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Abstract
In this thesis work two very similar processes have been studied both involving
excitations of particles during recombination of exciton complexes in quantum dots,
reducing the energy of the emitted photon. Different exciton complexes are defined
according to the number of electrons and holes in the quantum dot upon
recombination. The neutral exciton complexes with one electron and one hole (𝑋)
and two electrons and two holes (2𝑋) respectively are referred to as the exciton and
the biexciton. Accordingly the charged exciton complexes consisting of two electrons
and one hole (𝑋 − ) and one electron and two holes (𝑋 + ), respectively, are referred to
as negatively- and positively charged excitons, respectively. Whenever another
particle is excited during the recombination of one electron-hole pair within these
complexes, the result is a weak satellite peak, spectrally redshifted with respect to
the main emission peaks related to the exciton complex.
In the first part of this thesis work, described in the first two papers, the
exciton-LO-phonon interaction is studied with a weak redshifted satellite peak as the
signature, referred to as a phonon replica. The intensity ratio between the replicas
and the corresponding main emission were determined from the obtained microphotoluminescence spectra. It was found that this ratio was significantly weaker for
the positively charged exciton 𝑋 + compared to the neutral exciton, 𝑋, and the
negatively charged exciton, 𝑋 − . This experimentally obtained result was further
supported by computations. Interestingly, the computations revealed that despite
that 𝑋 + displays the weakest phonon replica among the investigated complexes, it
possesses the strongest Fröhlich coupling to phonons in the lattice before
recombination. In addition, the spectral broadening of the phonon replicas compared
to the main emission is discussed. Also, the origin of the exciton-LO-phonon coupling
is concluded to be from the QD itself, based on a comparison between quantum dots
with different barriers.
In the last paper an additional weak redshifted satellite peak in the
recombination spectra is studied. The intensity of this weak satellite peak is
correlated to the peak intensity of the positively charged exciton, 𝑋 + , main emission
peak. In addition to this photoluminescence excitation experiments, magnetic field
measurement and calculations further support our interpretation that the satellite
peak is related to the shake-up of the ground-state hole in the QD that is not
involved in the optical recombination. This hole is thus excited by Coulomb
interaction to an excited state yielding a photon energy reduced with the difference
between the ground-state and the excited state of the spectator hole.
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CHAPTER 1

Introduction

When Max Planck in 1905, more or less on a whim, introduced a constant enabling
the theoretical description of the black-body spectra to coincide with the
experimental results he was probably not aware of what he had begun. This could in
retrospect be considered as the starting point of the development towards a new
kind of physics, quantum mechanics, developed during the first part of the 20:th
century. In the semi-classical Bohr model of the atom, probably the most famous
atomic model among non scientists, where the electrons revolve in certain orbits
around a fixed nucleus, the atoms could absorb or emit energy when the electrons
“jumped” between different orbits i.e. changing the electrons potential energy
relative to the core. This model could however only partly explain the experimentally
obtained spectra from hydrogen and one-electron ions. The need for a more
complete model was obvious, and later introduced almost simultaneously by
Heisenberg and Schrödinger differing in description only. Quantum mechanics was
born and the deterministic viewpoint in physics had to be completely abandoned for
a probabilistic description, shifting the paradigm of physics.
In quantum mechanics all particles, for instance an electron, is associated with
a wave or a wave packet. The wave or more precisely the wave function associated
with a particle has no physical meaning but the square of the wave function tells us
the probability of finding the particle at a certain position. In this view the probability
of finding the particle is thus spread out in space and simultaneous determination of
position and momentum is limited by the Heisenberg uncertainty principle. When an
electron is confined to an atom standing waves are created for certain energies,
resembling the standing waves on a vibrating string, describing possible orbitals for
the electron. The orbital is thus described by the shape of the wave function, which is
different from Bohrs planetary-like orbits. However, the atom does absorb or emit
energy in the form of photons when the electron makes a transition from one orbital
to another. Therefore a gas of atoms from a single element gives rise to an optical
1

spectrum of discrete energies, corresponding to the possible photon energies. The
spectra could be regarded as the unique fingerprint of the atoms since it is different
for every element. In crystalline solids, where the atoms are arranged periodically in
space, it is also possible to confine electrons into certain small structures. If the
electron is confined in every direction, the possible energies of the electron are
discrete, like in an atom, and the light emitted from the structure resembles in many
ways the optical spectra of atoms. Such structures, named quantum dots (QDs), are
therefore sometimes referred to as artificial atoms [1].
The great research attention turned to these artificial atoms is, to mention a
few things, due to the fact that the energy levels in these structures are a function of
the size and material composition of the structure with the possibility to control, for
instance, the energy of the emitted light, the exact number of emitted photons and
their polarization [2, 3]. In particular quantum dots may be used as the qubits of a
quantum computer and as sources of polarization entangled photon pairs, which
could be used to realize quantum key cryptography [4, 5, 6]. The rather
unconventional type of QDs studied within this thesis work are promising candidates
for these kinds of applications, since emission of polarization entangled photon pairs
[7], already has been demonstrated. This thesis work mainly focuses on the
interaction between charge carriers in a quantum dot and the atomic vibrations of
the material which might influence generation of entangled photons [8] and also limit
the necessary coherence needed for the realization of qubits [9].
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CHAPTER 2

Semiconductors

Semiconductors
When two individual atoms are brought together to form a molecule the discrete
atomic energy levels for the electrons split into two. The enormous amount of atoms
in close proximity of each other in any piece of solid makes the atomic electron levels
split and form continuous energy bands. For some solids, the energy bands are
separated by energy gaps, i.e. there are energies forbidden for the electrons referred
to as band gaps (figure 2.1 a) to c)).

Fig. 2.1. An illustration of how the energy levels of a) individual atoms b) split when few atoms are
interacting and eventually forms c) energy bands in a solid consisting of approximately 1023 atoms. In
d) the excitation of an electron from the conduction band to the valence band in a semiconductor is
illustrated.

In a metal the highest occupied energy band is not completely filled and electrons
can easily move into empty states close in energy, due to the weak bond to the
atoms. In an insulator or a semiconductor, the highest occupied band is completely
filled at zero Kelvin and a large (insulator) or moderate (semiconductor) energy is
3

required to promote an electron to the next energy band, i.e. to break the bond to
the atom. Thus there is no clear distinction between a semiconductor and an
insulator and we have to do this in terms of moderate band gaps for semiconductors
and large band gaps for insulators. The completely filled band (at low temperature) is
referred to as the valence band and the next band higher in energy is referred to as
the conduction band. The top of the valence band is formed from atomic p-type
orbitals and the bottom of the valence band is formed from atomic s-type orbitals.
When raising the temperature in a semiconductor from absolute zero, the thermally
induced lattice vibrations cause a fraction of the bonds to break, thus generating a
small amount of free electrons in the conduction band at room temperature. The
former position of the electron is now left empty, and there is a hole, with a
corresponding positive charge, left in the valence band (figure 2.1 d)). A narrow
bandgap semiconductor material is thus conducting from thermal excitation only,
hence, the name semiconductor.

