneous
appearance, often referred to as self-assembled quantum dots (SADs).
In this chapter the formation of quantum dots by the 3D growth mode will be
discussed in more detail. We focus on the material system under investigation,
i.e., InAs on (001) GaAs.
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Since the strain is the driving force for the quantum dot formation, first the
source of strain in III/V materials is explained. Next, what appears to be the
main mechanism for strain relief, i.e. self-assembled quantum dot formation, is
discussed and some other possible self-organised growth methods are mentioned.
Finally, before describing the growth of the SADs used in our experiments, a
brief overview is given on the influence of the growth conditions reported in the
literature.

2.2 Distortion of the Zinc-Blende Lattice
The conventional epitaxial growth methods are based on lattice matched
materials like AlxGa1-xAs on GaAs or In0.53Ga0.47As on InP. Under lattice-matched
conditions, the epitaxial layers will grow layer by layer, the so-called Frank- van
der Merwe mode. To illustrate such a layer-by-layer structure for binary
compounds, the lattice of GaAs is shown in Fig. 2.1a. The face-centred cubic (fcc)
Gallium lattice and the fcc lattice of Arsenide are extraposed along the diagonal
of the unit cube of the fcc lattice (dotted line) with respect to each other, i.e.,
T = 1 4 a0,GaAs [111] , where a0,GaAs is the lattice constant of GaAs. In the [001]
direction, the Gallium (Ga) and Arsenide (As) layers are clearly distinguishable.
For ternary compounds the picture is not as clear as for the binary compounds
but for AlGaAs one can imagine two layers as well: one As layer followed by a
layer with randomly distributed Ga and Al atoms.
To illustrate the difference between lattice-matched and strained layers it is
important to know the lattice constants (a0) of the materials. The lattice constant
is obtained from the primitive lattice translation vectors in the (001)-plane. For a
cubic lattice like GaAs they are identical and equal the distance between the As
atoms positioned at the vertexes of the cube of the fcc lattice, i.e.,

a0 = 2d As − As

2,

(2.1)

where dAs-As is the As to As distance in an unstrained Ga-As bond (see Fig. 2.1a).
The As-As distance for GaAs is 3,997 Å providing a lattice constant of 5.653 Å.
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For epitaxial layers to fit onto the substrate the lattice constants of both the
layer and the substrate must be equal. If the deposited layer is (biaxially)
strained the lattice mismatch with the substrate is defined by the in-plane

Fig. 2.1. a) The zinc-blende structure of GaAs. The unit cell of the As fcc lattice is
plotted with a dotted line. On the right side the main crystallographic direction of the
lattice are shown. b) The As-As nearest neighbour distance (dAs-As) for InAs is larger than
compared to GaAs. In order to fit to the As top layer of GaAs, the In has to move upwards
and hence the cubic InAs lattice is biaxially compressed in the [100] and [010] direction.
c) Due to the repositioned In atom the dAs-As on top of the In-As layer is close to that of GaAs and thus the next In-As layer is also biaxially compressed.
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components of the strain tensor, i.e.

a − ad
ε xx = ε yy = ε = 0
,
a0

(2.2)

where a0 is the substrate and ad is the deposited layer lattice constant
respectively. The layer is compressively strained when ε <0, and for ε >0 the layer
is referred to as being in tension.
In the binary compound AlAs the As-As distance for the Al-As bond is 4.003 Å,
which is equal to GaAs. Thus the lattice constant (ad) does not change by placing
either a Ga or Al atom on the As layer and in the Al0.33Ga0.67As layer the strain
can be neglected.
However, if instead of Al or Ga, Indium (In) is deposited on the As crystal plane
the situation becomes very different. For the In-As bond the As-As nearest
neighbour distance is 4.283 Å . Thus the lattice constant of unstrained InAs is
6.057 Å and hence the lattice mismatch is non-zero (ε =-7%, compression).
If an In atom lands on the As top layer of GaAs, the In atom is pushed up in
order to fit the InAs to the GaAs lattice constant as is schematically shown in
Fig. 2.1b. The change in the position of the In atoms with respect to the bulk case
is ±0.15 Å in the [001] direction according to a minimisation of the energy
induced by the change in the bond length and the angle [6]. This deformation of
the In-As bond explains the biaxial in-plane compression of the lattice as
mentioned in paragraph 1.1.2. Due to the repositioned In atom, the As atoms on
top of the In layer will have nearest neighbour distance close to that of the Ga-As
bond (see Fig. 2.1c) and hence the next InAs layer again compresses.

2.3 Stranski-Krastanow Mode
2.3.1 Three-dimensional Growth Modes
The built-up stress makes the InAs 2D growth to be unstable as the InAs layer
thickness increases. This instability may assume that the layers relax by the
formation of dislocations [7,8]. However, it is recognised that these layers are
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unstable against shape changes [9], while they are metastable against the
formation of dislocations [1]. In other words, strained layers prefer to relief their
stress by the formation of islands (dots) to the formation of misfit dislocation in
the lattice. Such a behaviour is observed experimentally for a wide range of
lattice mismatches, e.g. InGaAs on GaAs [3,10] (ε~2%), Ge on Si [2] (ε~4%), Au on
NaCl [11] (ε~37%) and our particular case of InAs on GaAs (ε~7%).
The deformation of the III/V lattice as described above is a tetragonal
distortion. This deformation is commonly used to describe the strain in the zincblende epitaxially grown layered structures. Non-tetragonal deformation can be
present at the edges of the island as is noted in Ref. [12]. Nevertheless, the
mechanism of strain relief by island formation holds. To illustrate the strain

Frank-van der Merwe

substrate
layer by layer
a)

Volmer-Weber

Stranski-Krastanow

substrate
pure 3-dimensional

substrate
layer plus 3-dimensional

b)

c)

Fig. 2.2. Three different growth modes can be distinguished for the expitaxial growth.
a) Frank- van der Merwe or layer by layer growth, b) Volmer-Weber or pure 3D growth
and c) the Stranski-Krastanow growth, which in the intermediate between a) and b).

relief by island formation a qualitative discussion of the 3D growth based on the
energy balance is given below.
Two types of self-assembled growth modes can be distinguished, the VolmerWeber mode and the Stranski-Krastanow mode (see Fig. 2.2). The difference
between the two modes is qualitatively illustrated by considering, i) the
interfacial energy between the strained epitaxial layers and the substrate Eepi,sub,
ii) the bulk free energy of the (strained) epitaxial material, Eb,(strain), and iii) the
interfacial energy between the (top) layer and the vacuum, Eepi,v. For an
epitaxially grown layer the total energy can be written as
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E epi,total = E b, strain + E epi,v + E epi, sub .

(2.3)

If clustering occurs, the bulk free energy may decrease by strain relaxation.
However, the Eepi,v increases since clustering increases the interfacial area. Eepi,sub
is assumed unchanged in both cases. The clustering is contingent on the balance
between the Eepi,v and Eb,strain. Thus, the critical layer thickness can also be
defined as the thickness at which the decrease in Eb,strain overrules the increase of
Eepi,v.
When the lattice mismatch is very high (ε >8%), the total energy decreases
immediately by clustering since the energy gain from strain relief is large
compared to the increased surface energy. This pure 3D growth is the so-called
Volmer-Weber (VW) mode. In this mode there is no critical layer thickness. The
Volmer-Weber mode is typical for metals deposited on, e.g., alkali halides, oxides
or graphite [11].
The Stranski-Krastanow (SK) mode is an intermediate case between the layer
by layer (Frank- van der Merwe) and the pure 3D growth. First, a highly strained
layer is formed on the substrate. The total energy is not decreased by clustering,
since the strain is less than in the VW-mode (ε <7%). However, the formation of
islands becomes energetically more favourable as the epitaxial layer thickness
increases. Such growth mode is observed for the material system under
investigation, i.e., InAs on (001) GaAs. Due to the high strain value (7%), the
critical layer thickness for this material combination is ~1.5 ML [13]. The less
strained In0.5Ga0.5As on GaAs (ε~3.5%) has a critical layer thickness of ~6 MLs.
It should be noted that the model described above is oversimplified for also
VW-growth occurs in systems like InAs/GaAs [14]. However, this occurs because
of reduced In migration and is not due to the strain relaxation (see paragraph
2.3.2).
Besides the quantum dot formation during MBE, many versions of selfassembled quantum dot formation exist. Due to In segregation, atomic layer
epitaxy [15] of an InAs/GaAs superlattice in a In0.04Ga0.96As matrix produces
In0.5Ga0.5As clusters. The dots have a dimension of 20-30 nm by 10 nm. Another
possibility is InGaAs deposition on a misoriented (111)B GaAs surface. As soon as

Stranski-Krastanow Formation of InAs/GaAs Self-Assembled Quantum Dots

23

the temperature decreases the surface reconstruction1 changes from the normal
√19 x √19 to 2 x 2 which results in (uniform) island formation [16]. Finally, when
a (GaP)n(InP)m (n-monolayers GaP and m-monolayers InP) or a (GaP)n(InP)msuperlattice is deposited on a misoriented (N11) GaAs surface (N=2,3,4,5), with
very small layer thickness (5-20 nm), quantum dots with a column like shape are
formed with dimensions in the [100] direction of 10-20 nm. [17].
Many more possibilities exist for quantum dot formation and hence the list
above is far from being complete. Since the samples under investigation are the
InAs quantum dots grown on exactly oriented (001) GaAs, we mainly focus on the
growth conditions for this type of dots in the next paragraph.

2.3.2 Growth Parameters
In order to control the growth of the self-assembled quantum dots, a lot of effort
is put in both theoretical and empirical investigation of the SK growth
mechanism. Combinations of many growth parameters like the V/III ratio, the
growth rate, the substrate temperature, and the amount of material delivery at
the surface are investigated in order to control the shape, size and density of the
dots. A brief overview of these studies is given below.
In order to estimate the critical layer thickness, the onset of island formation
as a function of InAs delivery at the GaAs surface is investigated. After delivery
of an increasing amount of InAs on GaAs the growth is stopped and the surface is
imaged by a scanning electron microscopy (SEM) or atomic force microscopy
(AFM). Hence, the onset for quantum dot formation is monitored as a function of
the InAs delivery and turns out to be very sharp [18,19,20,21]. The onset can also
be monitored in-situ, by investigating the RHEED pattern (see Appendix II).
Within a submonolayer deposition the diffraction pattern changes from the 2x4
reconstruction (see Fig. 2.3), characteristic for Frank-van der Merwe growth of
In(Ga)As into a spotted picture, which indicates the 3D growth. The change of
the RHEED pattern is not attributed to another surface reconstruction as
mentioned in Appendix II, but is due to the fact that the e-beam is diffracted

1
Surface reconstruction is explained in Appendix II.
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from different in-plane and vertical positions. To illustrate this effect one should
remind the glass plate with a layer of water or water droplets. The layer provides
a nice diffraction pattern in the direction of a shallow incoming light beam,
whereas the droplets scatter the light in all directions.

Fig. 2.3. a) The RHEED pattern in the [110] direction during layer-by-layer growth.
The lines as explained in Appendix II are plotted above the observed pattern b) The
RHEED pattern changes to a spotted picture as soon as the 3D or island growth occurs.

At the onset of the island formation, the impact of the InAs coverage on the
islands is twofold. It influences the island density and the island size. When more
InAs is deposited, the average island size decreases accompanied by a higher
island density [14,18,20,22]. The empirical relation between the density and the
coverage according to Ref. [18] is that of a first order phase transition with the
island density ρ SAD as an order parameter

ρ SAD = ρ 0 (Θ − Θ c ) ,
α

(2.4)

where Θ is the estimated InAs coverage and Θc is the critical coverage (equivalent
of critical layer thickness). According to their data, the normalised density, ρ 0 , is
2×1011cm-2 and the exponent α is 1.76, which indicates besides abrupt also a very

Stranski-Krastanow Formation of InAs/GaAs Self-Assembled Quantum Dots

25

steep onset. A similar behaviour is observed in Ref. [20]. According to this
empirical model, the estimated critical coverage Θc is about 1.5 MLs.
The increase of island density and the decrease of island size as a function of
the InAs coverage is attributed to two mechanisms [20,23]. i) Below a certain
critical size, the island growth is coherent, i.e. defect-free, and the accumulated
elastic strain creates a barrier for adatom incorporation at the edges of the
islands [4]. In other words, as long as the critical radius is not exceeded the small
islands grow faster, along with an increased onset for more new islands. ii) The
strain fields underneath the islands in the wetting layer and GaAs matrix start
to interact with increased InAs deposition. This results in a downward slope of
the surface potential towards the small islands and hence the small islands are
fed by the larger islands.
When the amount of InAs increases further, above 2.2 ML delivery, the islands
start to grow incoherently [4,22]. The barrier for adatom incorporation
diminishes and the large islands grow faster than the small ones. On this growth
stage, coalescence of islands happens and dislocations are formed.
The island or dot formation as described above is mainly controlled by In
surface migration. Thus, the material delivery is not a real growth parameter but
the V/III ratio, the substrate temperature and the growth rate are. These growth
conditions have impact on the In migration as discussed below.
Due to a suppression of the In migration at low growth temperature (<450°C),
the InAs nucleation is high as well as the In incorporation in the 3D islands. This
results in a small average island size with large island density close to ρ0
(1011cm-2). The distribution of island sizes is broad, since both isolated and
coalesced island growth are present. At such low temperatures, the growth is
better characterised by the Volmer-Weber mode than the Stranski-Krastanow
mode [14]. For higher temperatures, the In migration increases and the average
island size goes up, whereas the density decreases (1010cm-2) with the size
distribution becoming more uniform [14, 24,26,27].
At temperatures between 460°C-500°C [14] islands coalesce at higher InAs
delivery, due to the fact that besides the in-plane growth also the vertical surface
diffusion is enhanced [14,25]. Thus, it is not surprising that the island diameter
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depends more on the temperature than on the InAs delivery in this temperature
range. Only at temperatures above 500°C In desorption starts to play a role by
changes in the lattice mismatch and the surface energy.
On the impact of the ratio between the group V (As) and group III (In and Ga)
fluxes, the so-called V/III flux ratio, there are two approaches: The In migration
is considered either i) between the 3D islands [26,27] or ii) during the 2D growth
of the wetting layer [28].
First, the In migration between the islands is discussed. At low growth
temperature and a low V/III ratio (<2) the In migration is moderate, since the low
group V pressure enhances the In migration, but the low temperature acts
opposite. Under these conditions, the average island size is small (100Å) while
the island density is high (1011cm-2) but uniform. Kitabayashi et al. [26] describes
an illustrative model for this result. At low As pressure only the small and
strained islands are covered with As as well as the wetting layer, whereas the
larger relaxed islands are not. In incorporation is easier onto an As-rich layer and
hence, due to the moderate In migration length, the small islands grow along
with new ones on the As-rich wetting layer. When the V/III ratio increases (~3.5)
at low temperature the In migration is restricted by both conditions. However,
due to the higher As pressure both large and small island are covered with As.
The low In migration length in combination with a large incorporation
probability for all island sizes provides a larger average island size, a broader
size distribution, and a lower density. A similar effect has been observed by Chen
et al. [27].
Solomon et al. [26] does not consider explicitly the interdot In migration, but
the In migration in the wetting layer before and during the 3D nucleation as a
function of the flux ratio. In his view, the V/III flux ratio affects the local strain in
the InAs wetting layer as well as the strain enhanced roughening of this layer
and hence the dot formation. The enhanced In surface migration length,
introduced by a lower V/III flux ratio (9 instead of 36), provides the 2D islands
contributing to the layer-by-layer growth to grow larger. Thus, the wetting layer
becomes more uniformly strained which gives rise to more dense and more
uniformly distributed 3D islands. The same holds for the roughening of the
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growth front, which becomes more uniform and hence more uniformly develops
into 3D islands of increased density.
It should be emphasised that enhancement of the In migration by increasing
the temperature diminishes the effects of the As pressure and for all flux ratios
provides a larger average island size and a lower island density. At a given
temperature, a low or high V/III ratio is translated directly into the growth rate
of the InAs.
Besides the growth conditions also the growth sequence affects the islands
formation [26, 29,30]. A significant difference in island size is introduced if the
InAs is deposited in one run or in steps along with growth interrupts. Both
features affect the growth, since the time available for In migration is changed.
Since the recombination at the surface of the quantum dot kills the
luminescence, the dots must be capped. The capping of the islands is not that
straightforward as for a 2D growth. The InAs wetting layer is highly strained
and has a lattice constant close to the underlying lattice, i.e. GaAs. The InAs
islands can be partially relaxed, giving rise to a lattice constant closer to bulk
InAs. It is therefore expected [31] that the GaAs overlay growth starts preferably
on the wetting layer instead of on the islands.
Assuming these condition, the growth temperature of the GaAs cap layer is
important. If the temperature is increased before the dots are completely capped
desorption of the In might occur. This affects the dot density or even removes all
the dots [30,31].
Finally, possible intermixing of Ga and In during the overgrow affects the
composition, shape and size of the dots [27,30] and hence the strain as observed
by Pistol et al.[32].
The complexity of the SK-growth mode is best illustrated by comparing Ref.
[28] with the Ref. [14]. An enhancement of the In migration due to higher growth
temperature gives a lower density, whereas the enhanced In migration by a lower
V/III ratio provides a higher dot density. Nevertheless, it is obvious that a high
adatom migration length should provide small and coherent quantum dots. An
overview of the important parameters considered is given in Table II.
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Table II. The effect of the growth conditions on the In-migration

