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Abstract
Computational algorithms that harness quantum mechanical phenomena potentially
allow solving certain problems much faster than classical computation. The physical
implementation of quantum computation is based on the representation of information
in a quantum mechanical superposition of a two level system, a so called qubit. The
challenge arises to find a suitable two level system, where, on the one hand, state
manipulation and readout can be performed fast and reliable, while, on the other hand,
the superposition is sufficiently protected from external perturbations.
The spin of a single electron localized in a quantum dot forms a natural two level
system that has been proposed to be suitable as a qubit, since manipulation of electron
spins with microwave pulses is a well established technique. In addition, the discrete
electronic structure in zero-dimensional semiconductor structures gives rise to a very
weak coupling to the solid state environment, which results in long spin relaxation and
coherence times exceeding the microsecond timescale.
This thesis deals with the investigation of spin relaxation of electrons and holes in
small ensembles of self-assembled quantum dots using optical techniques. The results
of these studies show that spin relaxation is suppressed in quantum dots compared to
systems of higher dimensionality, encouraging the use of this system as a qubit. Furthermore, a method to detect the spin orientation in a single quantum dot was developed in
the framework of this thesis, making more detailed investigations of spin relaxation and
coherence properties feasible in the future.
A spin storage device was used to optically generate oriented electron spins in small
frequency selected quantum dot ensembles using circularly polarized optical excitation.
The spin orientation can be determined by the polarization of the time delayed electroluminescence signal generated by the device after a continuously variable storage time.
The degree of spin polarized initialization was found to be limited to 0.6 at high magnetic
fields, where anisotropic effects are compensated. The spin relaxation was directly measured as a function of magnetic field, lattice temperature and s-shell transition energy of
the quantum dot by varying the spin storage time up to 30 ms. Very long spin lifetimes
are obtained with a lower limit of T1 =20 ms at B=4 T and T=1 K. A strong magnetic
field dependence T1 ∝ B−5 has been observed for low temperatures of T=1 K which
weakens as the temperature is increased. In addition, the temperature dependence has
been determined with T1 ∝ T −1 . The characteristic dependencies on magnetic field
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and temperature lead to the identification of the spin relaxation mechanism, which is
governed by spin-orbit coupling and mediated by single phonon scattering. This finding
is qualitatively supported by the energy dependent measurements.
The investigations were extended to a modified device design that enabled studying
the spin relaxation dynamics of heavy holes in self-assembled quantum dots. In the
context of quantum information processing, fully localized holes may be advantageous
due to the p-like character of their Bloch wavefunction that inhibits coupling to the
nuclear spin system. The measurements show a polarization memory effect for holes
with up to 0.1 degree of polarization. Furthermore, investigations of the time dynamics
of the hole spin relaxation reveal surprisingly long lifetimes T1h in the microsecond range,
therefore, comparable with electron spin lifetimes. The longest measured value is T1h
=270 µs at B=1.5 T and T=8 K. The observed magnetic field and lattice temperature
dependence is in accordance with the behavior predicted for relaxation via spin-orbit
coupling and single phonon scattering.
Based on this spin detection technique in small ensembles, electron spin resonance experiments with the goal to study coherence properties were attempted. Inhomogeneous
broadening effects inhibited conclusive results and motivated the development of a spin
readout scheme for single self assembled quantum dots.
The proposed scheme includes all optical spin initialization and readout in a single
self assembled quantum dot and allows storage times exceeding tens of microseconds.
After optical charge generation and storage, a spin-conditional absorption of a circularly polarized light pulse tuned to the singly charged quantum dot s-shell absorption
converts the spin information of the resident electron to charge information. Subsequently, time-gated photoluminescence directly reveals the charge state of the quantum
dot (1e, 2e) and, therefore, the spin orientation of the resident electron.
Schottky diode devices suitable for this single dot spin readout scheme were fabricated and characterized with time-gated photoluminescence. The electric field regimes
applicable for reset, optical charging and reliable charge storage were identified. Furthermore, the fidelity of charge readout was investigated as a function of excitation
wavelength, applied electric field and optical excitation power. For low excitation power
P∼1 µW/cm2 and electric fields F=7kV/cm the charge state is not disturbed during time
gated photoluminescence up to 100 µs, which can be further increased by employing
resonant excitation in the p-shell of the quantum dot.