Crystal structure
A crystal is a solid in which the atoms are organized in an ordered fashion. This order
can be defined by unit cells consisting of only a few lattice points each. Each unit cell
reflects the symmetry of the entire crystal. The surrounding of each atom in the
crystal is ideally displayed within the unit cell, since a repetition of unit cells, with
atoms at the lattice points, makes up the entire crystal. There are several different
types of unit cells depending on the element or elements constituting the solid since
the atoms in a crystal will position themselves in such a way that the energy will be
the lowest possible for the entire crystal. One example, called the face-centered cubic
(fcc) is shown in figure 2.2 a).

Fig. 2.2. a) The fcc lattice unit cell where the spheres represent lattice points. b) Zincblende crystal
structure consisting of an fcc lattice with two atoms, shifted (𝑎/4, 𝑎/4, 𝑎/4) with respect to each
other, at each lattice point. The black and white spheres represent group III and V elements
respectively, for instance Gallium and Arsenide. The [100], [010] and [001] denotes the real space
directions 𝑥, 𝑦 and 𝑧 respectively.
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The zincblende crystal structure shown in figure 2.2 b) is one of the most common
crystal structures for semiconductors and it is the crystal structure of the group III-V
compound Gallium Arsenide (GaAs) important for this thesis work. The zincblende
structure consists of two atoms located at the lattice points of the fcc structure and
separated by (𝑎/4, 𝑎/4, 𝑎/4) where 𝑎 is the side length of the cube in the fcc
structure. For this structure each atom is tetrahedrally bonded to four other atoms of
a different element. The ternary compounds Indium Gallium Arsenide (InGaAs) and
Aluminum Gallium Arsenide (AlGaAs) studied within this thesis work also crystallize in
the zincblende structure, with some fraction of the group III Gallium atoms replaced
with other group III atoms, Indium and Aluminum. It is also worth mentioning that
the group IV semiconductors such as Silicon and Germanium crystallize in the same
way, with the exception that both atoms are from the same element, and the
structure is then referred to as Diamond structure.

Reciprocal space
The reciprocal lattice is constructed from lattice vectors of reciprocal length, i.e. wave
vectors, making the quantum mechanical wave description of electrons, holes and
lattice vibrations in a crystal easier compared to using the direct lattice. The
reciprocal lattice is crucial for the description of many important properties in a solid
such as the electron energy band structure and the vibration modes of the lattice.
The body-centered cubic (bcc) lattice, shown in figure 2.3 a), is the reciprocal lattice
of the fcc lattice discussed in the previous chapter. The Brillouin zone which is the
smallest possible unit cell constructed within the reciprocal lattice, consisting of just
one lattice point, within the reciprocal lattice is very important since important
properties of semiconductors can be described within this zone. The Brillouin zone to
the fcc direct lattice, shown in figure 2.3 b), i.e. the smallest unit cell of reciprocal
space can be repeated to form the entire reciprocal lattice.

Fig. 2.3. a) The body-centered (bcc) unit cell (the reciprocal lattice of the fcc direct lattice). b) The
first Brillouin zone of the fcc direct lattice. The [100], [010] and [001] denotes the real space
directions 𝑥, 𝑦 and 𝑧 respectively and 𝑘𝑥 , 𝑘𝑦 and 𝑘𝑧 denotes the corresponding reciprocal space
directions.
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Bloch electrons and energy bands
A particle in an infinite system with uniform potential, in particular a free electron, is
quantum mechanically described by the plane wave in equation 2.1
𝜓(𝒓) = 𝑒 𝑖𝒌𝒓

(2.1)

where 𝒌 is the wave vector and 𝒓 is a vector in real space. Thus the probability of
finding the electron is equal anywhere in space (|𝜓(𝒓) |2 = 1) and the electron is
thus completely delocalized in space. The free electron energy as a function of its
wave vector, the energy dispersion, is given by equation 2.2 where m0 is the free
electron mass, 𝒌 is the wave vector and ℏ is the reduced Planck constant:
𝐸(𝑘) =

ℏ2 |𝒌|2

(2.2)

2𝑚0

When plotted in a specific direction, say the 𝑘𝑥 -direction, the result is a parabola.
However, an electron in a periodic potential does not have the parabolic energy
dispersion. This type of energy dispersion is illustrated for one dimension in figure 2.4
a) where the big difference compared to the free electron dispersion is the regular
gaps introduced at the Brillouin zone boundary. The Schrödinger equation for a onedimensional crystal with lattice constant 𝑎, is given by equations 2.3 and 2.4.
𝐻𝜓(𝑥) = �−

ℏ2

𝜕

2

� � + 𝑈(𝑥)� 𝜓(𝑥) = 𝐸𝜓(𝑥)

2𝑚 𝜕𝑥

𝑈(𝑥) = 𝑈(𝑥 + 𝑛𝑎)

𝑛 = 1, 2, 3, …

(2.3)

(2.4)

A solution to the Schrödinger equation with a periodic potential is the Bloch wave
functions, defined by the Bloch Theorem stated in equations 2.5 and 2.6, where the
plane wave function is modified by a function, 𝑢, with the periodicity of the crystal.

𝜓𝑘 (𝑥) = 𝑒 𝑖𝑘𝑥 𝑢𝑘 (𝑥)

𝑢𝑘 (𝑥) = 𝑢𝑘 (𝑥 + 𝑛𝑎)

(2.5)

𝑛 = 1, 2, 3, …

(2.6)

Another equivalent form of Bloch´s theorem is given by equation 2.7.
𝜓𝑘 (𝑥 + 𝑎) = 𝑒 𝑖𝑘𝑎 𝜓𝑘 (𝑥)
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(2.7)

The importance of the Bloch theorem is that solutions corresponding to different
Bloch wave numbers that lie outside the range – 𝜋/𝑎 < 𝑘 < 𝜋/𝑎 for instance
2𝜋
𝑘 = 𝑘𝑛 + 𝑛
, where – 𝜋/𝑎 < 𝑘𝑛 < 𝜋/𝑎 can be described within this range since
𝑎

𝜓𝑘 (𝑥 + 𝑛𝑎) = 𝑒 𝑖𝑘(𝑥+𝑛𝑎) 𝑢𝑘 (𝑥 + 𝑛𝑎) = 𝑢𝑘 (𝑥)𝑒 𝑖𝑘𝑛𝑎 𝑒 𝑖𝑘𝑛 𝑥 = 𝑢𝑛𝑘 (𝑥)𝑒 𝑖𝑘𝑛 𝑥

(2.8)

where 𝑢𝑛𝑘 (𝑥) is a new periodic function. Thus by adding a wave number specific
reciprocal lattice vector all solutions can be described within the range
– 𝜋/𝑎 < 𝑘 < 𝜋/𝑎 corresponding to the first Brillouin zone in one dimension. This is
referred to as the reduced zone scheme and is illustrated in figure 2.4 b), and the
index 𝑛 of the new periodic function is accordingly named the band index since
higher values of 𝑛 correspond to higher lying energy bands within the reduced zone
scheme. Employing this kind of argumentation, the results can be extended to three
dimensions, and for GaAs all solutions to the corresponding three dimensional
Schrödinger equation can be described within the first Brillouin zone of figure 2.3 b).
In three dimensions, the energy dispersion is by convention plotted in certain
directions within the Brilloiun zone. The resulting band structure for GaAs is shown in
figure 2.3 c).