In migration high

In migration low

Growth temperature high (450-500°C)

growth temperature low (< 450°C)

V/III flux ration low (<9)

V/III flux ratio high (>9)

Growth rate low (0.04 ML/s)

Growth rate high (0.07 ML/s)

It is known that growth settings are MBE machine dependent and hence a
specific set of parameters for the Varian Modular Gen II MBE machine used to
grow the quantum dots under investigation in this thesis is compiled.
The growth condition cannot be changed abruptly during MBE growth. In
particular the fluxes of the group V and III materials can only be changed by
adjusting the temperature of the effusion cells. The growth temperature can only
be changed gradually.
The InAs is deposited on a GaAs matrix. Thus, the growth conditions of the
upper layers of the GaAs matrix governs the conditions for InAs quantum dot
layer.
The GaAs is grown at high temperatures (650°C) and high V/III flux ratio (36)
by means of a high As pressure. The growth temperature for InAs must be much
lower to prevent In desorption (460-500°C). In addition, a lower V/III ratio is
needed to compensate the lower In migration at lower temperatures. Both
conditions are less desirable for proper growth of GaAs. To obtain good quality
GaAs the combination of the growth temperature and As pressure suitable for
both GaAs and InAs have been investigated by monitoring the RHEED pattern
for GaAs growth as a function of these two parameters. The 4×2 surface
recombination provides a good GaAs matrix and hence determines the best
combination of the As pressure (V/III ratio) and the temperature.
When the critical layer thickness is slightly exceeded, the island formation is
coherent and defect free. For this purpose, the growth rate and critical coverage
have been determined. A sample with an InAs layer below the critical thickness
has been grown. The thickness of the layer, determined by X-ray spectroscopy,
and the deposition time provide the growth rate. The value of the critical layer
thickness has been obtained by monitoring the RHEED pattern as a function of
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the InAs coverage. As soon as the pattern changed to the spotty picture the
critical thickness was just exceeded (see Fig. 2.3).
According to the tests performed, the following set of growth parameters was
used,
As pressure

Tgrowth

growth rate

Θc

1.3×10-5 Torr

490°C (TUE) 2

0.285 ML/s

1.5 ML

2.4 Sample Description
The sample consists of one quantum dot layer embedded in a GaAs matrix. A
schematic picture of the sample is given in Fig. 2.4. The purpose of the CrO
doping in the GaAs substrate is to suppress any luminescence from, e.g., deep
levels in the substrate. The energy of deep level luminescence can coincide with
the luminescence energy of the quantum dots. After oxide desorption, a 0.4 µm
thick GaAs buffer layer (the GaAs matrix) was grown at a temperature of 630°C.
The temperature has been gradually decreased to 490°C in the next 750 Å of the
GaAs matrix. Before the InAs deposition was started, the growth has been
interrupted for one second to smoothen the GaAs surface.
In one run at a growth rate of ≈0.285 ML/s an amount of InAs equivalent to 2
monolayers was delivered. After delivery of the InAs, the In shutter was closed
and again a growth interrupt of one second has been inserted to enhance the In
migration. Next, 14.1 Å of the GaAs capping layer was grown at a temperature of
490°C to prevent In disorption. The temperature has been gradually increased
back to 630°C. during the growth of the remainder of the capping layer. Within
the capping layer a lattice matched Al0.33Ga0.67As layer has been inserted to
suppress any surface electric field. In the next chapter, the characterisation of
the sample will be discussed.


2
The temperatures mentioned are not the absolute temperatures but are thermocouples
temperatures.
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Fig. 2.4. Schematic picture of the InAs/GaAs SADs sample. For a detailed description of
the growth conditions see text. On the right a simplified picture of the InAs dot formation
is shown.
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Chapter 3

Characterisation of the InAs/GaAs
Quantum Dots
3.1 Introduction
Since the optical spectroscopy discussed in the next chapters covers a wide
range of excitation energies, the energy
hierarchy in the self-assemble quantum dot

GaAs
bulk matrix

sample is first described. Three different
1.52 eV

energy regimes (at 5K) can be specified as is

1.480 eV

schematically plotted in Fig. 3.1: i) The energy
InAs
Wetting Layer

regime of GaAs matrix in which the InAs
quantum dots are embedded extends down to

1.375 eV

1.52 eV (the GaAs energy bandgap at 5K). ii)

1.345 eV

The energy of the 2D wetting layer ranges

InAs
SADs

from 1.480 eV down to 1.345 eV. The wide
range of energies is due to the inhomogeneity
of the InAs quantum well layer. iii) The InAs

1.225 eV

Fig. 3.1. Schematic picture of

quantum dots, which have a spread in size energy regimes.
and shape providing a variation in ground
state energy between 1.375 eV and 1.225 eV. An overlap between the highest
quantum dot levels and the lowest wetting layers states is present due to the
small average size of the dots as will be discussed below.
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3.2 Photoluminescence Experiments
3.2.1 Non-Resonant Photoluminescence
To characterise the quantum dots, photoluminescence (PL) experiments at 5K
are performed. The experimental set-up is shown in Fig. 3.2. A Ti-Sapphire laser
is used as the excitation source, which is optically pumped by a 6 Watt Ar+ laser.
The Ti-Sapphire laser is tuneable between 700 nm and 1020 nm. For the

Ti-Saphire laser

Sample
Photomultiplier

Helium
Flow-Cryostat

Ar + pump laser

Spex 0.75m double
Monochromator

IEEE

Fig. 3.2. Experimental set-up for the photoluminescence experiments.

experiments discussed in this paragraph, the laser is fixed at a wavelength of
766 nm or 1.619 eV. Hence, the excitation energy is far above the GaAs energy
bandgap at 5K. Since the excitation energy is not resonant with any quantised
level in the quantum dots, these PL experiments are referred to as non-resonant
photoluminescence.
The PL signal is dispersed by a 0.75 meter double monochromator and is
detected by a photomultiplier attached behind the exit slit. The photo-cathode of
the detector is InGaAs passivated with Cs and is sensitive between 300 nm and
1050 nm. The dispersion of the monochromator is 22 Å/mm. Provided the slit
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PL signal (a.u.)

width is 100 µm, this gives a spectral resolution of 0.34 meV at 900 nm. This is

large dots

1.20

1.25

small dots

1.30

1.35

1.40

Energy (eV)

Fig. 3.3. The spectrum obtained under non-resonant excitation at 1.619 eV at a low
excitation density of 75 mW/cm2.

more than sufficient resolution for the PL experiments described in this chapter.
Via LabView the AT-MIO-16D interface board controls the scanning of the TiSapphire laser and the output signal of the photomultiplier. The monochromator
stepmotor is controlled via LabView by an IEEE GPIB.
The result obtained at a low pumping excitation density (75 mW/cm2) is shown
in Fig. 3.3. The density of states of a single quantum dot is a delta function.
However, no narrow lines are observed experimentally. The full-width-at-halfmaximum (FWHM) amounts to 65 meV. For comparison, the FWHM observed for
a single GaAs/InAs/GaAs quantum well structure is about 4 meV. The large value
of the FWHM for the quantum dots is mainly attributed to the size distribution of
the dots.
From the uncertainty principle

(∆E ≥ h ∆t ) ,

the expected homogeneous

broadening of the energy level in a quantum dot is a few µeV, assuming reported
experimental radiative lifetimes of 1 ns [1] or even less (25-40 ps [2]). It is obvious
that the observed broadening cannot originate from the homogeneous
broadening.
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The size of the excitation spot is large (200x200 µm2). For a quantum dot
density of 1010cm-2 this means that approximately 107 dots are excited. Hence,
many dots of different size and shape contribute to the non-resonant PL.
Therefore, at low excitation densities the observed PL band reflects the size
distribution of the dots. Thus, the higher energy tail of the PL band can be
attributed to the small dots and the lower energy tail represents PL from the
larger dots (see Fig. 3.3). However, it should be noted that a direct relation
between the FWHM and the size distribution is not straightforward. In
particular for the larger dots non-radiative recombination centres can be formed
due to relaxation of the InAs.
The observed FWHM of 65 meV is consistent with what is reported in
literature [3,4,5]. However, the peak position of 1.313 eV is higher than reported
in Ref. [3,4,5,6,7], suggesting a small average size of the dots as observed in Ref.
[8,9]. The small size of the dots is confirmed by PL measurements at high
excitation densities, as described in the next paragraph and, in addition, in
agreement with our calculations of paragraph 3.2.3

3.2.2 Excited States
To observe excited states of a quantum confined structure optically, two options
are

available.

The

first

option

is

absorption

like

measurement,

e.g.

photoluminescence excitation spectroscopy (PLE). The PLE experiments will be
discussed in detail in Chapter 4, but turns out to be not a that straightforward
technique in case of the quantum dots. Another option is to use high excitation
densities in (non-resonant) PL measurement.
When the excitation density is low, the carrier excitation rate is equal to or less
than the recombination rate of the carriers. The carrier occupation per dot is
assumed ~1. However, when the pumping intensity increases the carrier
occupation per dot increases and hence, due to bandfilling, carriers will
recombine from the excited states as well.
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The spectra observed at high excitation densities are plotted in Fig. 3.4 and
indeed, the luminescence band is broadened towards the higher energy side. This
broadening of the FWHM is attributed to an enhanced contribution to the
luminescence by the wetting layer and not to the luminescence from the excited
states. Photoluminescence excitation (PLE) experiments confirm this picture. The
PLE spectrum detected at an energy of 1.316 eV is also shown in Fig. 3.4 (dotted
curve). The PLE spectrum consists of a broad feature with a long low energy tail
extending down to approximately 1.345 eV. This is attributed to the
inhomogeneously broadened density of states (DOS) of the wetting layer as will
be shown in Chapters 4 and 5. The low energy tail in the PLE exactly overlaps

1/20
45mW/cm2

x8

74meV
2

450mW/cm

x1

PL signal

T2

PLE signal

T1

1/5

65meV
T3
x0.5

1.15

1.20

2

4.5W/cm

1.25

1.30

1.35

1.40

1.45

1.50

1.55

Energy (eV)
Fig. 3.4. The spectra at excitation densities of 75 mW/cm2, 800 mW/cm2 and 1.2
W/cm2. The higher excitation density spectra a scaled (1/5 and 1/20) in order to fit in the
same plot. The dotted curve on the right is the PLE spectrum observed when detecting at
1.316 eV. The inset shows the PL spectra reported in Ref. [5] for large dots at high
excitation density.
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with the broadening of PL band at high excitation densities, thus confirming that
it is the wetting layer, not the excited states, which contribute to the increase of
the FWHM of the PL band. In addition, the inset of Fig. 3.4 shows a spectrum
observed for large dots by Steer et al. [5]. Three distinguished peaks are observed.
The peak indicated with T1 is attributed to the ground state and the peaks T2
and T3 to the exited states. Such peaks like T2 and T3 are not observed for the
small dots.
From the PL experiments described above, we cannot conclude the existence of
excited states in the dots. However, in the next paragraph 3.2.3, we show that
theoretically some excited states may be present and they might participate in
the broadening of the PL band. It should be noted that these levels are close to
the energy levels in the wetting layer, which makes the distinction between this
two contributions difficult.

3.2.3 Theoretical Model
In order to get also theoretical insight in the observed spectra, numerical
calculations of the energy levels and wavefunction electron and hole in the
quantum dots are performed [10]. The existing theoretical investigations of selfassembled quantum dots have so far been based on the effective-mass
approximation [3,9] (ranging from single-band to few-band models) or on
atomistic pseudopotential calculations [11]. A common trend in these approaches
is their high requirements in terms of computational resources. Here, what is
believed to be the simplest model able to describe the main features of the
electronic structure of the quantum dots, is used: an effective-mass approach
with decoupled conduction and valence bands, which nevertheless accounts for
the mixing in the valence bands through the Luttinger Hamiltonian [12].
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As a model system a cone-shaped (radius-to-height ratio Q = 1) InAs islands
lying on a 2D WL (1 ML thick) is considered. The confinement potential of the
carriers is therefore of the form
V (ρ , z ) , where

(ρ ,θ , z )

are the

cylindrical co-ordinates. V (ρ , z )
is determined by the geometry,
by the band-edge discontinuities
between InAs and GaAs, and by
the strain distribution in the
structure. It is assumed that the
dots share the biaxial strain
state of the wetting layer, and
the
Fig. 3.5. Lowest hole levels of self-assembled
quantum dots as a function of the radius. The
filled circles represent the lowest hole level obtained
without hh-lh mixing (nh=0), and the dash-dotted
line indicates the first subband of the wetting layer.

electron

confinement

and

hole

potentials

are

modified accordingly [13].
For

the

calculation

of

the

electron levels, the single-band
effective-mass approach is used.

Thus, the electron states can be written as eineθ χ ne (ρ, z) , and are labelled by ne
^

(ne= 0,±1,….), the eigenvalue of the envelope angular momentum I z = − i∂ ∂θ . To
obtain the hole states, the Luttinger Hamiltonian HL (in the basis j, m ) is used,
which describes the Γ8υ valence band states with intrinsic angular momentum
j=3/2 (the z-projection m=±3/2 for heavy holes, hh, and m=±1/2 for light-holes, lh)
[14]. The eigenstates of HL are classified by the eigenvalues M of the z-component
of the total angular momentum [15]. They can be written as follows:
ψ M (r ) =

1 i(M − m)θ (m )
3
e
χ M − m (ρ , z ) j = , m
2
2π

(M = ± 1 2 ,± 3 2 ,......) .

(3.1)
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Equation (3.1) reflects clearly how the valence-band coupling requires the
mixing of the hh and lh states with different envelope angular momenta. The
^

hole states can be labelled by the quantum number nh, eigenvalue of I z , only if

1.4

1.3

1.2

1.1

1.0

0.9

Fig. 3.6. Energies of the optical transitions between the electron ground state and the
hole states. The empty circles represent the energy of the lowest transition (lowest dashed
line), after including the Coulomb correction, which is represented in the inset.

the band coupling is neglected. The problem of finding the electron and hole
eigenstates is solved as explained in Ref. [16]. In Fig. 3.5, the calculations of the
lowest hole energy levels for the dots described above is shown. The hole ground
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state is a M = 3 2 state, mainly hh in character, because the strain pushes the
lh band edge (by ≈160 meV) towards the GaAs barrier.
Nevertheless, there exists always a finite lh-admixture due to the valence-band
coupling. In addition, it should be noted that, due to the band mixing many hole
levels are accommodated inside the quantum dot as compared to the few levels
predicted by the one-band approximation [16]. Moreover these hole levels have
lower energies (≈100 meV of difference for small dots, see Fig. 3.5). In Fig. 3.6 we
show the optical transitions arising from the lowest electron level and the various
hole levels (see Fig. 3.5). For the study of interband optical transitions, the
electron-hole Coulomb interaction must be introduced. In the inset of Fig. 3.6, the
Coulomb correction ∆E (calculated with perturbation theory1) for the transition
between the lowest electron and hole energy levels is shown. The corrected lowest
transition energy is also displayed in Fig. 3.6 (empty circles). The non-resonant
PL spectrum of the quantum dots, as discussed in paragraph 3.2.1, is displayed in
the left-hand panel of Fig. 3.6. From the comparison between the experiment and
the calculations, the size of the dots is estimated to be 50 to 75 Å in diameter and
a height of 25 to 35 Å. This estimation is consistent with transmission electron
microscopy (TEM) analyses performed by other authors on similar samples [17].
According to the estimated size of the dots, indeed no excited states are expected
for the smallest dots in the distribution. For the largest dots excited states might
be present, but they are close to wetting layer states, which makes a clear
distinction difficult.

3.3 Near-Resonant Photoluminescence
3.3.1 Phonon-Bottleneck
A photo-excited carrier looses excess energy by emitting phonons. In order to do
so, in every step of the relaxation process a suitable energy state must be
available. In a quantum dot, the relaxation might slow down due to the discreet

1
∆E sharply decreases in the limit of small dot size due to the increasing delocalisation of the
electron wavefunction.