Additional measurements using resonant excitation showed that a single quantum dot
can be selectively charged with a single electron via optical excitation in its p-shell. The
tunneling escape of this optically initialized electron has been determined, proving the
feasibility of reliable charge detection in time-resolved measurements. Extrapolated to
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reasonable storage fields F=20 kV/cm the tunneling time of the electron exceeds seconds.
Finally, with the introduction of s-shell resonant excitation the feasibility of the spin
measurement scheme was demonstrated. The single quantum dot was sequentially
charged with one or two electrons using the same excitation laser by employing the
quantum confined stark effect to compensate the Coulomb repulsion. The spin of the
optically created electron is determined by the polarization of the excitation light or
by individually addressing the Zeeman levels. In the latter case, the initial degree of
polarization of the first electron is only limited by the selectivity of the excitation.
Charging with the second electron is spin dependent, showing a clear Pauli blockade
for spin creation parallel to the resident spin. This spin to charge conversion step allows
spin detection, which makes the investigation of spin dynamics in time dependent
measurements possible, where the storage times can exceed 40 µs. Using this technique
the electron spin relaxation in a single quantum dot has been determined as a function
of temperature at B=12 T, supporting the previous identification of the relaxation mechanism.
The results obtained in this thesis encourage further studies, since the spin of both
electrons and holes in quantum dots exhibit long lifetimes on the order of milliseconds.
Furthermore, it has been demonstrated that time-resolved spin measurements can be performed on a single quantum dot. This could form the basis for more detailed studies of
electron and hole spin dynamics on single quantum dots, where the electronic structure
can be characterized more accurately and inhomogeneous effects are minimized.

Zusammenfassung
Mit der Nutzung quantenmechanischer Phänomene können bestimmte Problemstellungen viel schneller gelöst werden als mit herkömmlichen Berechnungsalgorithmen.
Zur Realisierung so eines Quantenrechners wird Information in einem so genannten
Qubit, der quantenmechanischen Superposition eines zwei-Niveau Systems, gespeichert.
Ein geeignetes System zur Realisierung eines Qubits zu finden ist anspruchsvoll. Zum
einen, muss der Zwei-Niveau-Zustand schnell manipuliert und zuverlässig ausgelesen
werden können, zum anderen, ist es wichtig störende Einflüsse auf die Superposition zu
minimieren.
Der Spin eines einzelnen Elektrons ist ein natürliches Zwei-Niveau-System. Lokalisiert in einem halbleitenden Quantenpunkt wurde der Spin als brauchbares Qubit
vorgeschlagen, nachdem Spin-Manipulation mit Mikrowellen schon gut erforscht ist.
Die diskrete Zustandsdichte in 0-dimensionalen Halbleiterstrukturen führt zu einer
sehr schwachen Wechselwirkung zwischen Spin und dem Wirtskristall, weshalb man
sehr lange Spin-Relaxationszeiten und Kohärenzzeiten im Bereich von Mikrosekunden
erwartet.
Im Rahmen dieser Doktorarbeit wurde die Spin-Relaxation von Elektronen und
Löchern in selbst-organisierten Quantenpunktensemblen untersucht. Die Ergebnisse
zeigen, dass Spin-Relaxation in Quantenpunkten langsamer verläuft als in höher dimensionalen Halbleiterstrukturen, was für die Verwendung als Qubit vorteilhaft ist. Darüber
hinaus wurde eine Methode zur Detektion des Spins in einzelnen Quantenpunkten entwickelt. Damit könnten die Untersuchungen zu Relaxations- und Dekohärenzprozessen
in Zukunft an einzelnen Quantenpunkten fortgeführt werden.