Fig.2.4. Band structure for an electron in a one-dimensional periodic potential in a) the extended
zone scheme and b) the reduced zone scheme. In c) the Band structure of GaAs is sketched in
different directions of 𝑘-space. The inset shows a magnification of the region close to the Brillouin
zone center i.e. the 𝛤-point at 𝒌 = 0. GaAs band structure sketched after [10].
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Effective mass
If we apply an electric field to a semiconductor the Bloch electrons in the conduction
band of a semiconductor respond almost like free electrons. The most important
difference is that the inertia of the Bloch electrons is different compared to the free
electron case and the energy dispersion of the conduction band can, close to 𝒌 = 0
(𝛤-point), be described by replacing the free electron mass in the free electron
dispersion of equation 2.2 with an effective mass, 𝑚∗ , specific to the material at
hand.
𝐸(𝑘) =

ℏ2 |𝒌|2
2𝑚∗

(2.9)

This gives a fairly accurate picture of the energy dispersion in the conduction band.
However, the actual momentum for the Bloch electrons of a semiconductor is not
ℏ𝒌, as for the free electrons, but since we are interested in the electrons response to
external forces, we can still consider this to be the momentum of the crystal and thus
call it crystal momentum. This could also, with caution, be applied to the valence
band if we consider an empty electron state as a positively charged particle, a hole,
with another effective mass. The positively charged hole then responds in an
opposite direction to external forces compared to the electrons. We have to consider
that the top of the valence band is made up from atomic p-type orbitals, which make
the overlap of the atomic orbitals different in different directions and hence the
response to an external electric field is also different for different crystal directions.
This is shown by the different curvatures, towards 𝐿 in comparison to towards 𝑋, of
the bands in figure 2.4 c) most clearly shown in the magnification in the inset. In
addition, the spin (𝑠𝑧 = ±1/2) interacts with the magnetic dipole of the p-type
orbitals described by the orbital angular momentum (𝑙 = 1, 0, −1). The different total
angular momenta correspond to different energy bands.
The different bands are described by |𝑗, ± 𝑗𝑧 〉 where 𝑗 (𝑙 ± 𝑠𝑧 ) is the total
angular momentum (orbital angular momentum plus spin) and 𝑗𝑧 is the
corresponding projections onto an arbitrary axis, here referred to as the 𝑧-axis. The
two valence bands degenerate at 𝒌 = 0 and the band lower in energy due to spinorbit coupling illustrated in the inset of figure 2.4 c) is referred to as; the heavy-hole
band (HH) corresponding to |3/2, ± 3/2〉 states, the light-hole band (LH)
corresponding to |3/2, ± 1/2〉 states and the split off band (SO) corresponding to
|1/2, ± 1/2〉 states. The names heavy- and light holes reflect the different response
to an external electric field, as the two types of holes behave as if their masses were
either heavy or light in a certain direction, due to the p-type orbitals making up the
bands. Considering the different effective masses of the heavy- and light-hole bands
the top of the conduction band can thus also be approximated by a parabola. It is
important to point out that this approximation is only valid in a close proximity of the
𝛤-point where most of the optical processes take place.
8

Optical properties of semiconductors
As seen from the band structure of GaAs in figure 2.4 c) the local minima and maxima
of the conduction band and valence band, respectively, are both located at the 𝛤point. This is referred to as a direct bandgap and it yields high efficiency of the direct
optical transitions across the band edges, since momentum and energy can be
conserved by the photons alone. In semiconductors with the band minima and
maxima displaced in 𝒌 -space, the difference in momentum between the initial and
final states of the transitions cannot be provided by the photons, thus lattice
vibrations are necessary to conserve momentum. Such indirect transitions involving
lattice vibrations are significantly less probable than the corresponding direct
transitions.
The optical interband absorption, exciting an electron from the valence band to
an empty state in the conduction band is illustrated in figure 2.5 a), or the interband
recombination of an electron in the conduction band with a hole, an empty state, in
the valence band emitting a photon as illustrated in figure 2.5 c). In both cases the
photon energy corresponds to the energy difference between the initial and final
states. Since there is a continuum of states above the edge of the conduction band,
the excitation photon energy could in general be higher than the energy difference
between the band edges leaving the electron in a excited state from which it quickly
relaxes down to the band edge, as illustrated in figure 2.5 b). During the intraband
relaxation process, the energy difference between the excited state and the band
edge state is transferred to vibrations of the atoms.

Fig. 2.5. Schematic illustration of a) the optical excitation of an electron from the valence band to the
conduction band followed by b) the relaxation of electrons and holes down to the band edges.
c) Recombination of an electron with a hole in the conduction band and the energy difference
between electron states constitutes the created photons energy. In d) the free electron and hole is
illustrated in comparison to d) where the electron and hole is bound by Coulomb attraction to form
an exciton.

A negatively charged electron can be bound to a positively charged hole via Coulomb
attraction and form an exciton (denoted X) i.e. a correlated electron-hole pair. This
resembles a hydrogen atom and the possible energy states of the exciton, 𝐸𝑋𝑛 , are
analogous to the states of the hydrogen atom and is given by equation 2.10 where
9

𝑚𝑟 is the reduced mass of equation 2.11, 𝑅𝑦 is the Rydberg energy of 13.6 eV and 𝜖𝑟
is the static dielectric constant of the semiconductor.
𝐸𝑋𝑛 = −

𝑚𝑟 𝑅𝑦
𝜖𝑟2 𝑛2

𝑚𝑟−1 = 𝑚𝑒∗ −1 + 𝑚ℎ∗ −1
𝑟𝑋𝑛 = 𝑛2

𝜖𝑟

𝑚𝑟

𝑎𝐵

(2.10)
(2.11)
(2.12)

The binding energy is given by 𝐸𝑋𝑏 = −𝐸𝑋1 which is approximately −5 meV for GaAs,
and the corresponding GaAs exciton is approximately 15 nm, given by 𝑟𝑋1 in equation
2.12, where 𝑎𝐵 = 0.053 nm is the hydrogen Bohr radius. Thus the Coulomb
attraction reduces the energy of the electron-hole pair, introducing excitonic states
with new possible optical transitions below the bandgap energy, as illustrated in
figure 2.5 e).
Different kinds of exciton complexes can be defined according to the number of
charge carriers that are bound together, such as, the biexciton, 2𝑋, which is formed
by two electrons and two holes bound together by Coulomb interaction. Additional
exciton complexes that are important for this thesis work are defined and discussed
for QDs in the last part of chapter 4. For a more detailed description of
semiconductors see [11, 12, 13].
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CHAPTER 3

Lattice vibrations

The atoms in a crystal are not frozen at the lattice points as illustrated in the crystal
structures of chapter 2. The atoms move around their equilibrium positions
continuously. This movement of the atoms creates vibrational waves in the lattice
transporting energy and momentum through the lattice. Although it is important to
point out that a full description of the lattice waves needs to include quantum
mechanics it is possible to obtain a good picture of the properties of these waves by
treating the vibrations as classical harmonic oscillators, where the energy is
proportional to the displacement of the atoms to second order.