42

Chapter 3

nature of the DOS, the so-called phonon-bottleneck (see paragraph 1.3.3). The
phonon-bottleneck should be observed in continuous wave (CW) PL experiments
as a decreased PL efficiency [18,19,20,21]. Nevertheless, the strong luminescence
observed in the non-resonant PL experiment suggests otherwise. According to the
high intensity of the luminescence, it seems that many if not all the dots can be
accessed in spite of the possible phonon-bottleneck.
Fast release of excess energy can be provided by emission of LO-phonons
(τ<1ps) and thus when the excess energy with respect to the ground state of a
quantum dot fits to a discrete number of LO-phonon quanta, a fast relaxation
might occur. In the non-resonant PL experiments the carriers are excited in a
continuous spectrum of states (bulk GaAs). According to the observed PLE, the
wetting layer provides a continuous spectrum of available states ranging from
1.475 eV to 1.345 eV. There are enough levels available below the excitation
energy through which carriers can relax before being captured into the dots and
hence most carriers can reach an energy level positioned at a discrete number of
LO-phonon energies above the ground state(s). Thus, the PL line shape does not
change even for excitation in the wetting layer, provided it is kept far above the
edge of the DOS of the wetting layer.

3.3.2 Experiments
To obtain experimental evidence on (long) relaxation times and hence to proof
the phonon-bottleneck, time-resolved measurements are required [22,23,24,25].
However, limiting the number of available levels above the ground state of the
quantum dot can also be used to demonstrate the phonon-bottleneck in so-called
continuous wave (CW) experiment.
If the excitation energy one GaAs LO-phonon energy (or less) above the ground
state of the smallest dots, i.e. 1.409 eV in our experiments, the number of
available states for the excited carrier to relax is limited. Provided the relaxation
slows down due to the phonon-bottleneck, a quenching of the luminescence
intensity may be observed. Since the excitation energy is close to resonance with
the quantised levels of the quantum dots (1.375-1.225 eV) these experiments are
referred to as near-resonant PL.
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Figure 3.7 shows the PL spectra observed exciting at 1.619 eV (non-resonant)
and 1.409 eV (near-resonant). The spectrum changes when going from nonresonant to near-resonant excitation. A decrease in the luminescence intensity is
observed between one and two GaAs-like LO phonon energies (marked as 1 LO
and 2 LO-peak) below the excitation energy and at the lower energy side of the
PL band. To make this feature clearly visible, the normalised difference between

E

=1.610 eV

E

=1.409 eV

exc

1 LO-peak

2 LO-peak
0

(I 1.405eV -I1.610eV )/I 1.610eV (a.u.)

PL-signal

exc

0
1.20

1.25

1.30

1.35

1.40

1.45

Energy (eV)

Fig. 3.7. The photoluminescence spectrum under non-resonant excitation at 1.610 eV
(dashed line) and for exciting one GaAs LO-phonon energy (1.409 eV) above the ground
state of the smallest dots (solid line).

the observed luminescence under both conditions is also shown (dotted line).
These spectra show that the dots which can be accessed by emission of one or two
GaAs-like LO-phonon are populated efficiently, since their delta-function-like
DOS can be accessed directly from the excited energy level in the wetting layer by
LO phonon emission. The near-resonant photoluminescence experiments also
show that the presence of the phonon-bottleneck can be shown without
performing time-resolved measurements. That the fact that GaAs-like LO
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phonons are observed and no InAs-related modes, is attributed to the small width
of the wetting layer [13].

3.4 Conclusion
In summary, the quantum dots under investigation have an average size
between 50-70 Å at the base and a height of 25-35 Å. This is much smaller than
most self-assembled InAs/GaAs quantum dots reported in literature, which have
a typical base size of 100-250 Å and a height of 20-100 Å.. The small average size
of the quantum dots is evident from two experimental facts: i) The peak position
of 1.313 eV is much higher compared to the peak positions of 1.0-1.2 eV reported
for the larger dots. ii) An enhanced contribution of the wetting layer is observed
at high excitation densities and not from the excited states.
Beside these two experimental facts, the growth conditions, i.e. a high growth
temperature and no long growth interrupt after deposition of the InAs, suggest
the formation of small dots.
Although the confinement energy of tiny dots is smaller compared to larger
dots, the phonon-bottleneck, characteristic for the 3D-confinement, is observed in
CW near-resonant PL experiments.
In the next Chapters 4 and 5 more sophisticated PL experiments are performed
on the quantum dots. The experiments provide more insight in the recombination
process of the small average sized quantum dots which turns out to be a phonon
emission assisted process via Fröhlich interaction. Since the dots have a small
average size, a new model is proposed to explain the enhanced efficiency of the
Fröhlich coupling in the weakly polar InAs/GaAs system.
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Chapter 4

Strain-Induced Polarised Excitons
4.1 Introduction
In (non-resonant) PL experiments on low-dimensional structures the carriers
are excited into a continuum of states above the quantised levels. Hence, the
observed luminescence is the radiative recombination after a series of energy
relaxation processes. In paragraph 3.3 it was shown by CW PL experiments that
the dots display the phonon bottleneck. One way of circumventing the phonon
bottleneck is to excite the carriers directly into a quantised level within the
quantum dots. In such a manner the phonon spectrum of the structure can be
investigated.
Under size selective (or resonant) excitation of the dots the broad radiative
band evolves into phonon-assisted bands, which was reported for the first by
Heitz et al. [1]. The intra-dot energy relaxation has been assumed to be
responsible for these spectral features: pumping carriers resonantly into an
excited state of the quantum dots selects the dots with the inter-level spacing
equal to the available phonon energies and provides a rich phonon spectrum.
As proven in Chapter 3, there are no excited states in the small dots under
investigation. Consequently, phonon-assisted luminescence should not be
observed. However, we do observe up to four phonon emission enhanced bands as
will be discussed in paragraph 4.2. We found that the experimentally observed
phonon emission enhanced radiative recombination is not through real crystal
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states but due to the Fröhlich interaction between strain-induced polarised
excitons in the SADs and LO-phonons as will be shown in paragraph 4.3.

4.2 Resonant Photoluminescence Experiments
The experimental set-up and the experimental conditions are identical to the
ones described in paragraph 3.2.1, except for the slightly higher pumping density
(300 mW/cm2). The experiments are performed in the so-called backscattering
geometry, i.e. the optical axis of the excitation and collection are identical.
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Fig. 4.1. By tuning the excitation energy in resonance with the ground state of a
quantum dot, the non-resonant PL band evolves into the phonon emission enhanced
bands. The arrows in the inset indicate the different excitation energies. The spectra are
plotted as a function of the detection energy with reference to the excitation.

The spectra observed under such resonant excitation are plotted in Fig. 4.1.
The inhomogenously broadened PL band evolves into the phonon emission
enhanced bands (indicated as 1-5). For a detailed discussion, the spectrum
observed under the excitation at 1.370 eV is shown in Fig. 4.2.
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A closer look at the spectrum shows that, besides the four phonon emission
enhanced bands, a background signal is present. This background signal is
attributed to a non-resonant PL contribution. Near-field scanning optical
microscopy (NSOM) experiments on a single quantum dot [2] show that a 2D-like
continuous density of states exists in the immediate neighbourhood of the ground
state. This continuum of states, is present for all dot sizes, i.e. for the small dots
under investigation here, but also for the larger SADs [3,4,5]. Pumping at
1.20

1.25

1.30

1.35

1.40

1.35

1.40

PL signal

a)

GaAs LO

E resonant -E non-resonant

b)

GaAs LO

GaAs LO

1.20

1.25

1.30

Energy (eV)

Fig. 4.2. a) Photoluminescence spectrum under resonant excitation at 1.370 eV

(solid line); the non-resonant luminescence (dotted line) and b) the difference
spectrum.
1.370 eV provides excitation into this continuum of states with the dots of all
sizes accessed and the resonant excitation into the ground state at 1.370 eV as
well. In Fig. 4.2b the (scaled) non-resonant PL band is subtracted in order to
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exclude the contribution via the continuum states to the PL spectrum. The
difference spectrum shows four bands all evenly spaced by (35.0±0.5) meV. This
is very close to the bulk GaAs LO phonon energy of 36.3 meV.
As mentioned above, the phonon emission enhanced bands were also reported
for the larger dots [1,3-5]. Since multi-phonon intra-dot energy relaxation is
impossible with no excited states in the SADs, we propose that the observed
phonon emission enhanced PL bands are due to the enhanced efficiency of the
Fröhlich interaction between strain-induced polarised excitons in the SADs and
the LO-phonons of the surrounding GaAs matrix. After recombination of the
electron with the hole in the dot, depolarisation takes place and the stored
polarisation energy is released by emitting LO phonons. In such a process, no
real crystal states are involved.

4.3 Enhanced Efficiency of the Fröhlich Coupling
The deformation and piezoelectric interaction can be excluded as a possible
reason for the observed PL bands, since no acoustical modes are observed (see
Table I in paragraph 1.4). However, in quantum dots the coupling scheme is not
that straightforward as Table I might suggest. In Ref. [6], both Fröhlich
interaction and deformation potential interaction are considered for the spherical
dots. Both mechanisms provide a coupling to the optical modes. The deformation
interaction in the dots gives rise to a coupling with all the optical modes (TO and
LO). The inadequacy of Table I is due to the fact that Table I is deduced for a
simple zone situation, i.e. no mixed valence band states. However, in the real
dots the valence band light and heavy hole states are heavily mixed (even at
k=0). Nevertheless, since no TO-modes are observed in cleaved-side (or 90°geometry) measurements (see Chapter 5), deformation interaction still can be
excluded, leaving the Fröhlich interaction as the only mechanism.
In addition, polarisation dependent measurements performed to check the
selection rules for Raman scattering (see Appendix III), exclude possible
contribution from Raman processes.
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The FWHM of the observed bands is large, 10-15 meV for the last three peaks,
which is much larger than the homogenous broadening due to the (non) uniform
strain in the dots [7] of ±1.5 meV, as will be shown in Chapter 6. We assume two
possible explanation for the extra broadening of these peaks. First, as mentioned
in the introduction, even a single quantum dot exhibits a 2D-like continuous
density of states. Under selective size excitation, this translates into
inhomogeneous broadening due to the size distribution. Secondly, for the higher
order phonon emission enhanced bands Pekar’s formula is not obeyed, i.e.
nonadiabaticity [8,9] might further broaden the features.
In order to gain more insight in the source of the Fröhlich interaction in the
quantum dots, first the strength or efficiency of the coupling has to be
determined. The efficiency of the Fröhlich coupling is characterised by the socalled Huang-Rhys parameter (eq. 1.7). Experimentally this factor is defined as
the intensity ratio between the principal and the one-phonon emission line.
However, for the principle band in the resonant-PL experiments is not available,
the factor has to be determined by the ratio between the intensities of higher
order adjacent phonon bands in the PL spectrum. According to the Pekar’s
formula, S is given by

( )

e − S Sn
,
n!
I
Sexp = (n + 1) n +1 .
In
In =

(4.1)

Here In is the intensity of the n-th phonon band. The experimental intensity
ratio, Sexp, measured from the two- to one-phonon emission enhanced bands are
between 0.59-0.85. The values are measured after subtraction of the background
as explained in paragraph 4.1.2. The values are very high compared to the
number obtained for bulk III-V materials (<10-4 Ref. [10]).
It will be shown that the enhancement is due to a non-neutral charge
distribution induced by i) implicitly the 3D-confinement or localisation and ii) a
non-uniform strain distribution.
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0.6

Fig. 4.3. Calculated values of the Huang Rhys parameter when the electron-hole pair is
considered (S solid line) and in case of a completely delocalised electron (Sh dotted line).

To confirm the two statements, the simple theoretical model, as reported in
Ref. [11], is used to obtain a theoretical value of the Huang-Rhys parameter
within the adiabatic approximation [12]. In this approach the spectrum of the
phonon emission enhanced photoluminescence by localised photocarriers is fully
determined by the Huang-Rhys parameter [12],

Stheo

where φ e

and φ h

 φ e iq re φ e − φ h e iq rh φh
∝ ∑ e

hω q
q 

2


 ,



(4.2)

are the wave functions of the electron and the hole ground

state, respectively. The electron-phonon and hole-phonon interaction, associated
with the phonon mode q (energy hω q ), are eiq r and eiq r , respectively. The
e

h

calculations of the parameter Stheo performed are associated to the lowest optical
transition, considering the Fröhlich interaction of the electron-hole pair with
bulk GaAs phonons. The results are shown in Fig. 4.3.
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It is obvious that the 3D-confinement implicitly enhances the Huang-Rhys
parameter, in qualitative agreement with the experimental number. The
calculated values for S in the range of the dots under investigation, i.e. radii of
25 Å to 35 Å, range from 0.025 to 0.045. This is an order of magnitude larger than
the very small values of 10-4 in the weakly polar bulk III/V semiconductors. It
should be noted that such an enhancements of the Huang-Rhys factor is also
observed for quantum wells due to localisation of the carriers by interface
roughness [10,13]
Nevertheless, the theoretical values of S are still too low to fully account for the
phonon structure in the luminescence. Since the value of S is related with the
relative localisation of the electron and hole wave functions, also the values Stheo
in case of a completely delocalised electron are shown in Fig. 4.3. The order of
magnitude of these numbers agrees with the experiments. This fact suggests that
a further separation of electron and hole wave functions in the dots can explain
the phonon emission enhanced PL spectra. To put it otherwise, an increased nonzero charge distribution enhances the efficiency of the Fröhlich interaction as has
been observed for the first time in InGaAs/InP quantum wells [13].
The strain is the key to such an electron and hole separation in the quantum
dots. The strain field in the InAs/GaAs quantum dot structure is non-uniform,
even during the formation as mentioned by Petroff et al. [14]. In this respect the
possible Ga-In intermixing during the overgrow of the islands should be kept in
mind (see paragraph 2.3.2) as well as the strain induced by the islands in the
wetting layer and the GaAs matrix [15,16]. Both calculations within the
continuum elasticity theory [7,17] and the valence force field method [18] confirm
the non-uniformity of the strain field. Although both methods obtain a different
quantitative strain profile [19] they show a hole more confined inside the dot and
more compact than the electron.
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To illustrate this picture, the εzz component of the strain tensor (see eq. 2.2)
along the centre symmetry axis is schematically plotted in Fig. 4.4b. For a
positive εzz the strain is referred to as compressive. Tensile strain corresponds to
a negative εzz. It is well known [20] that strain influences the degeneracy of the
hole states in a quantum well. Compressive strain provides a deeper potential
well for the heavy hole, while the barrier height for the light hole shrinks. Since
the base of the dot is under compression as compared to the apex, which is more
tensile strained, the heavy hole potential is deeper and more narrow at the base
and hence the heavy hole is confined more inside and at the base of the dot. The
light hole experiences the opposite providing a localisation at the apex of the dot.
Ec

Ev,hh,lh

εzz
GaAs Matrix

InAs Dot
InAs Wetting Layer

Eg,GaAs

GaAs Matrix

a)

b)

c)

d)

Fig. 4.4. a) A cross-section through the dot (dotted line) shows a non-uniform strain
profile (coloured with dark grey shading in and around the dot) b) characterised by εzz
[17]. c) This strain profile provides a localisation of the heavy hole at the base of the dots
(solid potential profile) and a light hole at the apex (dotted potential profile). d) Such a
confinement induces a dipole directed in the growth direction. The accompanied electric
field (curves) extends outside the quantum dot.

The effect of the strain on the potential profile for the electron is negligible.
However, the holes are confined either at the base [7,17,18] or at the apex [21] of
the dot. In either case, the exciton is aligned in the growth direction and hence a
strain-induced dipole is formed. Both the dipole and its accompanied field are
schematically shown in Fig. 4.4d. After recombination of the photocarriers,
depolarisation takes place and the stored polarisation energy is released by
emitting LO-phonons. In such process, no real crystal states are involved and
hence the model is applicable to these small dots without any excited state.
Moreover, since the dots are small the polarisation field extends far outside the
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dots and hence the GaAs matrix feels most of the field. This explains the fact that
GaAs-like rather that InAs-like phonons are observed.
In the next chapters, measurements that are more complex will confirm the
model proposed, but as a first simple experimental check photoluminescence
excitation measurements are performed.