Für die Messungen wurden optische Techniken und Bauelemente eingesetzt, die es
erlauben einzelne Elektronenspins kontrolliert in Ensembles von Halbleiterquantenpunkten zu erzeugen, zu speichern und nach einer frei wählbaren Speicherzeit wieder
auszulesen. Die optische Polarisation des Lichts wird hier reversibel in die Spinrichtung
des Elektrons umgewandelt, was sowohl zur Spin-Initialisierung als auch zum Auslesen genutzt wird. Der Grad der Spin Polarisation erreichte Werte über 0.6 bei hohen
Magnetfeldern, wo anisotrope Effekte vernachlässigbar sind. Nach der Initialisierung
kann die Speicherzeit kontinuierlich bis zu 30 ms erhöht werden, was Messungen der
Spin-Relaxation als Funktion der Temperatur, des Magnetfelds und der optischen Über-
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gangsenergie möglich macht. Sehr lange Relaxationszeiten wurden beobachtet, wobei
die längste mit T1 =20 ms bei B=4 T und T=1 K bestimmt wurde. Die Spin-Relaxation
ist stark Magnetfeld abhängig und folgt T1 ∝ B−5 bei tiefen Temperaturen. Für höhere Temperaturen beobachtet man eine schwächere Magnetfeldabhängigkeit und ein
Temperaturverhalten T1 ∝ T −1 .
Aufgrund dieses charakteristischen Magnetfeld- und Temperaturverhaltens kann
der Spin-Relaxations-Mechanismus bestimmt werden, nämlich Relaxation durch die
Spin-Bahn-Wechselwirkung vermittelt durch Streuung an einzelnen akustischen Phononen. Das qualitative Verhalten der energieabhängigen Messungen stimmt mit dieser
Schlussfolgerung überein.
Um Spin-Relaxation von schweren Löchern in selbst-organisierten Quantenpunkten
zu untersuchen, wurde der Aufbau der Probenstruktur modifiziert. Lokalisierte Löcher
könnten von Vorteil für die Quanteninformationsverarbeitung sein, da die Kopplung
von Löchern mit den Kernspins der Umgebung aufgrund des p-artigen Charakters der
Bloch Wellenfunktion stark unterdrückt ist. Die Messungen an Löchern zeigen einen
Spin-Speicher-Effekt mit einem Polarisationsgrad von 0.1. In zeitaufgelösten Messungen
wurden überraschend lange Spin-Lebensdauern gemessen, vergleichbar mit ElektronSpin-Lebensdauern. Der größte gemessene Wert beträgt T1h =270 µs bei B=1.5 T und
T=8 K. Das Verhalten der Spin-Relaxation als Funktion der Temperatur und des Magnetfelds stimmen mit der theoretischen Vorhersage überein, wenn Relaxation aufgrund
von Spin-Bahn-Wechselwirkung und akustischer Phononenstreuung angenommen wird.
Mit der beschriebenen Technik wurde zusätzlich versucht Elektron-Spin-ResonanzExperimente durchzuführen mit dem Ziel Spin-Kohärenz zu untersuchen. Die Durchführung dieser Versuche wurden von Ensemble-Effekten erschwert, was die Entwicklung
einer Messtechnik geeignet für einzelne Quantenpunkte anregte.
Die entwickelte Methode basiert auf einem rein optischen Spin-Initialisierungs- und
Ausleseverfahren, wobei Speicherzeiten von mehr als 40 µs erreicht werden können.
Nach dem Laden des Quantenpunktes durch optische Anregung, und der Speicherung
des Elektrons wird ein zirkular polarisierter Lichtimpuls resonant zum optischen sSchalen Übergang des einfach geladenen Quantenpunktes eingestrahlt. Die Absorption,
und folglich auch das Laden des Punktes mit einem zweiten Elektron, ist spinabhängig, wodurch der Spinzustand in einen Ladungszustand (1e oder 2e) gewandelt wird.
Daraufhin kann mit zeitlich modulierter Photolumineszenzspektroskopie der Ladungszustand, und somit auch der Spinzustand, bestimmt werden.
Für dieses Verfahren zur Spin-Bestimmung an einzelnen Quantenpunkten wurden
geeignete Schottkydioden-Strukturen hergestellt und mit zeitlich modulierter Photolumineszenzspektroskopie charakterisiert. So wurden die Bereiche des elektrischen Feldes
gefunden die sich zum Rücksetzen, optischen Laden und zuverlässigem Speichern von
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Ladungsträgern eignen. Zusätzlich wurde die Einwirkung von Anregungswellenlänge, angelegtem elektrischen Feld und optischer Leistung auf die Zuverlässigkeit des
Ladungs-Ausleseverfahrens bestimmt. Keine Veränderung des Ladungszustands über
einen Auslesezeitraum von 100 µs konnte bei Anregungsleistungen von P∼1 µW/cm2
und elektrischen Feldern F=7 kV/cm festgestellt werden. Dieser Wert kann noch verbessert werden, wenn der Quantenpunkt resonant in der p-Schale angeregt wird.