Linear chain of identical atoms
A nice starting point to examine the properties of the lattice waves is an idealized
one-dimensional crystal. Considering a one dimensional chain of atoms of the same
element, we can model the one-dimensional crystal as points of mass M connected
to each other via massless springs, where the spring constant, C, represents the bond
between the atoms (figure 3.1 a)). The equation of motion for the 𝑛:th atom in the
chain is given in equation 3.1 using the notations of figure 3.1.
𝑀

𝑑2 𝑢
𝑑𝑡 2

= 𝐶 (𝑢𝑛+1 − 2𝑢𝑛 + 𝑢𝑛−1 )

𝑢𝑛 = 𝐴𝑒 𝑖(𝑘𝑛𝑎−𝜔𝑡)

(3.1)
(3.2)
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Fig. 3.1. A schematic illustration of one part of a linear chain of identical atoms of mass M in a) their
equilibrium positions with the interatomic distance 𝑎 i.e. the lattice constant and b) displaced from
their equilibrium positions. The unit cell of the 𝑛:th atom is marked with a grey rectangle in a).

Inserting wavelike solutions of the form given in equation 3.2, where 𝑛𝑎 denotes the
position of the 𝑛:th undisplaced atom and solving for 𝜔, we get equation 3.3.
𝜔2 =

4𝐶
𝑀

1

𝑠𝑖𝑛2 � 𝑘𝑎�
2

(3.3)

The dispersion relation corresponding to equation 3.3 i.e. the angular frequency 𝜔
plotted as a function of 𝑘 is displayed in figure 3.3 a). This dispersion does not
depend on 𝑛 implying that solving the equations of motion for any other atom in the
chain would yield the same solution. The wavelike solution of equation 3.2 is thus a
description of all the harmonic oscillators making up the crystal. These solutions are
however the uncoupled solutions referred to as the normal modes of the crystal.
Supposing that we have a total of 𝑁 atoms in the chain and use periodic boundary
conditions, i.e. treat the chain as if the ends were attached to each other, then the
length of the crystal chain must make up an integer number of wavelengths, 𝑚𝜆. The
length of the chain is, with our notations, 𝑁𝑎, which then equals, 𝑚𝜆 where 𝑚 is a
positive integer and we end up with equation 3.4.
𝑘=

2𝜋
𝜆

=

2𝜋𝑚
𝑁𝑎

(3.4)

The number of possible 𝑘 values within any given range of 2𝜋/𝑎, in particular the
range of the Brillouin zone (one-dimensional) −𝜋/𝑎 < 𝑘 ≤ 𝜋/𝑎 , is thus equal to the
number of atoms. It is then clear that there has to be, in total, 𝑁 solutions to the
equations of motion for the atoms in the crystal chain and it is possible to show that
all solutions can be described within the Brillouin zone. Solutions outside this range,
for instance those marked by the two dots to the right in figure 3.3 a), have the same
angular frequency as those two marked within this range meaning that we can in the
same way as for the electron dispersion describe all the solutions within this zone by
just adding an appropriate integer of 2𝜋/𝑎 to the 𝑘-values outside this zone.
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Linear chain with two types of atoms
The simplest model of a compound, such as GaAs, comprises a one-dimensional
crystal modeled as a chain of atoms of two types with the different masses 𝑀 and 𝑚
see figure 3.2 a). The spring constant and unit cell length are still denoted 𝐶 and 𝑎.

Fig. 3.2. A schematic illustration of one part of a linear chain of atoms consisting of atoms with the
different masses M and m in a) their equilibrium positions where 𝑎 denote the length of the unit cell
i.e. the grey rectangle and b) displaced from their equilibrium positions. The unit cell consists of two
atoms and beginning in a) with the 𝑛:th atom of the linear chain.

Setting up the equations of motions for atoms 𝑛 and 𝑛 − 1 with the notations in
figure 3.2 results in two coupled equations of the same kind as equation 3.1. Inserting
the same type of wavelike solutions as in equation 3.2 with the exception that the
amplitude for one of the solutions is modified by a complex number, 𝛼, accounting
for the relative amplitude and phase of atoms of different elements. This yields two
equations with 𝛼 and 𝜔 as a function of 𝑘. Solving for 𝛼 and 𝜔, respectively, we get
equations 3.5 and 3.6.
𝛼=

2𝐶−𝜔2 𝑀
1
2

2𝐶𝑐𝑜𝑠� 𝑘𝑎�

𝜔2 =

𝐶(𝑀+𝑚)
𝑀𝑚

± ��

(3.5)
𝑀+𝑚 2
𝑀𝑚

� −

4

𝑀𝑚

1

𝑠𝑖𝑛2 � 𝑘𝑎��
2

(3.6)

Equation 3.6 describes the dispersion for a linear crystal chain with two atoms of
different masses, 𝑀 and 𝑚, in each unit cell and again the solution is independent of
𝑛. This dispersion is illustrated in figure 3.3 b) and as can be seen, two values of 𝜔 can
be evaluated for every value of 𝑘, corresponding to the plus/minus sign in equation
3.6, explaining the gaps at the Brillouin zone boundaries. Note that 𝑎 in this case is
defined as the length of the unit cell as seen in figure 3.3 b) meaning that we have, in
total, 2𝑁 atoms. Thus we also get 2𝑁 solutions to the equations of motions if 𝑁
denote the number of unit cells. Applying periodic boundary conditions and arguing
the same way as for the one-atomic chain we get 𝑁 𝑘-values within the range
−𝜋/𝑎 < 𝑘 ≤ 𝜋/𝑎 and thus we got 𝑁 solutions each in the two branches illustrated in
figure 3.3 b).
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Fig. 3.3. The lattice vibration dispersion is illustrated for a) a linear chain of atoms with equal mass, b)
a linear chain of atoms consisting of two atoms with different masses and c) the phonon dispersion
for GaAs in different directions of the Brillouin zone redrawn after [16].

The lower branch is called the acoustical branch, since 𝜔/𝑘 approaches a constant
value when 𝑘 goes to zero which is a characteristic of sound waves. On the upper
branch, the two types of atoms vibrate in antiphase and the charge oscillations can
for certain kinds of crystals couple strongly to electromagnetic waves in the infrared
region and this branch is thus known as the optical branch. This type of oscillations
causes polarizations in the crystal and induces an electric field, which is the main
reason for electron scattering in polar semiconductors, often referred to as the
Fröhlich interaction.

Lattice vibrations in a crystal
If we now consider the realistic three dimensional crystals, we have to take into
account that 𝜔 is a function of the wavevector 𝒌 in any given direction of the lattice.
Every atom vibration can be described by using a maximum of three coordinates and
thus we can ascribe three acoustical branches to a crystal with one atom in each unit
cell. For the case of two atoms in each unit cell, we also get three optical branches in
addition to the three acoustical. These three optical (and acoustical) branches can be
described from the normal modes, if we define two transverse modes perpendicular
to the propagation direction of the wave and one longitudinal mode parallel to the
propagation direction. These modes of the optical branch are referred to as the
transverse optical (TO) modes and the longitudinal optical (LO) mode. Accordingly,
the modes of the acoustical branch are referred to as the transverse acoustical (TA)
modes and the longitudinal acoustical (LA) mode.
The dispersion for a three dimensional crystal is conventionally plotted in
certain directions in the reciprocal space as is the case for the GaAs dispersion in
figure 3.3 c). Note the resemblance with the two-atomic linear chain dispersion of
figure 3.3 b) which is most clearly seen from 𝛤 ( 𝒌 = 0) in the direction towards 𝐿. If
the lattice is strained as is the case for most heterostructures, described in the next
chapter, the strain imposes changes to the crystal making otherwise equivalent
directions in the crystal different. The strain thus induces a splitting of the lattice
vibration modes. Calculating the dispersion for a three dimensional crystal is tricky
and involves treatment of the vibrations as harmonic oscillators regardless if it is
14

done classically or if in a full quantum mechanical calculation. For a more detailed
description see [14, 15].