4.4 Photoluminescence Excitation Experiments
The experimental set-up as well as the conditions used for the PLE
experiments are similar to resonant PL, except that the excitation energy is
scanned, while the detection energy is fixed. The spectra observed for several
detection energies across the non-resonant PL band are shown in Fig. 4.5.
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Fig. 4.5. The PLE spectra observed for detection energies across the non-resonant PL
band (see crosses in inset). The phonon emission enhanced bands are indicated with 1-4.
The broad feature on the higher energy side is attributed to the wetting layer. As will be
shown in Chapter 5 the two peaks indicated with hh and lh correspond to the heavy hole
and light hole level respectively. All spectra are plotted relative to the detection energy.
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It is obvious that similar features are observed as for resonant PL. When
detecting at 1.238 eV up to four bands are observed all evenly space by (35.5±0.3)
meV. Nevertheless, the interpretation of the phonon emission enhanced bands is
different from the bands observed in the PL measurement. The recombination of
the ground state electron hole-pair created, can only be detected if the re-emitted
photon has an energy equal to Edet+n×35.5 meV. To put it otherwise, only the dots
with a ground state energy equal to the detection energy plus a discrete number
of GaAs-like LO phonons can be observed. Thus, the observed bands originate
from different dots in contradiction to the bands observed in the resonant PL,
where the observed bands are due to emission from the same dot.
Since the observed phonon emission enhanced bands are attributed to different
dots an estimate of the Huang-Rhys parameter cannot be measured for the
excitation experiments. Nevertheless, although the interpretation of the PLE
spectrum is different from the PL measurement, the PLE experiments show that
the recombination of the carriers in the dots is phonon emission assisted as is
proposed in paragraph 4.2.

4.5 Conclusion
Under size-selective (or resonant) excitation of the self-assembled quantum
dots, the inhomogeneously broadened radiative band observed under nonresonant conditions evolves into phonon emission enhanced PL bands. The intradot radiative relaxation has been assumed to be responsible for these spectral
features. However, as shown in Chapter 3 the dots in our samples are small
enough to have no excited levels and hence intra-dot relaxation is excluded. We
found that the experimentally observed phonon emission enhanced radiative
bands are not due to real crystal states.
The coupling constant α for GaAs is very low (0.058) and hence the high value
of the Huang-Rhys parameter of 0.59-0.85 as measured from the resonant PL
experiments can only be due to a non-neutral charge distribution (see eq. 1.7).
Hence, we propose that the observed phonon emission PL bands are attributed to
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an enhanced efficiency of the Fröhlich interaction caused by a strain-induced
alignment or polarisation of the excitons in the SADs.
In the next Chapters we will demonstrate the validation of this model based on
other optical experiments, i.e. polarisation dependent PL, micro-PL and electric
field dependency of the PL.
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Chapter 5

Polarisation of the Luminescence
5.1 Selection Rules
The model proposed in this thesis describes the ground state recombination
process in the SADs. To obtain more insight in the nature of the ground state the
polarisation of the luminescence is investigated. Because the basics of the
polarisation selection rules in III/V materials are not that straightforward, an
introduction is given in this paragraph. It should be noted that in all discussions
below, the z-direction is assumed to be the growth direction.
According to the Bloch theorem, the carrier wave function in a crystal (e.g.
zinc-blende materials) can be written in the form
ψ (r ) = Nu s,k (r )e ik r ,

(5.1)

where u s,k (r ) is the Bloch function of zone index s, rapidly oscillating with the
periodicity of the host material. The Bloch functions are seldom known explicitly
but in highly symmetric points in the Brillouin zone, e.g.k=0 or the

Γ-point in

III/V materials, they can be constructed as linear combinations of the atomic
functions. For the conduction band it is the s-states (denoted with S ) with the
quantum number l=0, and it is the p-states (l=1) for the valence band (denoted
with X , Y and Z ).
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If the spin is taken into account, the bottom of the conduction band is
represented by the two anti-bonding s-states which transforms according to the
irreducible representation of Γ6. The top of the valence band has a sixfold
degeneracy. The spin-orbit coupling lifts this degeneracy, that is E(Γ8)-E(Γ7)=∆,
where ∆ is the spin-orbit splitting. It consists of four bonding p-states in the Γ8
band (heavy and light holes) and two bonding p-states in the Γ7 band (split-off
band). Since the theoretical model described in Chapters 3 and 4 ignores the
split-off band, the Γ7 band is skipped in the discussion below.
For the projection of the total angular momentum to be diagonal, a linear
combination of the atomic states

X , Y and Z

may be chosen. The

corresponding set of basic functions is shown in Table III.
Table III. The periodic components of the Bloch wave function u s,k (r ) atk=0.

us

periodic part u s,k (r )

J , mJ
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1
2

, 12

eup
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3
2
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, 32
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,− 12
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,− 12
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,− 32
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iS↑
−

1
6

(
−

)↓

+
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2

(

+

2
3

Z↑

+ iY ) ↑

iS
+

1
6

(X − iY ) ↑
1
2

−

2
3

Z↓

(X − iY ) ↓

The functions u1 and u2 describe the electronic states at the bottom of the
conduction band. The heavy and light hole at the top of the valence band are
represented by the functions u5, u6 and u3, u4 respectively.
To demonstrate the polarisation selection rules, a one-dimensional confinement
in the z-direction (i.e. a quantum well) is considered. In a quantum well the
degeneracy between the light and heavy hole states is lifted. The wave function of
the initial and final state can be written as
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Fi, f = u(i, f ),0 (r ) fi, f (r )
fi, f (r ) = 1 N e

ik r
⊥

⊥

(5.2)

χ i, f ( z) ,

where ui,f (r ) is the Bloch function as mentioned in eq 5.1. The exponent e ik⊥r⊥
describes the free motion of the carrier in the subband i or f perpendicular to the
quantisation axis z, and the motion in the z-direction is described by the envelope
function χ i,f (z ) .
The selection rules for the transition from the initial state (i) in the conduction
band to the final state (f) in the valence band are obtained from the matrix
element for the inter-band transition in the dipole approximation,

*
3
Fi ε ⋅ p Ff = ε ui (r ) p u f (r ) ∫ fi (r )f f (r )d r .

(5.3)

The polarisation of the electric field is given by the unit vectorε and p is the
momentum operator. The second integral on the right is the overlap between the
envelope wave functions and selects the allowed parity transitions. The
polarisation of the transitions is determined only by the matrix element on the
periodic parts of the Bloch functions as given in Table III.
The polarisation selection rules obtained for the Γ6 to Γ8 transitions are shown
in Table IV. To illustrate the elements in this table, the transition from the
(heavy hole state spin up) to state

1
2

, 12

3
2

, 32

(electron spin up) is constructed,

assuming light propagating in the z direction with a polarisation in the xdirection.

uelectron ε ⋅ p uheavy hole = 1 , 1 ε ⋅ p 3 , 3 =
2 2

2 2

S ↑ ε x ⋅ px 1 ( X + IY ) ↑ = 1 S px X = Π
2

2

2

,

(5.4)

where the Π is a constant defined as Π = S pi I , with i=x,y or z and I=X,Y or Z.

64

Chapter 5

Table IV. Polarisation selection rules for the inter-band transition Γ6 to Γ8. The first
column gives the direction of the propagation of the light. The component of the
polarisation vectors are given by εx, εy, ε z. I indicates an impossible transition and F is a
forbidden transition.

Polarisation

εx

Propagation // z

Π

Propagation // x

I

Propagation // y

Π

2

I

Propagation // z

Π

6

Π

Propagation // x

I

Π

Propagation // y

Π

εy
2

6

εz

Type of transition

Π

2

I

hh

Π

2

F

hh

F

hh

6

I

lh

6

2Π

6

lh

2Π

6

lh

I

To visualise the polarisation selection, rules the atomic functions can be viewed
as classical dipole oscillators, e.g. X ∝ Ax e− i(ωt ) etc. A is the amplitude of the
oscillation, which is related to the pre-factor of the elements from Table III. Thus,
according to Table III and IV the luminescence from the heavy hole state
transition is circular polarised in the x-y plane as schematically shown Fig. 5.1a.
The luminescence detected in the x or y direction (referred to a cleaved side)
consists of one linear component in the y or x direction respectively. In addition,
the light hole is plotted in Fig. 5.1b. The light hole consists of a linear component
in the z-direction and circular polarised light in the x-y plane.
It is obvious from Fig. 5.1 that the difference between the polarisation of the
light and heavy hole luminescence is the component in the growth direction (z).
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It is well know that in a lattice matched quantum well the ground state has the
heavy hole character and the first excited state has the light hole character.
When the quantum well is compressively strained the energy splitting between
the heavy and light hole state is enlarged [1] and the ground state is more purely
a heavy hole state. Hence, the ground state luminescence observed from the x-z,
and y-z plane is only polarised in the plane of quantisation, i.e. Px,y:Pz=1:0.
y
x

y,x

z

y,x

y ½ye i(wt- π/2)
2

/ ye i(wt- π/2)

1 6

/ 3ze i(wt )

½xe i(wt )
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1/
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6
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x
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Fig. 5.1. a) Replacing the periodic parts of the Bloch states with classical dipole
oscillators in the x, y, and z direction provides an insight in the symmetry of the states. It
shows circular polarised light for the heavy hole in the x-y plane. In the x-z and y-z planes
only linear polarised light is observed. b) The light hole has an additional component in
the z-direction which is twice the x (and y) component and hence elliptic polarised light is
observed in the x-z and y-z planes.

However, in a tensile strained quantum well the ground state can have a purely
light hole character and thus the ground state luminescence observed from the
cleaved-side

is

polarised

predominantly

perpendicular

to

the

plane

of

quantisation, i.e. Px,y:Pz=1:4. Hence, cleaved side polarisation dependent PL
measurements provide information on the sign of the strain present the
structure.

5.2 Polarisation Dependent Photoluminescence
The experimental set-up for the polarisation dependent experiments is shown
in Fig. 5.2a. The measurements described in this paragraph are performed in the
cleaved side geometry. The Ti-Sapphire laser is focussed on the (001) plane (the
face side) of the sample, close to the edge of the sample. The luminescence is
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Fig. 5.2. a) The experimental set-up as described in paragraph 3.2.1. b) The laser beam
is focused close to the edge of the sample on the top layer, i.e. the apex of the dots faces the
laser. The signal is detected from the cleaved side of the sample facing the monochromator
c) and passed through an analyser (A) to investigate its polarisation. To cancel the
polarisation sensitivity of the monochromator the signal is passed through a λ/4 plate to
obtain circular polarised light for both components. The dotted lines correspond to the
optical axis of the components.

collected from the freshly cleaved side of the sample i.e. the [-110] or [110]
direction, facing the monochromator (Fig. 5.2b). Since the optical axis of
excitation and collection beam are perpendicular to each other, this geometry is
also referred to as the 90°-geometry. The luminescence signal is collected by an
achromatic lens. To obtain information on the polarisation an analyser is placed
in the collection beam. The polarisation of the signal parallel to the growth
direction [001] is the p-component. The polarisation of the light parallel to the
growth plane (001) is referred to as the s-component. To cancel the polarisation
selectivity of the monochromator, a λ/4-plate is positioned after the analyser to
transfer both the s- and p-components into circular polarised light.
For the polarisation dependent measurements from the cleaved side one has to
be aware of the fact that: i) The light glancing along the front facet is
predominantly p-polarised and an unwanted component to the observed
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polarisation from the cleaved side. To block this light, a paper mask is made on
the face side of the sample. ii) It is important to limit the collection angle in order
to keep the transmittance of both the p-and s-component equal (<5%). For GaAs
the deviation between the transmittance of s- and p-component is below 5% if the
collection angle is smaller than 12°. To limit the collection angle a pinhole is
positioned before the analyser. iii) The depolarisation by the cryostat windows,
the mirrors, and the lenses was checked and found to be negligible. Finally, it is
important to notice that no lateral optical confinement is used in the structures,
since waveguiding alters the polarisation.
The PL spectra observed under non-resonant conditions are shown in Fig. 5.3.
The degree of polarisation indicated on the left axis is defined as

(

D = Is − I p

) (Is + I p ) ,

(5.5)

where Is and Ip are the intensity of the s- and p-component of the luminescence
respectively. The degree of polarisation is 25-38% in favour of the p-component.
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Fig. 5.3. Polarisation of the spectra observed under non-resonant excitation condition.
The degree of polarisation on the left axis is defined in the text.
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The observed polarisation of the luminescence suggests a light hole character of
the ground state.
The polarisation of the dipole allowed transitions has been discussed
theoretically [2,3,4]. For the holes confined at the base of the SADs one should
observe s-polarisation of the ground state emission. The base of the dot is under
compressive strain and hence favours the heavy hole band [1] providing spolarisation. However, the experiments discussed in this paragraph suggest
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Fig. 5.4. Cleaved side polarisation dependent PL excitation measurements on the
InAs/GaAs thin quantum well structure as described in Ref. [5].

otherwise.
To illustrate this difference between the expected and observed polarisation for
the dots, we compare the observed polarisation with the cleaved-side excitation
measurements on the InAs monolayer structures [5]. The degree of polarisation is
shown in Fig. 5.4.
It should be mentioned that the experimental arrangements used for the PLE
measurements are slightly different as compared with the PL experiments.
Because the PLE signal is due to the absorption of the light in the structure, the
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polarisation of the excitation source, not of the luminescence, is used to
investigate the symmetry of the excited states.
The laser beam, either p- or s-polarised, is focussed on the cleaved side of the
sample and the luminescence is collected from the front facet (see inset Fig. 5.4b).
As expected for the ground state, in compressive strained thin InAs/GaAs
quantum wells s-polarisation was measured. The p-polarisation is due to the
excited state, which is the light hole in character.
To complete the picture of polarisation of the transitions in the quantum dot
system, also the symmetry of the states in the wetting layer is investigated. Since
the wetting layer luminescence cannot be observed in the PL measurements, the
polarisation dependent PLE is used to investigate the polarisation of the
transition in this layer. The observed polarisation is shown in Fig. 5.5.
The similarity of the polarisation of the InAs wetting layer and the InAs/GaAs
quantum well demonstrates the 2D-like nature of the wetting layer. It also
confirms the symmetry of the two states as indicated in Fig. 4.5. Finally, the
polarisation of the PLE signal of the wetting layer shows that the 2D-like states
indeed extend down to 1.345 eV as mentioned in paragraph 4.1.2.
However, the polarisation of the PLE signal from the quantum dot system
shows a striking difference compared to that of the InAs ML. At 1.346 eV a sharp
p-polarised feature is observed 35.5 meV above the detection energy. It is
attributed to phonon emission enhanced luminescence from the quantum dots as
discussed in paragraph 4.1.2. The phonon emission enhanced luminescence
observed from the quantum dot levels in the PLE spectrum has the same
polarisation as the ground state transition observed in PL. Thus, the PLE
measurements confirm the symmetry of the ground state transition in the dots as
observed in the PL.
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An elongation in the structure of the dots could be an explanation for the
discrepancy between the theoretically predicted and the experimentally observed
polarisation. This elongation introduces an optical anisotropy, for which the
intensity of the luminescence is higher in the direction of the elongation
compared to the intensity perpendicular to it. Sub-monolayer epitaxy of InAs on
(001)-GaAs [6] and InAs on high indexed GaAs [7] show this optical anisotropy.
However, according to the observed p-polarisation the elongation has to be
directed in the growth direction, which is, considering the shape of the dots
discussed in this thesis, not very likely. Nevertheless, the orientation of the
facets, without introducing an elongation, could influence the dipole allowed
transitions and thus the polarisation of the ground state luminescence as
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Fig. 5.5. The PLE spectrum observed for p- and s-polarised excitation. The broad
feature on the higher energy side has a similar polarisation dependency as an InAs ML
and hence is attributed to the 2D wetting layer. The sharp feature at 35.5 meV above the
detection energy is attributed to phonon emission enhanced luminescence.

mentioned in Ref. [3]. An assumption of the calculations in Ref. [2,3,4], which has
an important consequence with respect to the polarisation, is the neglect of the
spin-orbit coupling. It is known from calculations on CdTe nanocrystals [8] that
the incorporation of the spin-orbit coupling has large impact on the optically
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allowed transitions as has recently also been noticed by Wang et al. with respect
to their valence force field calculation [9].
However, the calculations mentioned above still show a heavy hole character
for the ground state. This is due to the fact that the hole ground state is localised
close to the wetting layer, i.e. the base of the dot. The wetting layer is, as
discussed above, compressively strained and so is the base of the dot. Hence, the
ground state localised at the base has a strong heavy hole character providing spolarised luminescence.
Since the electron wave function is equally distributed in the dot all
calculations show a spatial separation of the electron and hole and hence a dipole
is induced in the quantum dot.
If only compressive strain is present in the dot, no light hole admixture to the
ground state will be possible and no p-component in the polarisation is expected.
However, the strong p-component observed in our experiments suggests
differently. Hence, tensile strain has to be present in the quantum dot structure
under investigation. To put it otherwise, the observed polarisation suggests a
highly non-uniform strain profile, i.e. compression at the base and tension at the
apex of the dot and thus a ground state hole level localised at the apex of the dot.
This means that the dipole induced in our dots is directed anti-parallel to the
theoretical calculated charge distribution and has a light-hole character.
Since the spatial separation of the electron and hole is also present in the
larger dots [10], the non-resonant polarisation dependent PL measurements
alone are not a solid proof for our model on the phonon emission enhanced bands.
The dipole can enhance the intra-band transitions via the Fröhlich interaction as
well. To show that the intra-band relaxation can be excluded by means of the
polarisation, polarisation dependent selective PL experiments are discussed in
the next paragraph.
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5.3 Fröhlich Interaction
To demonstrate that the observed phonon emission enhanced bands are not
attributed to intra-band relaxation, like in the larger quantum dots, the
polarisation of the phonon emission enhanced bands is investigated in the 90°geometry. The experimental arrangements are identical to Fig. 5.2.
The spectra observed when exciting at 1.352 eV are shown in Fig. 5.6. The
degree of polarisation shows a constant value of 20% in favour of the p-
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Fig. 5.6. Polarisation of the spectra observed under resonant excitation at 1.352 eV. The
degree of polarisation on the left axis is defined in the text.

component, independent on the polarisation of the excitation beam. It should be
mentioned that the degree of polarisation is calculated after correcting the
spectra for the, s- and p-polarised background signal (see paragraph 4.2).
The degree of polarisation is remarkably constant in the whole energy range of
the non-resonant PL spectrum for all the phonon emission enhanced bands. If the
bands are due to different states the degree of polarisation should modulate
according to the calculated transitions in Ref. [2]. Hence, the bands cannot be
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attributed to intra-band transitions but are due to the same initial state, i.e. the
ground state with the light hole character according to the polarisation observed.
Thus, the constant polarisation of the resonant PL spectra confirms our model
proposed in Chapter 4. The initial state of the electron-hole pair in the quantum
dots under investigation is illustrated by a real crystal state plus a number of
virtual phonons. In the Franck-Condon approximation the wave function of such
a state can be written as a product of the carrier wave function (the real crystal
state) and the lattice wave function (the phonons) [11,12]. Hence, according to
equation 2.3 in Ref. [12] the matrix element of the inter-band transition in dipole
approximation is,

*
3
*
Fi ε ⋅ p Ff = ε ui (r ) p u f (r ) ∫ fi (r )f f (r )d r ∫ Ψi, n ( R)Ψ f , n' ( R)dR .