Weitergehende Messungen mit resonanter optischer Anregung in der p-Schale haben gezeigt, dass ein Quantenpunkt selektiv mit einem einzelnen Elektron geladen
werden kann. Um die Machbarkeit der Ladungsdetektion in zeitaufgelösten Messungen zu demonstrieren, wurde nach optischer Initialisierung der Ladungsverlust durch
Tunnelprozesse vermessen. Eine Extrapolation der Ergebnisse zu elektrischen Feldern
praktikable für die Ladungsspeicherung (F=20 kV/cm) ergibt Tunnelzeiten die einige
Sekunden überschreiten.
In einem letzten Schritt, machte die Einführung resonanter Anregung in der s-Schale
des Quantenpunktes die erfolgreiche Demonstration des vorgestellten Spin- Ausleseverfahrens möglich. Der Quantenpunkt konnte der Reihe nach mit einem oder zwei
Elektronen geladen werden, wobei die Coulomb-Wechselwirkung mit dem Stark Effekt kompensiert werden kann und so nur ein Anregungslaser vonnöten ist. Die Spin
Orientierung der erzeugten Ladungsträger kann dabei entweder durch die optische
Polarisation des Anregungslasers oder durch die energetische Selektion der einzelnen
Zeeman-Niveaus eingestellt werden. Im zweiten Fall, ist der Grad der Spin-Polarisation
nur durch die Selektivität der Anregung begrenzt.
Der zweite Ladungsprozess ist spinabhängig und zeigt klare Anzeichen des PauliVerbots, welches die Erzeugung zweier paralleler Elektronen-Spins in der s-Schale
ausschließt. Diese Spin-Ladungs-Umwandlung ist die Basis des Spin-Auslesevorgangs,
so dass zeitaufgelöste Messungen der Spin-Dynamik mit mindestens 40 µs Speicherzeit
möglich sind. Mit dieser Technik wurde die Spin-Relaxation von einem Elektron in
einem einzelnen selbst-organisierten Quantenpunkt bei einem Magnetfeld von B=12 T
temperaturabhängig vermessen. Die gemessenen Lebensdauern stimmen mit dem früher bestimmten Relaxations-Mechanismus gut überein.
Die Ergebnisse die in Rahmen dieser Arbeit erreicht wurden, speziell die langen
Spin-Lebensdauern von Elektronen und Löchern, bestärken die Studien an selbstorganisierten Quantenpunkten. Zusätzlich wurde die Machbarkeit zeitaufgelöster SpinMessungen an einzelnen Quantenpunkten demonstriert. Diese Methode könnte dazu
verwendet werden die dynamischen Spin-Prozesse von Elektronen und Löchern in
einzelnen Quantenpunkten zu erforschen, in welchen die elektronischen Eigenschaften
besser charakterisiert werden können und keine Ensemble-Effekte auftreten.
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1

Introduction

One of the grand challenges of our time is the control of electron behavior in matter on a
microscopic scale. The quantum mechanical behavior of electrons governs processes in
chemistry, molecular biology and device physics. By extending research from observation of physical phenomena to a full control at the quantum mechanical level one can
easily envisage that new technologies will arise. Examples range from efficient energy
conversion based on photosynthesis, advances in material science, like high temperature
superconductors, and faster, energy efficient electronics for information technology.