Phonons
The previous description made to get a grasp of the dispersion of the lattice
vibrations in a crystal was done by treating the vibrations as classical harmonic
oscillators. In the corresponding quantum mechanical description of the lattice
vibrations in a crystal, each vibration mode behaves like a simple quantum
mechanical harmonic oscillator with the possible energy values stated in equation
3.7.
1

𝐸𝑛 = ℏ𝜔 �𝑛 + �
2

𝑛 = 0, 1, 2, …

(3.7)

There is thus a separation of ℏ𝜔, equal quanta of energy between the energy levels
of each vibrational mode, 𝜔, and we can thus treat the quantized excitation of each
vibrational mode as quantized particles i.e. phonons. The lowest possible phonon
energy i.e. the zero point energy of equation 3.7, 𝐸0 , implies that the atoms vibrate
even at absolute zero temperature, in consistency with the Heisenberg uncertainty
principle. In order to be able to treat the vibrations as localized particles, phonons, in
the lattice with group velocity 𝑑𝜔/𝑑𝒌 and the quantized energy ℏ𝜔, we can
introduce a wave packet built from an appropriate number of modes with similar, but
not the same, frequency and wavelength.
The phonon energy is usually indexed to denote the difference between
different types of phonons. Thus, the LO-phonons treated within this thesis work are
denoted ℏ𝜔𝐿𝑂 . The energy for the optical phonons is rather constant for different 𝑘values, as seen from the rather flat dispersion curves in figures 3.3 b) and c). The LOphonons in GaAs is thus approximately 37 meV across the entire Brillouin zone. It is
also worth pointing out that phonons can be created and destroyed in collisions as
long as angular frequency and wavevector is conserved in the collision. Phonons are
thus, like photons, non conserving particles i.e. bosons. However, this kind of
interactions results from weak anharmonic terms of the potential, in a pure harmonic
description no phonon-phonon interaction occurs.

Two-mode behavior in ternary alloys
In ternary alloys, such as InGaAs or AlGaAs, that has been studied within this thesis
work, a two-mode behavior of the phonon modes is observed [17, 18]. The two mode
behavior is illustrated in figure 3.4 where it is plotted from 0 to 1 for one constituent
of the ternary alloy resulting in different binary alloys at each end of the plot. The
two-mode behavior implies that there are two different LO- and TO-modes in the
ternary alloys. In AlGaAs these are referred to as AlAs-like modes and GaAs-like
modes.
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Fig. 3.4. A schematic illustration of the two-mode
behavior of phonons in ternary alloys of the form AxB1-xC.
Left (𝑥 = 0) correspond to the binary compound BC, the
percentage of A then gradually increases to the right of
the figure to end up with the binary compound AC
(𝑥 = 1). Figure created with inspiration from [11].

The energy of these modes vary with the composition, AxB1-xC, of the ternary alloy.
From figure 3.4 we can see that, at the endpoints, where the LO1-TO1 gap vanishes at
𝑥 = 1, a localized mode consisting of the vibrational modes of individual atoms of the
third element remains in the binary alloy AC. Going in the other direction another
localized mode remains in the other binary alloy BC at 𝑥 = 0, which is sometimes
referred to as a gap mode since it is located between the acoustical branch and the
optical branch [11]. The importance of this in the current thesis work is that the
energy of the GaAs-like phonon mode in AlGaAs and InGaAs varies with composition
as described in refs [17, 18].

Huang-Rhys theory
The Huang-Rhys formalism originates from using the adiabatic approach in the study
of multiphonon transitions in deep centers theoretically examined by Huang and Rhys
in the 1950:s [19]. A main ingredient of this adiabatic approach is that the electronic
motion can be detached from the much slower moving atomic nucleus in the crystal.
The idea is that the eigenstate corresponding to an electronic wavefunction for a
nucleus in a fixed position will adjust itself smoothly when the nucleus slowly moves.
Ideally this motion should be infinitely slow to fulfill the quantum mechanical
theorem stating that an adiabatic perturbation, as described above, causes a change
of the wavefunction and energy during the perturbation but does not cause
transitions between quantum states [15]. This idea is used within the independent
boson model where the wavefunctions of the electrons and holes are assumed to be
unchanged under the exciton-LO-phonon interaction for excitons confined to the
low-dimensional systems described in the next chapter.
When the electron-hole pair, forming the exciton, recombines, a peak appears
in the optical spectra with the corresponding energy. If no excitations of phonons
occur, this peak is referred to as the zero-phonon luminescence and the
corresponding intensity as the zero-phonon intensity, 𝐼𝑧𝑝𝑙 . If instead, after
recombination, the energy corresponding to 𝑛 phonons, remains in the lattice, the
resulting peak in the optical spectra is redshifted by 𝑛ℏ𝜔𝐿𝑂 , as compared to the zero16

phonon energy. The redshifted peak is accordingly referred to as the 𝑛:th order
phonon replica and the corresponding intensity of the luminescence is denoted 𝐼𝑛𝑙 .
Thus, the Huang-Rhys parameter, 𝑆, in equation 3.8 is a measure of the strength of
the phonon replicas compared to the zero-phonon emission from a transition from an
initial state, 𝑖, to a final state, 𝑓 [20].
1

𝑆 = (2𝜋)3

4𝜋𝑒 2

�

1

2ℏ𝜔𝐿𝑂 𝜀∞

1

− �∫
𝜀0

|∆𝜌(𝒌)|2
𝑘2

𝑑𝒌

(3.8)

The Huang-Rhys parameter is proportional to the Fourier transformed difference
between the charge distribution in the initial state, 𝜌𝑖 (𝒓), and the final state, 𝜌𝑓 (𝒓),
as stated in 3.9.
∆𝜌(𝒌) = 𝐹 {∆𝜌(𝒓)} = 𝐹�𝜌𝑖 (𝒓) − 𝜌𝑓 (𝒓)�

(3.9)

The intensity ratio, 𝐼𝑛𝑙 /𝐼𝑧𝑝𝑙 , is given by equation 3.10 and the corresponding emission
lines, 𝐸𝑛 , and are given by equations 3.10 and 3.11, where 𝑛 is a positive integer [20].
𝐼𝑛𝑙

𝐼𝑧𝑝𝑙

=

𝑒 −𝑆 𝑛

(3.10)

𝑛!