(5.6)

The first two elements describe the electronic transition from the initial state
(i) and the final state (f) as given by eq. 5.3. The last integral is the overlap
between the lattice vibration wave functions when the system is in the initial
state, Ψi, n (R ) with n phonons and in the final state, Ψf ,n' (R ) with n’ phonons.
The co-ordinate R stands symbolically for the nuclear co-ordinates specifying the
lattice configurations. The latter integral can be interpreted as the probability of
emitting (or absorbing) n-n’ phonons which includes the electron-phonon
interaction as described in Chapter 4.
Thus, the energy involved in the inter-band transition depends on the intersubband energy and the number of phonon quanta emitted. To exemplify this for
the dots, the energy of the photon emitted after the electron to light hole
transition including LO-phonon emission via the Fröhlich interaction is given by,
E e − h transition = E e + E g + E h − nhω LO . However, the emission of the phonons does
not change the polarisation of the emitted light. The polarisation is only governed
by the first element of eq. 5.5. To put it otherwise, the emission of LO-phonons by
means of Fröhlich interaction does not change the polarisation of the transition
from the real crystal state involved.
In summary, the polarisation of the non-resonant PL signal for the quantum
dots shows a light-hole character of the ground state. This is attributed to a non-
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uniform strain profile providing a dipole directed anti-parallel to the growth
direction [001]. The remarkable constant polarisation of the phonon emission
enhanced bands in the resonant PL experiments confirms that the bands are due
to the same initial state, confirming our model as proposed in Chapter 4.
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Chapter 6

Micro-Photoluminescence
6.1 Introduction
A

macroscopic

amount

of

the

quantum

dots

is

involved

in

the

photoluminescence experiments discussed in Chapters 3 to 5 (henceforth referred
to as macro-PL measurements). However, the proposed model describes enhanced
efficiency of the Fröhlich interaction due to a strain induced alignment of the
excitons in every individual dot. To gain more experimental insight into the
electron-phonon interaction in the SADs, the properties of individual quantum
dots are investigated by means of the micro-photoluminescence (µ-PL)
experiments.
We demonstrate that the radiative recombination in a single dot is indeed
assisted by phonon emission. Moreover, since the µ-PL spectra consist of
homogeneously broadened lines, the Huang-Rhys parameter can be measured
unambiguously. The experimental procedure followed in Chapter 4 to estimate
the Huang-Rhys factor is, in principle, not valid, because the phonon emission
enhanced bands of the resonant macro-PL are inhomogeneously broadened.
Additionally, for the higher order phonon bands Pekar’s formula does not hold in
our case. It is shown that the Huang-Rhys parameter, as measured from the
macro-PL, does not provide the correct value.
Depending on the specific experimental conditions, several options are
available to perform µ-PL measurements. If the lateral resolution of the
technique is high with respect to the dot size and the dot density, no extra steps
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are necessary to observe luminescence from a small number of dots. Such
techniques include scanning tunnelling luminescence (STL) [1,2] (lateral
resolution ∆r~20 nm), near-field scanning optical microscopy (NSOM) [3] (∆r~100
nm) and cathodoluminescence [1,4] (∆r~0.5 µm). Although the lateral resolution
of these techniques is high, no single dot illumination is usually observed, but a
number of delta-function like peaks.
Another option is to make use of a microscope objective in PL experiments
[5,6,7]. In the diffraction limit, the illuminated area is in the order of 1µm2. Thus,
the spot diameter is typically ten times larger than the spatial separation of the
dots and thus a rather large number of dots is excited. Nevertheless, light
emission by individual dots is observed at low excitation density.
An important practical restriction of the µ-PL technique is that the working
distance must be small (<5 mm). During low temperature experiments this could
cause a problem since the cryostat window restricts the working distance.
A way to circumvent a short working distance is to evaporate a metal mask on
the sample with small openings (<1 µm) [1,8,9]. A disadvantage of this method is
the possible influence of the Schottky barrier on the quantum dots. In this
respect, a better option is to etch away all the material except for small mesas.
This can be made by e-beam or UV lithography followed by reactive ion (RIE)
[10,11] or wet chemical etching. The disadvantage of RIE is that the edges of the
final mesas are optically inactive, whereas wet chemical etching does not
introduce non-radiative centres.
The µ-PL experiments discussed in this chapter are performed at low
temperature (5 K) in a flat window cryostat on sub-micron mesas. A
Schwarzschild’s reflecting objective (25x) with a working distance of 1.45 cm is
used for both excitation and collection. The numerical aperture was 0.4. The
visual field-of-view of the objective is 720 µm. Considering this large field-of-view,
another, maybe even more important advantage of the mesas is that the 200 µm
diffusion of the photo-excited carriers is eliminated. Hence, if no sub-micron
mesas were etched, a vast number of quantum dots would be populated as a
result of the carrier diffusion.
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6.2 Etching Mesas
If the quantum dot density is about 1010 cm-2, the mesas must have a submicron lateral dimension in order to contain a countable amount, say less than
100, of quantum dots.
UV-lithography is used to project a mask on the sample. The smallest possible
features projected on the sample were in the order of 1 µm. In order to obtain
sub-micron lateral dimensions, we developed an under-etching technique as
schematically shown in Fig. 6.1.
resist mask
>0 .3 µ m

Fig. 6.1. A sub-micron lateral dimension of the mesa is obtained by under-etching the
mask projected on the sample. The arrows indicate the etching direction. The initial
lateral dimension of the resist mask ranges from 1.7 to 2.5 µm. The final area of the
mesas is between 0.04-1 µm2.

The mask layout is shown in Fig. 6.2. A marker structure is developed around
the mesas as an alignment tool for the laser spot. The mask is aligned along the
freshly cleaved [110] and [-110] edges. Since etching develops along the [100] and
[010] directions, the squared mesa (or pane) structures are rotated 45°.
Before etching, the sample was cleaned in an ammonia solution for 1 minute.
Then it was spin-covered with photo-resist (S1805) and ‘soft baked’ for 5 minutes
at 95°C. Next a negative of the mask has been projected on the sample by UVexposure (300 nm, 30 seconds). A post-exposure bake of 5 minutes at 105°C was
used to harden the unexposed resist. The exposed resist was removed with
developer MP2410.
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Dimensions of the mesas per row

(µ mx µm)

4.50x4.50

3.46x5.85

3.00x6.75

4.25x4.25

3.27x5.53

2.83x8.38

1.00x1.00

0.77x1.30

0.67x1.50

shape of the mesa per column

[110]
2

[-110]
[001]

1=200 µ m
2=500 µ m
3=50 µ m

1

1

1
3

Fig. 6.2. There are 100 mesas of identical shape and size per cell. The orientation of the
features in the column is given below the mask layout. All the features have an equal area.
The magnified part shows the dimensions of the markers and the distances between the
mesas.
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At this stage, the dimensions of the masked features were in the order of a few
micrometers. The etchant used was a 100 g citric acid-mono-hydrate (2hydroxidepropane-1,2,3,tricarboxylic acid+H2O) dissolved in 100 ml of de-ionised
water with 1 ml hydrogen peroxide (H2O2). To control the under-etching process,
test etch runs have been performed to determine the under-etching degree. The
initial dimensions of the features were reduced by 80%, providing a final area
ranging from 1.0 µm2 to 0.04 µm2. After the etching, the sample surface was

Fig. 6.3. Left: A scanning electron beam image of a final mesa on the sample. The
lateral dimensions are 0.2x0.2 µm2. Right1: The atomic force microscope image shows the
3D structure of the mesa. The quantum dot layer is indicated with a line.

cleaned with de-ionised water and dried with nitrogen. Finally, the undeveloped
photo-resist has been dissolved in acetone and rinsed out with isopropanol.
A scanning electron beam (SEM) image of a mesa is shown in Fig. 6.3. An
atomic force microscope (AFM) image shows the 3D structure of the mesa.


1
I would like to thank Dominique Bruls for providing me with this AFM picture.
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6.3 Photoluminescence Experiments
The µ-PL measurements are performed at 5 K with an Ar+ laser as the
excitation source. Since the argon plasma has luminescence lines in the same
energy range as the investigated µ-PL, the laser beam was first cleaned through

Prism

a prism monochromator (see Fig. 6.4). The laser beam is reflected to the

Ar + Laser

PM
CCD

Sample

Monochromator

M
Laser Beam

Flat window
flow-Cryostat

L1

L2

Glass Plate

Fig. 6.4. The experimental set-up for µ-PL. To excite a single mesa a reflecting
microscope objective is used as shown in the zoomed insert. The same objective is used for
collection. The arrangement of the two lenses in front of the objective is such that the µ-PL
signal beam is expanded four times over the metal spot on the glass plate.

microscope objective by a small metal mirror (∅ 5 mm). Since the optical paths of
the excitation and collection are identical, the µ-PL signal beam is expanded four
times over the diameter of the last turning mirror. In the experimental
arrangements discussed above, the spot diameter was 10 µm. The distance
between the outer window of the flat window cryostat and the sample was 1.0 cm.
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Fig. 6.5. The µ-PL measurements at different excitation densities.

The cryostat has been places on an xyz-micro stage. To align the laser spot onto a
given mesa, the sample is moved with respect to the laser spot.
In order to position the laser onto a mesa, a mirror (M) is placed in the optical
path of the luminescence behind the glass plate. The (magnified) reflected laser
spot is directed onto a CCD camera. By viewing the scattering patterns from the
markers and the mesas, the laser spot is positioned on a given mesa. Then the
mirror is removed from the collection path and the laser position is fine-tuned on
the luminescence intensity.
To excite less than 100 quantum dots, the photoluminescence experiments are
performed on the mesa with an area of approximately 0.04 µm2. Different
excitation densities are used in order to determine the optimum conditions of the
µ-PL (see Fig 6.5). At high pumping densities (above 500 mW/cm2) a broad PL
band is observed instead of single dot emission [12]. At low excitation density,
peaks attributed to individual dots become clearly resolved. In all the
measurements described in the next paragraphs, the excitation density is kept
below 500 W/cm2.
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6.4 Enhanced Efficiency of the Fröhlich Coupling
6.4.1 Phonon Emission Enhanced Luminescence
The µ-PL spectra observed from three different mesas with an area of 0.04 µm2
are shown in Fig. 6.6. The broad band observed in the non-resonant macro-PL
evolves into the delta-function-like spectrum of the individual dots. The FWHM
of the peaks is approximately 350 µeV, which is our spectral resolution. In this
respect it should be noted that the FWHM of the peaks observed in our
experiments was always resolution limited. Hence, the peaks observed are
attributed to individual dots.
To check for phonon assisted peaks in the µ-PL spectra, autocorrelation
analysis were performed. The correlation function is defined as:

(

)

C E ph =

(

ε

Eup − Elow + E ph

) hω < E∑ +JE(hν ) × J(hν − E ph ) ,
max

(6.1)

ph

where ε is minimum spectral step (70 µeV). The µ-PL intensity J was normalised
at its peak intensity at energy hν and Eup and Elow are the high- and low-energy
cut-offs of the spectrum, respectively.
The autocorrelation spectra are plotted in Fig. 6.6. The autocorrelation function
displays a clear peak around the GaAs-like LO-phonon energy. The intensity of
the correlation peak represents the Huang-Rhys parameter averaged over the
SAD ensemble.

6.4.2 Huang-Rhys Parameter
The FWHM of the peak in the autocorrelation spectra is approximately
1.5 meV, which is almost five times the spectral resolution. This reflects a spread
in the phonon energy for which a strong correlation is observed.
The line-width of the autocorrelation is by one order of magnitude less than the
one observed for the phonon bands in the resonant macro-PL. Hence, we conclude
that the FHWM of the autocorrelation manifests broadening of the phonon
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energy due to the (non-uniform) strain, whereas the FWHM of the selective
macro-PL reflects the size distribution of the excited SADs.
Due to the spread in phonon energy one cannot unambiguously label correlated
principle and one-phonon peaks: it is not possible to measure the Huang-Rhys
parameter for the individual peaks.
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Fig. 6.6. Left: The µ-PL spectra observed from three different mesas with a lateral
dimension of 0.2×0.2 µm2. Right: The corresponding autocorrelation calculations as a
function of energy shift Eph.
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Nevertheless, the average value of this factor can be obtained from the
autocorrelation spectra, i.e. 0.47, 0.40, and 0.37 for the µ-PL spectra shown in
Fig. 6.6.
To measure the Huang-Rhys parameter for the individual correlated pairs,
temperature dependence of the peaks is investigated in Chapter 7. It will be
shown that the correlated peaks can be pinpointed as the temperature varies.
The temperature dependence of the µ-PL provides a unique possibility to
measure the Huang-Rhys parameter for a single dot.
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Chapter 7

Phonon Emission from a Single
Quantum Dot
7.1 Introduction
The optical experiments discussed in the Chapters 4-6 were performed at
temperature 5 K, that is the thermal energy was less than 0.5 meV. Our
theoretical model as well as Ref. [1,2,3,4] predict much larger ionisation energies
in the range of quantum dot sizes discussed in this thesis: 5-40 meV for the
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Fig. 7.1. a) At low temperature, the thermal energy of the carriers is much less than the
activation energy. Thus, all dots emit light provided the recombination is by radiation
only. b) When the temperature increases, only large dots provide photoluminescence.
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electrons and 6-30 meV for the holes (see Fig. 3.6). Both values are given with
respect to the wetting layer (1 ML GaAs/InAs/GaAs QW). In other words, the
carrier distribution in the dots is frozen and the whole size distribution of dots
illuminates, provided that the carriers recombine radiatively (see Fig. 7.1a).
As the temperature increases, the photo-excited carriers are swept out of the
smallest dots first (see Fig. 7.1b). We use this size-dependent carrier escape
process to demonstrate that the single quantum dot emission is accompanied by
the phonon emission. As discussed at the end of Chapter 5, the initial state in the
quantum dot consists of a real crystal state (electron-hole pair in the dot) plus a
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Fig. 7.2. To select correlated pairs, the activation energy is obtained for the zero-phonon
bands A, B, C, D, E and compared against that of the one-phonon bands A*, B* and C*.

polarisation cloud (virtual phonons). The observed principle line is attributed to
the

electron-hole

pair

recombination

without

phonon

emission.