Quantum level control has been limited for a long time to natural systems like atoms
and simple molecules, where a variety of techniques ranging from nuclear magnetic
resonance to optical spectroscopy of quantum-electro-dynamical phenomena has been
developed. In the last twenty years technological advances in device fabrication and
experimental techniques enable the creation and investigation of mesoscopic solid state
systems that exhibit quantum mechanical properties. The emergence of nanotechnology does not only allow to reduce the gate size of electrically active structures below
100 nm [Cio00], but also the material composition in semiconductor devices can be
engineered with the precision of a single atomic layers [Cha84]. As a consequence the
band-structure and the potential landscape for charge carriers (electrons and holes) can
be shaped to control their quantum mechanical properties and confine their motion
in the host crystal. When the propagation is restricted to a 2-dimensional plane the
structure is called a quantum well, while a confinement in all three spatial dimensions
leads to the formation of quantum dots [Ree86]. Since these structures are man-made
the properties can be designed and optimized for fundamental research and applications.
Some of the most exciting applications that would be enabled by achieving full control
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Chapter 1. Introduction

over quantum mechanical systems can be found in information technology. By employing the coherent superposition of two quantum mechanical states as building block
for information processing, a so called qubit, a number of special problems that are very
time consuming to solve with classical algorithms can be efficiently computed. The most
prominent quantum algorithm was developed by Shor in 1994 for prime factorization of
large numbers [Sho97]. Other Developments include methods to improve searches of
large lists [Gro97] or general quantum computation [Deu85].
For the experimental physicist the main challenge is to find a suitable quantum mechanical two-level system that is, on the one hand, well decoupled from the environment
in order to preserve the coherence of the system, and, on the other hand, can be manipulated and read out over short timescales. A large variety of systems are under
investigation at present, ranging from atoms in optical traps [Bre99], over the nuclear
spin of a single phosphorous atom embedded in silicon [Kan98] to superconducting
loops, where the magnetic flux represents the quantum mechanical degree of freedom
[Cla08].
This thesis is motivated by the search for a suitable qubit candidate compatible with
conventional semiconductor technology. A promising approach based on electrons
confined in semiconductor quantum dots has been proposed by Loss and DiVinvenco
in 1998 [Los98]. The spin of a single electron forms a natural two-level system, and the
manipulation of the spin degree of freedom has been extensively studied using electron
spin resonance techniques. In bulk semiconductors the electron couples strongly to
the environment leading to loss of information and phase coherence over nanosecond
timescales, or faster [Cla76; Zut04]. Thus in bulk semiconductors the spin degree of
freedom is unsuitable for information processing. In contrast, for fully confined systems,
such as semiconductor quantum dots, the interaction between the spin and the host
lattice is strongly suppressed, making it possible to extend the spin lifetimes (T1 ) and
coherence times (T2 ) into the microsecond or even millisecond regime.
Since the initial Loss-DiVincenzo proposal in 1998, a lot of effort has been invested
studying the electron spin dynamics in a quantum dots. Experimentally, much effort
has been invested in developing methods to initialize, manipulate and read the spin.
The investigations concentrate mainly on III-V material systems, since the material
properties are well suited for optical spectroscopy and electrical transport studies with
high mobilities. In addition, nano-scale fabrication is well developed for this material
system. Two quantum dot systems have been used to make fundamental progress
in understanding spin dynamics in strongly confined systems. Firstly, quantum dots
formed by defining metal gates on the surface of two dimensional electron gases have
been successfully fabricated and investigated with electrical transport measurements. A
schematic representation of a gate defined double quantum dot is depicted in figure 1.1a.
Secondly, optically active quantum dots formed by strain driven self-assembly have
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been studied using optical techniques. Such optically active quantum dots are the major
focus of this thesis. The development of these two approaches will be briefly discussed
in the following.

Gate Defined Quantum Dots

The first gate defined quantum dot structures to reach the single electron limit were
reported in 2000 [Cio00]. An electron microscopy picture of the gates defining the quantum dot is shown in figure 1.1b. In these structures the number of electrons populating
the dot was determined by measuring distinct resonances in current transport through
the quantum dot, whilst applying a negative potential to a metallic plunger gate. To
reach low electron numbers, a large negative bias is necessary. This reduces the tunnel
coupling to the leads and, therefore, the magnitude of the current flowing becomes
very small. Nevertheless, the electron number could be sequentially reduced to zero,
providing the possibility to store a few electrons in the quantum dot. A much more
reliable method to determine the quantum dot occupation was introduced in 2003 with
the use of a quantum point contact next to the electrically defined quantum dot [Elz03].