𝐸𝑛 = �𝐸𝑖𝑓 − 𝑆ℏ𝜔𝐿𝑂 � − 𝑛ℏ𝜔𝐿𝑂 = 𝐸𝑧𝑝𝑙 − 𝑛ℏ𝜔𝐿𝑂

(3.11)

The coupling between excitons and LO-phonons is electrical and is referred to as
Fröhlich coupling. For an exciton, the Fröhlich coupling is given by the difference
between the coupling of the electron and the hole, i.e. the difference in charge
distribution between the electron and the hole [21]. The strength of this coupling, 𝑀,
can be estimated from equation 3.8. where 𝜌𝑖 (𝒌) is the Fourier transformed
difference between the wave functions of the electron and the hole in the initial
state.
𝑀∝∫

|𝜌𝑖 (𝒌)|2
𝑘𝟐

𝑑𝒌

(3.12)

The Huang-Rhys parameter and the Fröhlich coupling for the neutral exciton, 𝑋, is
thus a measure of the same coupling strength since the charge distribution in the
final state is zero. However this is not in general true for exciton complexes such as
the biexciton, 2𝑋. If one electron-hole pair of the biexciton recombines, there is still a
charge distribution in the final state from the remaining electron-hole pair and we
have to differentiate between the Fröhlich coupling and the Huang-Rhys parameter.
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CHAPTER 4

Low-dimensional structures

The semiconductor properties discussed in the previous chapter is related to bulk
semiconductor materials in which the charge carriers are free to move in all
directions. The refined fabrication methods of today allow for high precision
fabrication of semiconductor layers by different types of epitaxial growth. It is thus
possible to sandwich a thin layer of a low-bandgap material between layers of a
material with a higher bandgap. This type of structure is commonly referred to as a
heterostructure and is illustrated in figure 4.1 a). If the band alignment is such that it
creates potential wells for both electrons and holes, as shown in figure 4.1 b), the
heterostructure is said to be of type 1. Electrons and holes will in this case eventually
become trapped in this lower potential as illustrated in figure 4.1 b) and their
possibility to move will thus be limited to movement within this thin quasi 2dimensional layer with a lower bandgap. [12]

Fig. 4.1. Schematic illustration of a) a hetersostructure consisting of a low bandgap material layer B
sandwiched between the high bandgap material A and b) the resulting confinement potentials
trapping electrons and holes. The potentials are different for electrons and holes as indicated by the
band offsets VBO≠CBO. In c) a schematic illustration of the wave functions and energies for a
quantum well is shown.
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Quantum wells
If the low-bandgap layer is thin enough, quantum confinement of the charge carriers
will lead to a discretization of the energy levels, creating a quantum well (QW) (inset
of figure 4.2). A quantum well is often referred to as a two dimensional (2D) system,
referring to the dimensions in which the charge carriers are free to move. In order to
determine the energy levels and the associated wave functions within a QW or
another quantum structure, the effective mass approximation can be applied. The
idea is to first solve the corresponding Schrödinger equation for a perfect crystal
(without quantum structures) and then expand the wave function of the quantum
structure in terms of the complete set of solutions from the perfect crystal, assuming
wave functions from only one band and 𝑘-values close to zero will have a significant
impact. The effective mass Hamiltonian corresponding to an electron near the 𝛤point for a bulk semiconductor is given in equation 4.1.
𝐻=

ℏ2 𝑘𝑥 2
∗
2𝑚𝑥

+

ℏ2 𝑘𝑦 2
∗
2𝑚𝑦

+

ℏ2 𝑘𝑧 2

(4.1)

2𝑚𝑧∗

The effective mass Schrödinger equation takes the form given in equation 4.2, where
𝜒(𝑧) is the envelope function modifying the periodic Bloch function that carries the
periodicity of the lattice. 𝑈′(𝑧) is the perturbation of the lattice, caused by the
quantum well, and 𝑚𝑧∗ (𝑧) is the effective mass in the 𝑧-direction perpendicular to the
quantum well layer. 𝑚𝑥∗ (𝑧) and 𝑚𝑦∗ (𝑧) are accordingly the effective masses of the in
plane 𝑥- and 𝑦-directions of the quantum well [12].
�−

ℏ2 𝜕

1

𝜕

2𝑚 𝜕𝑧 𝑚𝑧∗ (𝑧) 𝜕𝑧

+

ℏ2 𝑘𝑥 2

∗ (𝑧)
2𝑚𝑥

+

ℏ2 𝑘𝑦 2

∗ (𝑧)
2𝑚𝑦

+ 𝑈′(𝑧)� 𝜒(𝑧) = 𝐸𝜒(𝑧)

(4.2)

This equation is however only analytically solvable if the potentials are infinite which
is obviously not the case in a real heterostructure. It is however possible to solve it
numerically using for instance a finite difference approximation of the effective mass
Schrödinger equation. The solutions will be on the form given in equation 4.3, where
𝐸𝑛 represents the quantized levels in the 𝑧-direction perpendicular to the well, and
the other term represents the free carrier energies in the 𝑘𝑥 and 𝑘𝑦 directions.
𝐸 = 𝐸𝑛 +

ℏ2 𝑘𝑥2

∗ (𝑧)
2𝑚𝑥

+

ℏ2 𝑘𝑥2

∗ (𝑧)
2𝑚𝑦

𝑛 = 1, 2, 3, …

(4.3)

If the potential is finite, there will only be a limited number of solutions 𝐸𝑛 with
energies inside the potential well.
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Quantum wires
A further reduction of dimensionality, from the 2D quantum well, results in a
quantum wire (QWR) in which the charge carriers are restricted to move in one
dimension only and such a structure are thus referred to as one-dimensional (1D)
(see inset of figure 4.2). The corresponding form of solutions for quantum wires are
given in equation 4.4 where the first term, 𝐸𝑛,𝑙 , represents the quantization in two
dimensions and the second term the free carrier energy in one dimension.
𝐸 = 𝐸𝑛,𝑙 +

ℏ2 𝑘𝑥2

𝑛, 𝑙 = 1, 2, 3, …

∗ (𝑧)
2𝑚𝑥

(4.4)

Quantum dots
Finally, and most important for this thesis work, it is also possible to grow lowdimensional heterostructures, quantum dots (QDs), in which the charge carriers are
confined in all dimensions (see inset of figure 4.2). Such structures are thus
commonly referred to as zero-dimensional (0D). A summarized description of the
fabrication technique used for the QDs within this thesis work is presented later in
this chapter. For the QD case, we have a complete discretization of the energy levels
of the form, 𝐸𝑛,𝑙,𝑚 in equation 4.5, from the confinement of the charge carriers in all
directions which is very similar to the situation for real atoms even though
semiconductor QDs are made up from a large number of atoms, roughly 105 atoms.
𝐸 = 𝐸𝑛,𝑙,𝑚

𝑛, 𝑙, 𝑚 = 1, 2, 3, …

(4.5)

The single band used in the effective mass approximation described above ignore
band mixing, which is particularly important in QDs for the energetically close valence
bands. In order to obtain a more accurate description, the effective mass
approximation can be extended to include additional bands using for instance the
� –theory. In this method, the Schrödinger equation for an electron
8 × 8 band 𝒌 ∙ 𝒑
within a periodic potential of a real crystal is rewritten using the Bloch Theorem in a
way so that the phase factor is eliminated from the equation ending up with equation
�, giving the name of the method. Here 𝒑
� is the
4.6 including the product 𝒌 ∙ 𝒑
quantum mechanical momentum operator. [11]
��

�2
𝒑

2𝑚

ℏ

�+
+ 𝑈(𝒓)� + � 𝒌 ∙ 𝒑
𝑚

ℏ2 𝒌2
2𝑚

�� 𝑢𝑛𝒌 (𝒓)𝐸𝑢𝑛𝒌 (𝒓)

(4.6)

� equation is then solved within a truncated basis, including only the most
This 𝒌 ∙ 𝒑
relevant bands. Within this description we can now do substitutions analogous to
what was done to obtain equation 4.2, i.e. for a QD we replace 𝒌 with – 𝑖𝛁 in
equation 4.6 and use the three valence bands defined by the |𝑗, ± 𝑗𝑧 〉 (chapter 2), the
conduction band states which together with Kramers degeneracy yield the 8 × 8
matrix. [11]
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Density of states
The energy bands discussed in chapter 2 tells us how the energy of an electron varies
as a function of the wave vector 𝒌. However it does not directly tell us how many
available states there are for a given energy. Before going further into this it is
reasonable to point out that electrons are fermions and thus follow the Pauli
exclusion principle so that every available state can be occupied by a maximum of
two electrons with different spin. The density of states as a function of energy, 𝑔(𝐸),
is an important relation since it, in a simple way, determines the properties of the
semiconductor structure.