The

recombination process from the same crystal state plus the emission of a phonon
provides the one-phonon line. Since the principle- and first-phonon line
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correspond to the same initial state, the temperature dependence of the
luminescence efficiency of both peaks is the same. If the luminescence from the
initial line is quenched due to thermal carrier escape, the one-phonon line should
disappear with the same rate as the temperature increases. In this way, it is
possible to pinpoint unambiguously the correlated pairs and thus to measure the
Huang-Rhys parameter for a single quantum dot.
Considering the phonon energy as obtained from the autocorrelation analysis
in Chapter 6, the temperature behaviour of the peaks indicated in Fig. 7.2 is
investigated to illustrate this procedure.

7.2 Huang-Rhys Parameter of a Single Quantum Dot
As expected from a delta-function like DOS [5], no thermal broadening of the
peaks by phonon scattering is observed (see Fig. 7.3). For the large dots (e.g. peak
D or E) there is no change of the intensity in the temperature range shown in
C*

C

D

B

PL signal

PL signal

B*

1.286

1.288

1.290

1.292

1.321

1.323

Energy (eV)

1.325

1.327

Energy (eV)

Fig. 7.3. The intensity of the correlated peaks B(C) and B*(C*) quenches at the same rate
as temperature increases. The peak D, attributed to a larger dot is persistent up to 80 K. It
should be mentioned that the graphs are not normalised in the same way.

Fig. 7.3. The intensity of the correlated peaks B and B* quenches at exactly the
same rate as temperature increases, which suggests that they are correlated. A
similar behaviour is observed for the peaks A-A* and C-C*.

92

Chapter 7

1

0.368

0.368

B E ac =8 meV
B * E ac =8 meV

A E ac =4 meV
A * E ac =4 meV

ln(I int ) (a.u.)

ln(I int ) (a.u.)

1

0.135

0.5

0.25

0.75

1.0

0.5

1/kT (1/mev)

1.0

1.5

1/kT (1/mev)

ln(I int ) (a.u.)

1

0.368
A E ac =4 meV
B E ac =8 meV
D E ac =20 meV
E E ac =21 meV

0.135

0.0

0.5

1.0

1/kT (1/mev)

Fig. 7.4. Upper graphs: The left graph shows the semi-logarithmic plot of the integrated
intensity of peak A and A*. Both peaks display the same activation energy (solid line). A
similar behaviour is observed for the peaks B and B* (graph on the right). Lower graph:
For bigger dots the activation energy obtained from the peaks D and E is larger as
compared with the values for A(A*) and B(B*).

To demonstrate the correlation between the peaks A,A* and B,B*, the activation
energies are compared by constructing the Arhenius plots for the individual
peaks. (see Fig. 7.4)
Both peaks A and B display the same activation energy as the peaks A* and B*
do, respectively. Thus, the pairs clearly correspond to the same initial state. A
similar result is obtained for the peaks C and C*. In other words, the peak A (B)
can be attributed to the real crystal state in a given dot and the emission from
the same crystal state plus one GaAs-like LO-phonon provides the peak A* (B*).
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For larger dots the activation energy obtained from the peaks D and E is larger
as compared to the values for A(A*), B(B*) and C(C*).
Since the correlated zero- and the first-phonon line for a single quantum dot
are identified unambiguously, the Huang-Rhys parameter can be measured for
the single dot. From the pairs A-A*, B-B*, and C-C* a value of 0.58±0.08,
0.44±0.08, and 0.54±0.08 is measured respectively at 5K. The values are
unchanged as temperature increases until the initial state becomes depopulated.
The large values of the Huang-Rhys parameter measured for a single dot
confirm the picture that the phonon emission is due to the enhanced efficiency of
the Fröhlich interaction in a single quantum dot as proposed in Chapter 4.

7.3 Temperature Dependent Macro-Photoluminescence
In

this

paragraph,

the

activation

energies

obtained

from

the

µ-PL

measurement are compared with the values from the macro-PL. It will illustrate
the

power

of the

µ-PL technique in

comparison to the

conventional

photoluminescence.
The temperature behaviour of a large number of SADs is a complicated process.
Since the system comprises of 0D (dots), 2D (wetting layer) and bulk-like (GaAs
matrix) subsystems, a quantitative description of the carrier distribution
processes at different temperatures is not straightforward [6,7].
Fig. 7.1a schematically shows that the activation energy varies with dot size.
Since the whole size distribution of SADs is active in the (non-resonant) macroPL, a single, well-defined value for the activation energy cannot be evaluated
from the temperature dependence.
The spectra observed under non-resonant conditions are plotted in Fig. 7.5. The
peak positions are corrected for the change in the InAs bandgap energy according
to Varshni’s law [8].
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Fig. 7.5. Non-resonant PL spectra at different temperatures. The peak positions are
corrected with respect to the change of the InAs energy bandgap.

To analyse the spectra, the peak intensity, the FWHM, and the integrated
intensity are plotted as a function of 1/kT in Fig. 7.6. The transition energy at the
peak position is plotted as a function of kT. The peak position red shifts due to
the change in the energy bandgap (solid line Fig. 7.6a). However, above 60K the
energy shift is larger than predicted by Varshni’s law. This is attributed to a
redistribution of the photo-excited carriers into larger dots (see inset Fig. 7.6b): at
higher temperatures, the small dots ‘feed’ the larger ones. The carrier
redistribution also manifests itself in the narrowing (by more than 15 meV) of the
FWHM from the higher energy side of the PL band and its attendant increase in
the peak intensity. The increase of the FWHM at temperatures above 80K is due
to the thermal broadening of carrier distribution. With respect to the FWHM, the
peak position and the peak intensity, the behaviour of the PL band is similar to
the dots studied in Refs. [6,9,10,11] except for the temperature range. Due to the
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Fig. 7.6. The peak position (a), the FWHM (b), the integrated intensity (c) and the peak
intensity of the non-resonant macro-PL spectra at different temperatures (d).

smaller average size of the quantum dots, the luminescence under investigation
is quenched already at 120 K.
The activation energy obtained by integrating the whole spectrum (see Fig.
7.6c) is approximately 20 meV. To illustrate that this value is ill-defined, the
activation energy is also obtained by integration of both the higher and lower
energy tail of the PL band (see inset Fig. 7.5). The values obtained in such a
manner are 5 meV and 20 meV, respectively. These values display the same
energy spread as observed during the µ-PL experiments. However, they strongly
depend on the choice of the integration window. Hence, we conclude that the
temperature dependence of the macro-PL reflects the redistribution of the
carriers rather than the activation energy of the quantum dots.
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7.4 Conclusion
It is shown that in temperature dependent µ-PL experiments it is possible to
pinpoint the correlated peaks from an individual quantum dot: this allows the
observation of the phonon emission by a single dot. The large values of the
Huang-Rhys parameter is characteristic of the giant efficiency of the Fröhlich
interaction a single quantum dot.
Additionally, in order to measure the activation energy in the quantum dots,
the µ-PL is the only proper technique in case of a wide size distribution.
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Chapter 8

Dots in an Electric Field
8.1 Introduction
If the phonon emission enhanced luminescence bands are due to Fröhlich
interaction between a strain induced aligned exciton (i.e. a polarisation of the
electron-hole pair) and LO-phonons, the intensity of the phonon assisted bands
should change if an electric field is applied either parallel or anti-parallel to the
dipole. To put it otherwise, a change in the electron-hole polarisation should be
directly translated into a change in the intensity of the phonon emission
enhanced bands.
The effect of an electric field applied parallel to the growth direction of a
quantum well is twofold. i) A red shift of the ground state transition energy, the
so-called quantum confined Stark effect (QCSE). The electron tends to move antiparallel to the electric field vector whereas the hole moves parallel. Due to the
confinement, the carrier movement is limited. The small spatial separation of the
carriers induces a dipole providing a decrease of the transition energy. ii) A
reduction of the oscillator strength of the ground state transition, since the
spatial separation of the electron and hole decreases the overlap between their
wave functions.
The quantum confined Stark shift is proportional to the width of the quantum
well, L, as L4 for the infinitely deep well. In case of a strong confinement the
Stark shift is weak, since the confined carriers cannot move far apart.
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Hence, it is expected that the QCSE in quantum dots is small due to the strong
confinement in zero-dimensional systems. However, the Stark shift in quantum
dots as reported in the literature (80 µeV, at 14 kV/cm [1], 5-6 meV, 50Å high dot,
at 60 kV/cm [2,3], 25 meV, 35 Å high dot, at 200 kV/cm [4]) is comparable to a

3000 Å

p-doped GaAs

2.4 ML InAs delivery
capped with 500 Å GaAs
500 Å GaAs

150 Å

1500 Å

undoped GaAs

35 Å

b)
p-doped

1500 Å

undoped GaAs

3000 Å

n-doped GaAs

n +GaAs substrate

a)

n-doped

F electric

c) p-i-n

Fig. 8.1. a) Schematic picture of the p-i-n quantum dot sample. b) During delivery of
2.4 MLs InAs on the GaAs the quantum dots are formed by the SK growth mode. The
GaAs cap-layer is 500 Å thick. c) A schematic band diagram of the sample. The
orientation of the quantum dots with respect to the electric field is schematically shown.
The dipole orientation is shown according to Ref. [4]. The electron is confined at the base
whereas the hole is at the apex.

quantum well, i.e. 10 meV for a 60 Å wide well at 120 kV/cm.
The main difference between the Stark shift observed in quantum dots and
quantum wells is that the shift in the dots is asymmetric with respect to the
direction of the applied field (parallel or anti-parallel to the growth direction).
This asymmetry can be attributed either to the asymmetry of the quantum dots
shape [2,3] or to the presence of a permanent dipole [4, 5]. It is hard to decide
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which of the two features (shape or dipole) has most pronounced impact on the
asymmetry of the Stark shift.
In this chapter, resonant PL experiments on an identical sample as used in
Ref. [4] are performed as a function of an applied electric field. It should be
mentioned that the quantum dots in this sample are larger than the dots
discussed in the chapters before. According to the photo-current measurements
[4] a permanent dipole of ≈10-29 Cm (i.e. an electron-hole separation of 4 Å) is
suggested, oriented anti-parallel to the growth direction.
Assuming Gaussian functions instead of the exact probability density as
reported in Ref. [6] and following Ref. [7], this separation corresponds to a value
of the Huang-Rhys parameter of approximately 0.032 and 0.061 for the InAs (in
the SAD) and GaAs-like LO phonon mode, respectively.
It is shown that, in spite of the relative low values calculated for the HuangRhys parameter, the observed efficiency of the Fröhlich interaction in these dots
is very high. Moreover, the impact of an applied electric field on the observed LOphonon emission enhanced bands, confirms the relation between the strain
induced electron-hole pair separation and the enhanced efficiency of the Fröhlich
interaction, as shown in this thesis.

8.2 Sample
The PL experiments discussed below are performed with an electric field
applied parallel to the growth direction of the quantum dot sample. The dots are
grown in a p-i-n structure as is schematically shown in Fig. 8.1a. The sample is
grown on a (001) n+-GaAs substrate. First a 3000 Å thick GaAs n-doped
(2.0×1018 cm-3 Si) epitaxial layer is grown at 585 °C followed by a 1500 Å thick
undoped GaAs buffer layer. This layer prevents dopants to diffuse into the
quantum dot region. An amount equal to 2.4 MLs InAs is delivered on the GaAs
buffer layer at a temperature of 511 °C with a growth rate of 0.01 ML/s. The dots
are capped by 500 Å GaAs at the same temperature. This sequence is repeated
five times. At the thickness of the GaAs barrier larger than 150 Å, the quantum
dots are not coupled. No vertical alignment was observed [8,9] in such samples.
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The last quantum dot layer is capped with a 1500 Å thick GaAs buffer layer
before the top p-doped (2.0×1018 cm-3 Be) GaAs epitaxial layer is grown. The built-

180 Å

50 Å

[001] growth
direction

Fig. 8.2. A cross-sectional STM picture of the quantum dot [10]. The dimensions are
180Å at the base and a height of 50 Å.

in electric field due to the doping, is approximately 30 kV/cm. The average size of
the quantum dots is 180 Å at the base and 50 Å high [4]. The orientation of the
dots with respect to the built-in electric field is drawn in the inset of Fig. 8.1. A
cross-sectional STM picture shown in Fig. 8.2, confirms the shape as assumed.
In order to apply reverse bias, metal contacts were deposited on the p- and n-

p-contact

p-doped GaAs

V

n-contact

1 mm

n-doped GaAs

n +GaAs substrate

1 mm

Fig. 8.3. Right: A mesa structure is etched on the sample in order to deposit contacts on
the p- and n-doped GaAs layer. Left: Cross-section of a mesa
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layers. To contact the n-layer, mesas are etched on the sample (see Fig. 8.3). The
p-contact is deposited on the top of the mesa, i.e. the p-doped GaAs layer, and
consists of 50 Å Ni, 150 Å Zn and 1750 Å Au. The n-contact (250 Å Ge, 150 Å Ni
and 1750 Å Au) is made along the edge of the sample on the n-doped GaAs layer.
Both contacts are annealed after deposition at 400°C for 1 minute.

8.3 Non-Resonant Photoluminescence
To characterise the samples, non-resonant PL measurements were performed
both at low and high excitation density at 5 K. The experimental set-up is drawn
schematically in Fig. 8.4. A CW dye-laser was used as the excitation source. It is
optically pumped by the second harmonic of the Nd:YAG-laser (532 nm). The first
harmonic (1064nm) of the Nd:YAG-laser was used for the resonant PL
measurements.

Dye laser

532 nm

Nd:YAG laser

1064 nm
585 nm
Chopper
pin-detector

Sample
242 mm
monochromator

IEEE

v
Lock-in

Fig. 8.4. The PL set-up used for non-resonant and resonant PL on the quantum dots in
an electric field.

The dye laser was operated at a wavelength of 585 nm or 2.12 eV. The PL
signal was dispersed by a 242 mm Digekrom monochromator. The slits width of
the monochromator was 100 µm providing a resolution of 0.65 meV at 1100 nm.
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The PL signal has been detected by an InGaAs p-i-n diode, which was cooled
down to -20°C. The detector was connected to a preamplifier and via a lock-in
amplifier the signal was recorded by a computer. Via LabView the AT-MIO-16D
interface board controls the lock-in amplifier. The monochromator is controlled
via LabView by an IEEE GPIB.
The observed spectra are plotted in Fig. 8.5. The PL peak position at low
excitation density (875 mW/cm2) is 1.122 eV, which suggests that the dots are
much larger than those discussed in the chapters before and agrees with the
photocurrent and STM measurements on this sample. The FWHM of the PL band

175 W/cm 2 1/80

I

PL signal

875 mW/cm2

II

III
wetting layer

0
1.0

1.1

1.2

1.3

1.4

1.5

Energy (eV)
Fig. 8.5. Non-resonant PL spectra. The low excitation density shows the ground state
transition at 1.122 eV. At higher excitation density three excited state (I,II,III) are
observed. In addition, the Gaussian fit of the high excitation spectrum is shown in grey
line. The small band at 1.44 eV is attributed to the wetting layer.

is 46.7 meV. The larger size of the dots is also evident from the spectra at higher
excitation density. Three peaks (I,II,III) from the excited states are observed
above the ground state transition. At 1.44 eV the luminescence from the wetting
layer is also detected if the quantum dot levels are saturated.
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8.4 Electric Field Dependent Resonant Photoluminescence
The resonant PL measurements were performed at a temperature of 5K with
the YAG-laser as the excitation source, providing the excitation energy of 1.165
eV. According to the Gaussian fit of the non-resonant PL at high excitation
density, this excitation energy is in resonance with the first excited state of the
quantum dots as well as the tail of the ground state. Since the excitation also
involves the excited state, the spectrum will appear to be more complex as
compare to the spectra on the small dots.
4
5
3

1

6

PL signal

x0.1

2

0
1.0

1.1

1.2

1.3

Energy (eV)
Fig. 8.6. The spectrum observed under resonant excitation at 1.165 eV (long dashed
vertical line) with no electric field applied. To illustrate the spectral position of the peaks,
the spectrum at high excitation density is also plotted (short dashed line). The peaks 1
through 6 are discussed in the text.

The spectrum observed with no field applied is shown in Fig. 8.6. The spectrum
consists of several peaks. Two bands at 36.5 meV and 72.9 meV below the
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excitation energy, attributed to once and two times the GaAs LO-phonon energy,
are clearly distinguishable (indicated with 2 and 6 respectively). Besides, four
other bands are observed below the excitation energy: one intensive peak at 20.4
meV (1) and three other peaks at 52.3 meV (3), 56.9 meV (4) and 62.4 meV (5),
respectively.
Such a rich (phonon) spectrum shows that the relaxation and recombination
mechanisms in the large dots are more complicated processes compared to the
smaller dots discussed in the Chapters 4 to 7. The behaviour of the peak
intensities as a function of an applied reverse electric field is shown in Fig 8.7.
It should be noted that at higher temperatures (143 K) we still observe the
phonon side bands, although less resolved. Therefore, we do not assume the
peaks to be due to phonon assisted tunnelling as suggested in Ref. [11].
The intensity of the peak 1 is not significantly affected up to an applied field of
60 kV/cm. At higher fields, its intensity decreases. The non-resonant
luminescence band at low excitation density shows a similar behaviour (see the
inset). The energy separation between the laser and the peak is 20.4 meV, which
is close to the LA phonon energy of 19 meV as reported in Ref. [11]. As discussed
in Chapter 4, there exists a continuum of states above the ground state energy
level of the dots. Thus, when exiting at 1.165 eV, not only carriers are excited
into in the excited state but also in this continuum of states through which the
photo-excited carriers can relax to the ground state by emitting, e.g. LA phonons.
According to the temperature dependent behaviour and the observed energy
separation, the peak 1 is attributed to a ground state recombination process.
Assuming the peak 1 is a principle band, the peaks 3 (52.3 meV) and 4 (56.9
meV) can be attributed to its one-phonon band at 31.9 meV and 36.5 ± 0.1 meV,
respectively. These energies are the InAs LO phonon energy in the quantum dot
[12] and the bulk GaAs LO-phonon energy respectively. The peak 5 at 62.4 meV
below the excitation energy can be attributed to two times the InAs-like phonon
energy of 31.2 meV with respect to the excitation energy. Its corresponding one
LO-phonon peak is not observed, since it is absorbed by the tail of the intense
peak 1.
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According to the electro-absorption measurement in Ref. [4] the electron is, in
contradiction to most calculations [13,14,15,16], confined at the base of the
quantum dots and the hole is at the apex. Hence, the permanent dipole as
deduced from their experiments is increased under reverse bias as is
schematically shown in Fig 8.1c.
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Fig. 8.7. The peak intensity of the peaks 1-6 as indicated in figure 8.6.
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The fact that all phonon emission enhanced bands mentioned above increase in
intensity as the dipole increases illustrates that the efficiency of LO-phonon
emission is coupled to the strength of the dipole.
This efficiency can be illustrated by the Huang-Rhys parameter as mentioned
before. As discussed earlier in paragraph 6.1, measuring the Huang-Rhys
parameter from the inhomogeneously broadened lines is, in principle, not a valid
procedure. Nevertheless, as shown in Chapter 6 and 7, such procedure provides a
good estimate for the Huang-Rhys parameter.
Since the zero-phonon band (peak 1) is available, one can measure the HuangRhys parameter from the intensity ratio between the peak 2 and the peaks 3,
and 4 as shown in Fig. 8.8. The values measured ranges from 0.10 to 0.15, and
from 0.04 to 0.10 for the GaAs and InAs LO phonon, respectively. The value for
the InAs mode is high, considering the fact that the InAs mode was not even
observed for the smaller dots.
The continuous increase of the Huang-Rhys parameter, even when the peaks
decrease above 50 kV/cm, shows that phonon emission is independent of the
inter-band transition probability as discussed in paragraph 5.3. The decrease of
the peak intensities at an applied electric field higher than 50 kV/cm, is due to
the fact that the carriers are swept out of the dots before radiative recombination
takes place. This is observed by an increased photo-current through the
structure. However, the dipole is still increasing and hence the efficiency of the
phonon emission should still increase according to our model proposed in this
thesis. This is illustrated by the calculated values of the Huang-Rhys parameter
for the InAs- and GaAs-like LO phonon (see Fig. 8.8.). According to Ref. [7] the
value of the Huang-Rhys parameter S is related to the electrical displacement or
the distortion D(r~) due to the exciton charge ( − en(rˆ ) ), i.e.

S = rsQ ,

with rs =

αrp

and Q = 4π

(8.1)

π

3/2
2

e

∫ dr

3

2

D(rˆ ) .
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The length rs is a measure of the polarisability of the lattice and rp is the
polaron radius. Q is an inverse length, which characterises the exciton charge
distribution n(rˆ ) . A Gaussian approximation of the wavefunctions as reported in
Ref. [6] is used to calculated the distortion. The Huang-Rhys parameter for the
InAs and GaAs LO phonon mode is obtained from the distortion in the InAs
quantum dot and in the surrounding GaAs matrix, respectively. In other words,
we assume that the InAs LO phonon mode is related to the distortion inside the
dot only and the GaAs mode to the distortion outside the dot. The electron-hole
separation and thus distortion, as a function of the applied electric field is
obtained from the polarisability as reported in Ref. [6].
It should be mentioned that we assume a pure InAs/GaAs quantum dot
structure and that we use the bulk values for the Fröhlich coupling constant α
and the polaron radius for both phonon modes. However, as proposed in Ref. [4]
the dipole in these quantum dots is due to a graded In1-xGaxAs composition of the
structure. In this ternary compound structure the coupling constant and polaron
radius for the InAs and GaAs LO phonon mode differ from their bulk values.
Relatively, the coupling to the GaAs like LO phonon mode becomes stronger
compared to the InAs like LO phonon mode [17]. Hence, the underestimated
values for the Huang-Rhys parameter as calculated for the GaAs-like LO phonon
mode suggest that the quantum dots in this sample indeed consist of a more
ternary compound structure (InGaAs/GaAs) than a binary structure (InAs/GaAs).
Although we did not include this graded ternary compound structure in our
calculation, the calculated values of the Huang-Rhys parameter are, for both
phonon modes, in the same order of magnitude as the measured values.
Additionally, the model discussed above also explains why we observed such a
high efficiency of the InAs LO phonon emission in these large dots as compared
to the small dots discussed in the chapters before. The larger the dot becomes,
the more electric distortion occurs inside the dot and hence the higher the
efficiency of the Fröhlich interaction with the InAs-like LO phonon mode
becomes.
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The intensity of the peak 6 (two times the GaAs-like LO phonon) increases as
the electric field increases as might be expected. However, the peak intensity is
always much higher than that of the peak 2. If the peaks 2 and 6 correspond to
the same initial state (i.e. the laser position) the Huang-Rhys parameter
measured from these peaks is larger than one, which is an unphysical value in
V/III semiconductors. Hence, we assume that this peak 6 also contributes from
tunnelling effects in contradiction to the other peaks observed.
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Fig. 8.8. The Huang-Rhys parameter as measured from the peaks 3 and 4 to peak 1.

8.5 Summary and Conclusion
It is shown that there is a direct relation between the permanent dipole present
in the quantum dots and the probability to emit phonons via Fröhlich coupling. If
the dipole is increased, the Huang-Rhys parameter, as measured from the LOphonon enhanced emission bands, increases as well.
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It should be noted that due to the change of the electric field, in principle other
dots are excited for different fields applied. However, the enhanced efficiency of
the Fröhlich interaction is attributed to an increased dipole moment in every
individual dot and hence it should not matter which dots are excited.
As mentioned above more research is needed to fully understand all the peaks
observed, particularly the second GaAs LO-phonon peak. It should also be noted
that the experiments should be confirmed by measurements with a forward bias
applied.
In conclusion, the PL experiments as discussed in this chapter clearly show
that the enhanced efficiency of the Fröhlich interaction as observed for both
small and large quantum dots is due to an aligned exciton orientated in the
growth direction.
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Summary
With the advanced growth techniques used nowadays, it is possible to fabricate
layered structures of lattice matched III-V compound semiconductors with
atomically abrupt interfaces. Sandwiching a material with a small energy
bandgap between a material with a large bandgap provides the well-known
quantum well. Due to intensive research in the last decade it is even possible to
fabricate the quantum well structure for lattice mismatched materials as well, as
long as the so-called critical layer thickness is not exceeded.
However, if the critical layer thickness is slightly exceeded, defect free
clustering of the deposited material is observed. This process is comparable with
the formation of water droplets on a cold glass plate. Capping these clusters by a
material with a larger bandgap provides a three dimensional confinement, i.e. a
quantum box or a quantum dot. Since these dots appear spontaneously, they are
often termed as “self-organised” or “self-assembled”. These “zero-dimensional”
structures opened a complete new area of research.
Apart from the research on quantum dot device applications, like laser
structures, much effort is put in the fundamental research on these selfassembled quantum dots (SADs). A material system intensively studied
nowadays is InAs quantum dots embedded in a GaAs matrix. The lattice
mismatch of 7% of the InAs with respect to the GaAs makes this system very
suitable for self-assembled growth.
Due to the delta-function like density of states, the relaxation process is a very
interesting topic in the research. A technique, often used to obtain information on
this process, is the resonant or selective excitation. The InAs quantum dots when
characterised by selective photoluminescence (PL), show multiple phononassisted radiative bands. This phenomenon has been observed before by groups of
e.g. Murray, Sholtz, Petroff and Bimberg.
Intradot relaxation has been assumed to be responsible for these spectral
features. However, we found that for our quantum dots no real crystal states are
involved in the experimentally observed phonon emission. Under non-resonant
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excitation at 5K, the photoluminescence band of the SADs discussed in this
thesis is centred at 1.313 eV. This suggests that the dots in our sample are small
enough to have no excited levels. Indeed, as proven by photoluminescence
experiments at high excitation densities, there are no excited states in our dots.
In spite of the fact that we deal with tiny dots, the selective PL measurements do
show strong phonon emission enhanced PL bands. We interpret the phonon
emission enhanced bands as being due to an enhanced efficiency of the Fröhlich
interaction between strain-induced polarised excitons in the SADs and LOphonons.
Due to a non-uniform strain profile in the quantum dot structure, the electron
and hole in the ground state are localised differently in real space. Hence, a
dipole or polarisation is present aligned in the growth direction. After
recombination of the electron and hole, depolarisation takes place and the stored
electrostatic energy is released by emitting LO phonons. The efficiency of the
Fröhlich interaction is characterised by the Huang-Rhys parameter. The value
obtained from the resonant PL experiments ranges from 0.59-0.85, which is very
high for III-V compound materials and supports the proposed enhanced efficiency
of the Fröhlich interactions.
Our theoretical description, in which a different localisation of the electrons
and holes is assumed, supports the relation between a strain induced exciton and
the observed enhanced efficiency of the Fröhlich interaction. The limiting case of
this theoretical framework, i.e. a completely delocalised electron, gives a HuangRhys parameter of ∼0.2, which compares nicely with the experimental results.
The new interpretation of the phonon emission enhanced PL bands is
consistent with the pronounced p-type polarisation of the emission observed in
our cleaved-side PL-measurements. This polarisation suggests a light hole
ground state, which is, according to the strain profile, localised at the apex of the
dot.
Additionally, the relation between the strength of the dipole and the enhanced
efficiency of the Fröhlich interaction is confirmed by the PL experiments on
larger InAs dots in a p-i-n structure. When an electric field is applied parallel to
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the dipole, the value of the Huang-Rhys parameter measured from the LOphonon emission enhanced bands increases as well.
Finally, to show that the enhanced efficiency of the Fröhlich interaction is a
single dot effect as we propose in our model, single dot emission is investigated
by means of micro-PL. These experiments demonstrate that the radiative
recombination in a single dot is indeed assisted by phonon emission. The values
of the Huang-Rhys parameter measured for individual dots are 0.58±0.08,
0.44±0.08 and 0.54±0.08. The high values show the high efficiency of the Fröhlich
interaction for a single dot.
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In this appendix, we show that the macroscopic electric field couples to the LOphonon only.
The electric field Ee at the position of the primitive cell will not in general be
identical to the macroscopic field. The microscopic field in a cubic crystal is given
by

r
r 4π r
Ee = E +
P,
3

(AI.1)

r
r
where E is the spatial average of the electric field in the crystal, P is the
polarisation.

(

)

r
r
r
P = N0 e* S + βEe ,

(AI.2)

where N0 is the number of primitive cells per unit volume, e* is the effective
r
charge of an ion, S is the displacement of a cation relative to the anion and β is
the electronic polarisability of the primitive cell.
From equation A.1 and A.2 we obtain

r
r χ
r
P = e e * S + βE
β

(

in which χ e =
present,

)

(AI.3)

N0 β
is the electric susceptibility. If no free charges are
1 − 4π 3 N β
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(

)

r
r
div E + 4πP = 0 .

(AI.4)

According to equation A.3 it follows that

r 4πχ e * r 

div {1 + 4πχ e }E +
e S  = 0 .
β



(AI.5)

r
To classify the movement of the ions, S may be resolved into a sum of the curlr
r
r r
r
r
free S L and the non-divergent S T vectors: S = SL + ST , where rot S L =0 and
r
div S T =0. This expansion is unique and always possible.
Now if we substitute this expansion into equation A.5, we get that

r
E=−

r
e*
SL .
{1 + 1 4πχ e }β

(AI.6)

r
Which means that the macroscopic field is only caused by the S L vibrations. For
r
rr
the plane-wave A L e (iqr −ωt ) we have

(

) [ ]

r
r
r r
rr
rotS L = rot A L e (iqr −ωt ) ∝ A L q = 0 .

(AI.7)

r
r
This only holds if A L and q are parallel and that is the longitudinal mode.
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Consider an As layer as the upper layer of the GaAs matrix. Since the As atoms
have just two bonds to the Ga (see Fig. AII.1) the dangling sp3 bonds of two
neighbouring surface As atoms form an extra bond, thereby bending the atoms
closer together. Thus, the surface is reconstructed by this so-called dimerisation

[001]

sp 3

aplanar dimer

sp z +(p y -p x )
up atom

down atom
[-110]

Dimerisation
Ideal surface

2x1 reconstruted
surface

Fig. AII.1. The dangling sp3 bonds of the As atoms form an extra bond at the surface to
reduce the energy.

to lower the surface energy. A top view of a reconstructed GaAs surface is plotted
in Fig. AII.2. The As atoms involved in the so-called aplanar dimer have a
slightly different vertical position and are referred to as the up atom and down
atom.
For every crystal a (3D) unit cell can be defined, i.e. the basic cell of which the
complete crystal is constructed. The unit cell for the As fcc sublattice is indicated
in Fig 2.1. For a reconstructed surface, such a unit cell can also be defined in two
dimensions. The reconstructed GaAs surface as drawn in Fig. AII.2 has a unit
cell which consists of two As atoms in the [-110] direction and four As atoms in
the [110] direction and hence is referred to as the 2×4 reconstruction.
The √19×√19 surface reconstruction mentioned at the end of paragraph 2.3.1
can be explained in the same way. This number looks odd and is not discussed in
detail here but it is the normal reconstruction for the 111B surface of GaAs.

Appendix II

119

To obtain information on the
surface reconstruction so-called
reflection high energy electron
diffraction (RHEED) patterns are
monitored (see Fig. AII.3). This is
the diffraction pattern of the ebeam under a shallow incident
angle (1°-3°) with respect to the
surface and is correlated to the
reciprocal lattice. If the surface is
not reconstructed the lattice of
the upper layer and hence the
reciprocal lattice contains one
periodicity.