Fig. 4.2. Schematic illustration of the density of states for a) bulk, b) a quantum well (QW), c) a
quantum wire (QWR) and d) a quantum dot (QD). The insets show illustrations of different
heterostructures that reduces the possible dimensions of motion for the charged particles from 3
dimensions in bulk down to 0 dimensions for a QD.

For a bulk semiconductor it can be shown that the density of states is given by
relation 4.7 and is thus proportional to the square root of the energy.
𝑔3𝐷 (𝐸 ) ∝ √𝐸

(4.7)

For a quantum well, the density of states is given by relation 4.8, where Θ is the
Heaviside step function and 𝐸𝑛 the discretized energies of equation 4.3 and the
density of states is accordingly a stepwise function of the energy as shown in figure
4.2 b). Further reduction of the dimensionality leads to a density of states that
becomes concentrated around certain energy values, the 𝐸𝑛,𝑙 of equation 4.4, for a
quantum wire and completely discretized in energy, for quantum dots (figure 4.2 c)
and d)). The corresponding relations are given in 4.9 and 4.10 where 𝛿 is the Diracdelta function. Thus for a quantum dot, the density of states is zero except for the
𝐸𝑛,𝑙,𝑚 given in equation 4.5.
𝑔2𝐷 (𝐸 ) ∝ ∑𝑛 Θ(𝐸 − 𝐸𝑛 )
𝑔1𝐷 (𝐸 ) ∝ ∑𝑛,𝑙

Θ�𝐸−𝐸𝑛,𝑙�
1

(𝐸−𝐸𝑛 )2

𝑔0𝐷 (𝐸 ) ∝ ∑𝑛,𝑙,𝑚 𝛿�𝐸 − 𝐸𝑛,𝑙,𝑚 �
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𝑛 = 1, 2, 3, …

(4.8)

𝑛, 𝑙, 𝑚 = 1, 2, 3, …

(4.10)

𝑛, 𝑙 = 1, 2, 3, …

(4.9)

Fabrication of quantum dots
The two samples with InGaAs QDs, grown in inverted tetrahedral recesses, used
within this thesis work were fabricated at the Tyndall Institute in Cork on Ireland
using methods developed at École Polytechnique Fédérale de Lausanne (EPFL) in
Switzerland. This unconventional method offers inherent site control and very high
QD uniformity; as compared to the most conventional growth technique based on
Stranski-Krastanow (SK) growth mode of strained QDs self-organized at random sites
[21]. The site-control relies on the pre-growth patterning of the GaAs substrate were
layers of SiO2 and photoresist is deposited on the substrate (figure 4.3 a)) followed by
a lithographic processing of the photoresist and subsequently the pattern is
transferred to the SiO2 using hydrofluoric acid (figure 4.3 b) and c)). Wet chemical
etching is then performed on the regular pattern in the SiO2 film leading to a regular
pattern of tetrahedral recesses in the (111)B GaAs substrate (figure 4.3 d)). [23, 24]

Fig. 4.3. The GaAs substrate initially covered with a) layers of SiO2 and photoresist followed by b) a
lithographic patterning in the photoresist and subsequently also c) in the SiO2 layer. Chemical etching
of the substrate leading to d) tetrahedral recesses in the substrate. Figures created with inspiration
from [25].

In the tetrahedral recesses (figure 4.4 a)), metal organic vapor phase epitaxy
(MOVPE) growth is performed. Several layers are grown for specific purposes such as
etch stop in the final back-etching process, but in particular an InGaAs QD layer is
grown between barrier layers of either AlGaAs or GaAs. An illustration of the grown
layers is shown in figure 4.4 b). The QDs are self-formed at the inverted tip of the
tetrahedral recesses due to growth rate anisotropy for different crystal planes (here
the (111)A sidewalls compared to the (111)B plane) and capillarity effects leading to a
self-limited profile, which is different for the QD layer compared to the barrier layers
(illustrated in figure 4.4 c)). When AlGaAs barriers are used, Ga segregation in the
barriers leads to the formation of a vertical quantum wire (VQWR) above and below
the QD (shown in figure 4.4 d)) [26] as well as vertical quantum wells (VQWs) (see ref.
[23] for a more detailed description).
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Fig. 4.4. The figure show a perspective side view of the cut tetrahedral recess a) with the (111)A
sidewalls b) after growth of several layers including barrier- and QD layers. A magnification of the
marked area in b) with c) GaAs barriers and InGaAs QD and d) AlGaAs barriers, InGaAs QD and a
VQWR. Figures created with inspiration from [25].

After growth, the irregular facets, where the (111)A sidewalls meet the (111)B
surface, are removed through surface etching. One reason for this is that unwanted
luminescence from these facets can be removed. In this process the sample is first
covered with photoresist (shown in figure 4.5 a)) that is etched down to reveal the
irregular facets which is subsequently etched away by wet chemical etching. After the
surface etching is completed, a Ti/Au layer is evaporated onto the back of these
structures (shown in figure 4.5 b)) adding the mechanical stability to make it possible
to glue the pyramids onto a GaAs support with the use of black wax (figure 4.5 c)).
The original GaAs substrate is then removed by wet etching, to gain the upright free
standing pyramids shown in figure 4.5 d). This back-etching process has been
demonstrated to increase the luminescence by three orders of magnitude. [23, 24,
27]

Fig. 4.5. The backetching procedure is shown with a) the first stage of the etching of the irregular
facets i.e. applying photoresist followed by etching and the b) evaporating of a layer Ti/Au onto the
back of the pyramid. c) The pyramids are then glued on a GaAs support using black wax followed by
d) chemical removal of the original GaAs substrate. Figures created with inspiration from [25].
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Excitons in quantum dots
For the neutral exciton, 𝑋, consisting of one electron and one hole confined in a QD,
the situation is not as simple as for the bulk case, since the exciton is already bound
via the confinement potential of the QD, and the Coulomb attraction is not necessary
to bind the electron and hole to each other. In this respect, the Coulomb potential
merely acts as a modification of the confinement potential. If the Coulomb
interaction can be considered as a small perturbation of the potential, the exciton is
in the so-called strong confinement regime. Accordingly a weak confinement regime
corresponds to the case when the Coulomb interaction significantly modifies the
wave function of the confined exciton.
Various species of exciton complexes can be defined according to different
charge configurations in the QD. In addition to the neutral configurations, 𝑋 and 2𝑋
(already defined in chapter 2), charged complexes can also form within the QD, if the
number of holes and electrons are not equal within the QD. Most important for this
thesis work are the negatively charged exciton, denoted 𝑋 − , consisting of two
electrons and one hole and the positively charged exciton, denoted 𝑋 + , consisting of
one electron and two holes (see figure 4.6 a)).