Thus,

the

e-beam

diffracts like an optical beam on a
single periodic grid. For the beam
is diffracted on planes instead of

Fig. AII.2. The common surface reconstruction of
the GaAs. The 2×4 unit cell

atoms, lines are observed on the monitor. In general only the zero and first order
are monitored.
The surface reconstruction introduces and extra periodicity and hence extra
1 st

0 th

lines are observed in

1 st

between

the

three

principal lines. For the
Incedent
e-beam

[001]

[-110]

2×4 reconstruction two
extra lines are observed

θ
[110]

in the [-110] direction
and four in the [110]
direction.

no reconstruction

[-110]
2x

[110]
4x

Fig. AII.3. The RHEED pattern shows extra lines due to
the surface reconstruction.
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AIII.1 Backscattering Geometry
In the backscattering geometry the incident ( ki ) and scattered ( ks ) wave
vectors are anti-parallel. At low temperatures the Anti-Stokes component
vanishes and hence only the Stokes component is considered. The intensity of the
2

scattered light depends on the polarisation e s of the radiation as P ind ⋅e s . If the
polarisation of the incident light is denoted as e i the scattered intensity
calculated from is proportional to

(

)

I s ∝ e i ⋅ ∂χ ∂Q 0 Q (ω 0 ) ⋅ e s .
2

(AIII.1)

where χ is the electric susceptibility andQ the vector displacement of a given
atom induced by a phonon with frequency ωο. By introducing a unit vector Q Q
parallel to the phonon displacement a second rank tensors R can be defined,
R = (∂χ ∂Q )0 Q (ω 0 )

(AIII.2)

For a zinc-blende-type semiconductor the Raman tensors Rx, Ry, Rz, for a optical
phonon polarised along the [100], [010] and [001] directions respectively are:

0 0 0 
 0 0 d
 0 d 0






R x =  0 0 d , R y =  0 0 0 , R z =  d 0 0  ,
0 d 0 
d 0 0
 0 0 0







where d denotes the only linearly independent component of the third rank
tensor ∂χ ∂Q is the zinc-blende crystal.
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Considering the face side of the quantum dot sample, i.e., the (001) plane the
selection rule for backscattering are shown in Table AIII.1
Table AIII.1. The selection rules for Raman backscattering on the [001] plane. The
notation in the first column corresponds to ki (e i , e s )ks . x, y, and z denoted the directions
[100],[010] and [001] respectively. The directions [110] and [-110] are denoted by y’ and x’

Scattering geometry

TO-phonon

LO-phonon

z(y,y) z

0

0

0

2
dLO

0

0

0

2
dLO

z(x,x) z
z(y,x) z
z(x,y) z
z(x’,y’) z
z(y’,x’) z
z(y’,y’) z
z(x’,x’) z
To illustrate the numbers obtained in Table AIII.1 consider the following
example. From wavevector conservation, i.e. ki = ks + q , the wavevector q of the
phonon must be along the [001] direction also for the backscattering from a (001)
surface. The polarisation of a TO mode must be perpendicular to q (or the z-axis)
and hence the Raman tensor is a linear combination of Rx and Ry. According to
the non-zero components in these tensors the incident and scattered polarisation
vectors must have a projection along the z-axis. If ki and ks are both parallel to
the z-axis, then e i and e s are both perpendicular to the z-axis hence the TO
phonon is forbidden in this backscattering geometry.
To show that the observed phonon emission enhanced bands in the resonant
photoluminescence experiments in paragraph 4.1.2 are due to luminescence and
not to resonant Raman scattering, the spectra observed under the conditions
z(x’,y’) z and z(y’,y’) z are plotted in Fig. AIII.1. Both spectra are identical.
However, LO emission is forbidden for the z(x’,y’) z Raman scattering geometry.
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PL signal

z(x',x')z
z(x',y')z

1.20

1.25

1.30

1.35

Energy (eV)

Fig. AIII.1. The resonant PL spectra under the Raman scattering conditions z(x’,y’) z
and z(y’,y’) z . Both spectra show the GaAs LO-phonon mode and hence the bands are not
attributed to Raman scattering since LO-phonon emission is forbidden for z(x’,y’) z .

AIII.2 90°-geometry
It should be noted that the selection rules as derived for the backscattering
geometry assume a large scattering volume. Since the quantum dots reduce this
volume, there can be a departure from the selection rules as derived for the
backscattering geometry. To circumvent this problem, the 90°-geometry was
checked as well. The selection rules are shown in Table AIII.2. Since the
scattering observed from the cleaved-side originates from a reduced scattering
volume, the selection rules remain valid for the quantum dot sample.
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Table AIII.2. The selection rules for the 90° geometry. The incident wave vector ki is
[001] denoted by z and the scattered wave vector ks is [110] denoted by y’. The first
column corresponds to ki (e i , e s )ks . x’ denotes the [1-10] axes.

Scattering geometry

TO-phonon

z(x’,z)y’

dTO

z(y’,z)y’

1
3

z(y’,x’)y’

LO-phonon
0

2

dTO

2

2
3

dTO

0

z(x’,x’)y’

2
3

dTO

2

0
2

1
3

dTO

2

The spectrum observed in the 90° geometry z(y’,x’)y’ and z(x’,x’)y’ are plotted in
Fig. AIII.2. The spectra are identical and hence the bands are not attributed to
Raman scattering since LO-phonon emission is forbidden for z(y’,x’)y’ and the TO
phonon mode should be observed for z(x’,x’)y’.

z (x',x')y'

PL signal

z (y',x')y'

1.20

1.22

1.24

1.26

1.28

1.30

1.32

1.34

1.36

Energy (eV)

Fig. AIII.2. The resonant PL spectra under the Raman scattering conditions z(y’,x’)y’
and z(x’,x’)y’. Both spectra show the GaAs LO-phonon mode and hence the bands are
not attributed to Raman scattering since LO-phonon emission is forbidden for z(y’,x’)y’
and the TO mode should be observed for z(x’,x’)y’.
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Populaire Wetenschappelijke
Samenvatting
Halfgeleidermaterialen die tegenwoordig veel gebruikt worden in de optoelektronica zijn zogenaamde III-V halfgeleiders. Dit zijn kristallen bestaande uit
materialen uit groep III (In, Ga) en groep V (As) van het periodiek systeem der
elementen. Voorbeelden van deze samengestelde halfgeleiders zijn GaAs en InAs.
Deze III-V halfgeleiders kunnen met de huidige technologieën zeer goed laag voor
laag worden gegroeid en de overgang van de ene naar het andere materiaal is
abrupt binnen een atoomlaag. Op deze wijze kan men zogenaamde kwantumputstructuren

maken,

waarin

de

energieniveaus

in

een

richting

zijn

gekwantiseerd.
Toen het mogelijk was om deze twee-dimensionale structuren goed te
fabriceren kwamen structuren van lagere dimensies ook in beeld. Om echter een
lagere dimensie te vormen moet ook een barrière in de laterale richting
gerealiseerd worden. Om dit te bereiken moest men in eerste instantie extra
proces stappen toepassen, zoals lithografie, etsen, hergroei. Het nadeel van deze
extra stappen is dat ze vaak defecten veroorzaken die een negatieve impact
hebben op de elektrische en optische werking van de structuren.
De oplossing voor het omzeilen van deze extra stappen kwam van moeder
natuur zelf. Voor veel materiaalcombinaties ontstaat er spanning in het
kristalrooster omdat de afstand tussen de atomen, roosterafstand genoemd, voor
de materialen verschillen. Het fabriceren van gelaagde structuren met niet
passende materialen was zeer lastig en men heeft zich daarom lang beperkt tot
materiaalcombinaties wiens roosterafstand nagenoeg gelijk was, bijvoorbeeld
GaAs op AlGaAs. Met de huidige expertise is het echter ook mogelijk om
gelaagde structuren te maken met de niet passende materialen, mits men de
laagdikte beperkt. Op deze manier kan men gebruik maken van de
eigenschappen die een rooster onder spanning heeft. De maximale dikte waarbij
de structuur gelaagd blijft hangt af van de materiaalcombinatie. Voor het
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materiaalsysteem dat in dit proefschrift wordt beschreven, InAs tussen GaAs, is
de maximale dikte ongeveer 1,5 monolagen. Deze maximale dikte wordt ook wel
de kritische laagdikte genoemd.
Door echter net een dikkere laag te groeien dan de hierboven genoemde
kritische dikte zal de spanning in het rooster relaxeren door middel van
eilandformatie. De vorming van deze eilanden kan vergeleken worden met de
vorming van druppeltjes op een koude glazen plaat. Als men waterdamp laat
neerslaan op een koude glazen plaat dan zal er in eerste instantie een dunne laag
water ontstaan. Dit is vergelijkbaar met de gelaagde groei. Als men echter nog
meer waterdamp laat neerslaan zullen zich druppeltjes vormen. Gezien de
overeenkomst tussen de druppelformatie en de eilandformatie spreekt men vaak
ook over kwantumdruppels. Omdat de formatie van deze eilanden spontaan is,
worden ze ook wel zelf-georganiseerd genoemd. De energieniveaus in deze
kwantumdruppels zijn nu gekwantiseerd in alle drie de kristalrichtingen,
waardoor de toestandsdichtheid een deltafunctie wordt. Er is dus geen richting
meer, waarin de ladingsdragers zich vrij kunnen bewegen, zoals bij de kwantumput nog wel het geval was.
Deze kwantumdruppels opende de mogelijkheid tot nieuwe technologische
toepassingen. Theoretisch zou bijvoorbeeld een laser met als actieve laag
kwantumdruppels een zeer lage drempelstroom hebben en zou de werking niet
door temperatuursstijgingen beïnvloed worden. Echter, het goed toepassen van
halfgeleiderstructuren vergt ook veel fundamenteel onderzoek en dat is waaraan
dit proefschrift een bijdrage geeft.
Om een beter begrip te krijgen van de fundamentele relaxatieprocessen in
InAs kwantumdruppels in een GaAs matrix zijn een aantal optische
experimenten uitgevoerd.
In theorie zou een gevolg van de drie-dimensionale opsluiting zijn dat de
ladingsdragers enkel relaxeren door de ladder van energieniveaus in de druppel
als de onderlinge afstand van de niveaus precies gelijk is aan de beschikbare
fononenergieën (roostertrillingen). Deze beperking in de relaxatie wordt fononflessenhals (engels: phonon bottleneck) genoemd.
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Als we echter ver boven de energieniveaus van de druppel ladingsdragers
creëren (in het GaAs) dan zijn er genoeg relaxatiekanalen via welke de
ladingsdragers hun extra energie kwijt kunnen raken alvorens ze de
energieniveaus in de druppels kunnen bereiken. Wij zien dan ook stralende
recombinatie van alle kwantumdruppels en merken weinig van de fononflessenhals. Doordat de druppels niet allemaal dezelfde afmeting hebben zien wij
een vrij brede luminescentieband die de spreiding in afmeting weergeeft.
Pas als we vlak boven de energieniveaus van de druppels ladingsdragers
creëren dan zien we een beperking van de relaxatie als gevolg van het fononflessenhals. Op deze wijze kunnen we het fonon spectrum zichtbaar maken. Een
andere manier om dit te doen is door ladingsdragers direct te exciteren op de
energieniveaus van de druppels, selectieve excitatie genoemd. De ladingsdragers
kunnen enkel relaxeren en stralend recombineren als de onderlinge afstand
tussen de niveaus in de druppel past bij de beschikbare fononenergieën, zoals
hierboven beschreven. Dit proces vindt dus plaats als er aangeslagen niveaus
zijn in de druppels. De druppels die in dit proefschrift beschreven worden hebben
echter enkel een grondtoestand. Toch zien we de fonon-emissie-gestimuleerdeluminescentie banden ontstaan als we deze kleine druppels selectief exciteren. Er
moet dus een ander mechanisme zijn voor deze banden.
Door een elektron-gat paar te creëren in een kwantumdruppel verstoren we het
rooster in en rondom de druppel. Dit komt doordat het elektron anders
gelokaliseerd is dan het bijbehorend gat. De polarisatie van het licht afkomstig
van de druppel suggereert dat het gat zich meer bovenin de druppel bevindt en
het elektron in de gehele dot aanwezig is. Op deze wijze ontstaat er een dipool
met het bijbehorende polarisatieveld.
We beschrijven de grondtoestand daarom als een reële toestand (het elektrongat paar) plus een wolk van virtuele fononen. Als de oorzaak van de polarisatie
wegvalt, omdat het elektron-gat paar recombineert, dan zal het polarisatieveld
eveneens moeten verdwijnen. Dit heeft tot gevolg dat het rooster gaat trillen.
Aangezien het elektron-gat paar gekoppeld is aan de fononen zien we naast de
emissie van de grondtoestand eveneens de emissie van deze toestand minus een
gekwantiseerd aantal fononenergiën. Men kan zich dit proces voorstellen als
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ware het dat de druppel even wordt uitgerekt als het elektron-gat paar wordt
gecreëerd en vervolgens gaat staan natrillen als het elektron-gat paar is
verdwenen.
Dit model is in eerste instantie opgesteld na metingen aan een vrij groot aantal
kwantumdruppels, terwijl het geldig zou moeten zijn voor elke druppel
individueel. Daarom hebben wij ook gekeken naar een zeer klein ensemble van
druppels door middel van mirco-luminescentie. Door etsen konden we op een
klein gebied een telbaar aantal druppels isoleren, waardoor de luminescentie van
de individuele druppels zichtbaar werd. Op deze wijze konden we aantonen, dat
de fenomenen zoals die werden gezien voor het ensemble van druppels,
inderdaad van de individuele druppels afkomstig waren.
Tenslotte is ook gekeken naar kwantumdruppels in een elektrische veld. Op
deze wijze konden wij de dipool in de kwantumdruppels manipuleren en
aantonen dat de efficiëntie van de fononemissie inderdaad gekoppeld is aan de
aanwezigheid van een dipool. Als de dipool werd versterkt werden de
luminescentiebanden eveneens sterker, wat volgens ons model ook te verwachten
was.
Uiteraard zijn er nog genoeg vragen te beantwoorden over de relaxatie in deze
kwantumdruppels, maar we hebben met onze experimenten een aanzet kunnen
geven tot de beschrijving van relaxatieprocessen in zelf-georganiseerde
kwantumdruppels.
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Ondanks het feit dat de auteurslijst slechts uit één persoon bestaat is een
proefschrift zeker geen eenmans actie, maar een samensmelting van vele
meningen en handen. Een woord van dank aan deze mensen kan daarom niet
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Mijn dagelijkse begeleider was Andrej Silov. Aangezien ik bij hem op de kamer
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van man tot man. Volgens mij weet hij echt bijna alles op het gebied van
halfgeleiderfysica en deze kennis heeft zeker zeer veel bijgedragen aan mijn
werkzaamheden. Bovendien heb ik als kamergenoot natuurlijk ook over andere
zaken altijd in een zeer prettige sfeer met hem kunnen discussiëren en veel van
hem geleerd.
Jürg Brübach die ik zeker erkentelijk ben voor het beschikbaar maken van de
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Ook Jos Haverkort wil ik niet vergeten. Als medebegeleider heeft hij mij op
weg geholpen in dit eerste project binnen onze groep over kwantum druppels.
Daarnaast kreeg hij zelfs toen mijn laser op sterven na dood was, het systeem
altijd weer aan de gang.
De MBE was in zeer goede handen bij Willem van Vleuten en zijn overlijden
was dan ook een zeer groot verlies voor mij (en uiteraard de groep) aangezien ik
nog veel meer van hem had kunnen en willen leren. Bij deze wil ik hem echter
toch nog vernoemen aangezien ik heel prettige met hem heb samengewerkt en
zeer veel dingen van hem heb geleerd met betrekking tot de groei.
Ook de mensen van de UIA in Antwerpen uit de groep van professor Devreese
horen in dit dankwoord thuis. Alberto Garcia-Cristobal en Vladimir Fomin
hebben met hun theoretische kennis op het gebied van de elektron-fonon
interactie in kwantum druppels mij zeer geholpen met de aanzet tot een goede
theoretische beschrijving van de problematiek.
Daarnaast natuurlijk ook professor Skolnick van de University of Sheffield,
voor het ter beschikking stellen van een sample met kwantum druppels in een
p-i-n structuur.
De twee studenten die ik heb mogen begeleiden tijdens hun afstudeerstage wil
ik eveneens bedanken. Harm van Zalinge die ondanks de twee uitgebrande
pompen een goede bijdrage heeft geleverd aan het begrip van de polarisatie en
temperatuur afhankelijkheid van de druppel en Frank Staals voor het op de proef
stellen van mijn zenuwen en zijn bijdrage tot het micro-PL gedeelte.
Ook de leden van de groep van professor Kaufmann wil ik danken voor het
gebruik van de SEM, zodat we de structuren nodig voor micro-PL experimenten
in kaart konden brengen.
Uiteraard kan ik ook mijn borrel-maten niet vergeten. Kees van Es voor zijn
gezellige ochtendkoffiebabbel, de middagwandelingen en zijn goede adviezen op
allerlei gebied. Peter Nouwens (PAMmetje) eveneens voor de middagwandelingen
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en natuurlijk voor zijn cursussen klieven, etsen, contacten maken, laserscannen
e.d. Ook Tom Eikemans (Eikie) wil ik bedanken, voor de hulp bij de PL metingen,
labview programmeren en de 3D-games in de pauzes. Tenslotte mag in dit rijtje
zeker Magriet van Doorne niet ontbreken die met haar ijzersterk optimisme
zeker een positieve bijdrage heeft gegeven aan mijn manier van werken.
Jos van Ruyven, voor de hulp bij vacuüm, of beter gezegd soms geen vacuüm,
en de gezellige vrijdagmiddag borrel. Dit laatste geldt ook voor Frans van Setten,
die ik ook wil bedanken voor zijn hulp bij computerprobleempjes, elektronica,
pdf-writers en CD burning.
De overige (ex-)leden van de groep HalfgeleiderFysica die allen op hun eigen
manier hebben bijdrage aan een plezierig verblijf voor mij in de groep.
Tenslotte natuurlijk Ingrid, voor haar onvoorwaardelijke steun vooral tijdens
de meetdagen, of beter gezegd meetavonden en nachten, het schrijven van het
proefschrift en de zaken daaromheen.
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