Fig. 4.6. a) Schematic illustration of different exciton complexes in QDs. b) A single QD
photoluminescence spectra containing the emission peaks from electron-hole pairs for the different
exciton complexes. The emission energy of approximately 1440 meV is set to zero.

The emission from the different exciton complexes occurs upon recombination of one
electron-hole pair within each complex as illustrated in figure 4.6 a). There are,
however, different emission energies for each exciton complex determined by the
Coulomb interactions among the confined charges. If we for instance compare the
neutral exciton, 𝑋, with the negatively charged exciton, 𝑋 − , there is an additional
electron in 𝑋 − which contribute to energy increase due to the electron-electron
repulsion and energy decrease due to an additional electron-hole attraction. The
repulsive and attractive interactions do not have equal strength since the electrons
and holes have different spatial extensions, and the resulting photon energy becomes
unique for each complex. The Coulomb repulsions and attractions are also important
in order to understand the strength of the exciton-LO-phonon interaction [28]. In
order to precisely determine the relative emission energy of a complex also manybody correlations must be included [29, 30]. The different exciton complexes have
been identified according to previous work on the same kind of QDs [30, 31, 32].
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In this work, two similar processes have been studied both involving excitations of
particles during the recombination of exciton complexes. Since a fraction of the
recombination energy is used to excite the other particle this yields a reduced energy
of the emitted photon. The resulting weak emission peaks are spectrally redshifted
with respect to the main emission peaks shown in figure 4.6 b).
In the first case, the exciton-LO-phonon interaction was studied, for which the
photon energy is reduced by the energy required to excite an LO-phonon (see figure
4.7 b)). In the second case, carrier shake-up processes are investigated for the
positively charged exciton, 𝑋 + , where, the spectator hole is excited by Coulomb
interaction to a higher, discrete, energy level within the QD during the recombination
of one-electron hole pair. The shake-up thus reduces the emitted photon energy by
the difference between the involved energy levels (see figure 4.7 a)). The intensity of
the emission related to these QD processes are on the order of 1/1000 as compared
to the main emission in figure 4.6 b) due to the low probability of the involved
processes to occur [33].

Fig. 4.7. Schematic illustrations of the a) hole shake-up and b) exciton-LO-phonon interaction
processes in which some energy is given to a third party reducing the emission energy with the same
amount.

The pyramidal QDs used in this study are especially suited for these kinds of studies
since it is possible to tune the charge state of the QD from the excitation power and
the crystal temperature, making it possible to study certain exciton complexes in a
controlled way. Moreover, these pyramidal QDs are very bright and ideal for studies
of weak emission lines, due to the backetching process, as compared to more
conventional SK QDs. [22, 23, 26]
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CHAPTER 5

Experimental methods

Photoluminescence spectroscopy
The photoluminescence (PL) spectroscopy technique is frequently used to
characterize materials in general and semiconductor heterostructures, such as QDs,
in particular. The reason for the widespread use of this technique is that it is rather
simple to perform, requires no special sample preparations and is non-destructive. In
a conventional PL measurement, the sample is exposed to light, most commonly from
a laser beam, and electron-hole pairs are generated within the studied structures.
These electrons and holes relax by the aid of, for instance, phonons and subsequently
recombine by emitting photons with a characteristic energy, corresponding to the
energy difference between the electron and hole states. The luminescence from the
sample is detected and important information about the sample, such as the band
gap, can be obtained from the spectra.
In PL measurements, the laser beam is focused onto the sample by a lens
illuminating the sample in a spot of diameter ~50 μm. This area is, too big in order
to investigate our single pyramidal QDs, since the laser will excite 10-100 QDs in the
sample used, and the spectral broadening due to inhomogeneity in QD size and
composition is hiding the information of the states in individual QDs.

Micro-photoluminescence spectroscopy
The pyramidal QDs studied in this thesis are periodically distributed in a plane with a
7.5 μm distance, making it easy to excite individual QDs if the size of the laser spot is
reduced properly. In a micro-photoluminescence (µPL) setup, the focusing lens is
replaced by a microscope objective, focusing the laser beam down to micrometer size
(~1.5 μm in diameter) enabling measurements on individual QDs. The setup used for
the µPL measurements is illustrated in figure 5.1. In this case, the QD samples were
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kept at low temperature (~4 − 30 K) in a liquid helium cooled flow-cryostat. The
samples were excited using a tunable Ti-Sapphire laser, tunable in the range of 7001000 nm, pumped by frequency doubled Nd:Yag laser. The luminescence from the
QDs is reflected into a single grating monochromator of 0.55 m focal length equipped
with a single grating, with 1200 grooves/mm and blazed for 750 nm. The highest
spectral resolution is 0.075 meV at 1.35 eV. The luminescence dispersed by the
monochromator is detected by a silicon charge coupled device (CCD) where
photoelectrically released charges are counted for each pixel on the CCD-chip. The
exposure time of the CCD-chip is controlled by a shutter placed on the entrance of
the monochromator. The signal from the chip is enhanced within the detector and
transmitted to the computer where it is saved and displayed on the computer screen.
In addition, the µPL-setup is equipped with a superconducting electromagnet
enabling single QD measurements in magnetic fields up to 5 T. When exploited to
magnetic fields, energy levels with different total angular momenta (orbital angular
momentum plus spin) will split, revealing additional information of the electronic
structure in the QD.

Fig. 5.1. A schematic illustration of the micro-PL setup used for the experiments in this thesis. The
sample is excited by a laser and the luminescence emitted from the sample is reflected into the
monochromator where it is dispersed and detected by the CCD. The signal from the chip is amplified
in the detector and sent to the computer and displayed on the computer screen. In order to
determine the position on the sample white light is reflected from the sample into a videocamera
and displayed on a monitor.
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Various filters (neutral density filters, long pass filters and band pass filters) were
used in order to screen out unwanted light such as stray light from the laser.
Different types of polarizers are sometimes needed to polarize the excitation laser or
to make polarization resolved detection. For most of the measurements made in this
thesis a neutral density filter, was placed inside the monochromator directly in front
of the CCD-chip, covering about half the chip, enabling simultaneous measurement of
luminescence differing by several orders in magnitude.

Photoluminescence excitation spectroscopy
Due to relatively fast relaxation of the charge carriers in a QD, the luminescence from
an excited state within the QD is not readily recorded from µPL measurements.
Photoluminescence excitation (PLE) spectroscopy can instead be used to gather
information on the excited states. In PLE measurements, the excitation energy is
scanned and the detection is kept fixed. When the excitation energy is varied in small
steps (almost continuously) the energy will at some point coincide with the energy
between some electron and hole states (resonant excitation) and create an electronhole pair within the QD as illustrated in figure 5.2 a). The so created electrons and
holes will quickly relax to their respective ground state (figure 5.2 b)). The detection is
held fix at the ground state emission during the excitation scan (figure 5.2 c)). Ideally,
there is luminescence from the ground state only when the excitation energy is
resonant with some higher state transition in the QD so PLE could be regarded as a
refined version of absorption measurements.

Fig. 5.2. Schematic illustration of the photoluminescence excitation (PLE) technique where a) the
excitation energy is varied from higher to lower values (grey area and different photons) enabling
resonant excitation of excited states b) followed by relaxation of electrons and/or holes down to the
ground state and c) detection of the ground state emission (photon energy constant).

The same setup as for the µPL measurements have been used for the µPLE
measurements in this thesis work.
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