Since the conductivity of a quantum point contact tuned to the transition between two
quantized conductance plateaus is very sensitive to the electro-static environment, the
presence of a single electron in the nearby quantum dot can be detected. Using this
technique, the charge stability diagram of a double quantum dot was determined in
the region of electron numbers ranging from 0 to 2 on each quantum dot [Elz03]. An
electron microscope image of the gate design of a double dot with adjacent quantum
point contacts is shown in figure 1.1c. This extremely sensitive measurement technique
provided the possibility to perform single shot measurements of the spin orientation of
an electron stored in the quantum dot [Elz04]. The two spin states of a single electron
have different tunneling escape times from the quantum dot due to the Zeeman splitting
of the energy levels. This effect can be used to convert the spin information into charge
information, since only electrons with the energetically favorable spin orientation stay
confined in the quantum dot. Using this technique, time-resolved measurements of the
spin relaxation time were performed. This type of measurement allowed researchers to
determine the spin relaxation mechanism with its characteristic magnetic field dependence.
In double quantum dots containing two electrons, the timescales over which the two
electron spin singlet relaxes into the energetically lower spin triplet was determined in
a similar way [Han05; Joh05; Pet05]. After initialization of two electrons into a singlet
state, the electrons were separated into the two weakly tunnel-coupled quantum dots.
Only when the two electrons are in a spin singlet state can they be successfully brought
back into the same quantum dot. If the two electron spin state evolves to form a triplet
configuration they stay separated. By detecting the charge state of one dot of the two
dots forming the double dot, the spin configuration can be determined: one electron for
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Figure 1.1. a Schematic representation of a gate defined quantum dot. b Electron microscope
image of the first gate defined quantum dot reaching the single electron limit [Cio00]. c
Electron microscope image of a gate defined double quantum dot with adjacent quantum
point contacts for charge detection. Figures reproduced from [Han07].
the triplet state and two electrons for the singlet state. Time-resolved measurements
revealed information of the singlet-triplet relaxation dynamics [Han05; Joh05]. Furthermore, by increasing the tunnel coupling between both dots during the storage phase,
controlled manipulations of the spin state via the exchange interaction was demonstrated [Pet05]. These measurements showed that the coherence of the two-electron spin
state in a quantum dot is limited by the hyperfine coupling to nuclear spins. By using
echo-type rephasing techniques, coherence times exceeding 1 µs were reached [Pet05].
Following these first demonstrations of electron spin manipulation in quantum dots,
the more conventional technique of electron spin resonance using rf-radiation has been
successfully applied to single electrons stored in gate defined quantum dots [Kop06].
Rabi oscillations of a single electron over timescales of ∼100 ns have been demonstrated.
Recently, these results were reproduced using only high frequency modulation of the
electric field experienced by the quantum dot [Now07]. A detailed review of the spin
physics in electro-statically defined quantum dots can be found in reference [Han07].

Self-Assembled Quantum Dots

In contrast to the electrically defined quantum dot structures, self-assembled quantum
dots have already been fabricated in the 80s of the last century [Gol85]. First indications
of voltage controlled quantum dot charging in ensembles have been published in 1994
[Dre94]. Nevertheless, charge tunable structures, where the charge state of a single
quantum dot could be controlled and investigated with optical spectroscopy, were first
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reported in 2000 [War00]. A detailed discussion of the fabrication and properties of
self-assembled quantum dots will be presented in chapter 2.
The number of electrons trapped in self-assembled quantum dots can be controlled by
several techniques. A low concentration of n-doping in the matrix material surrounding
the quantum dot will give a statistical distribution of the number of electrons in the
quantum dot (see for example [Gre06]). A much better control over the number of
electrons in the dot can be achieved in electrically tunable structures in which electrons
can be loaded sequentially into the dot from the highly doped back-contact [War00].
In this case, the device operation is limited to a small electric field regime, where the
number of charges can be accurately controlled. In addition, tunnel coupling between
the highly doped back contact and the quantum dot can lead to perturbations of the
spin state of stored charges. Finally, optical pumping of electron spins can be employed
in structures with asymmetric tunnel barriers. In this case the sample design is more
complex, but tunnel coupling is strongly suppressed and the spin state of the created
electron can be optically controlled.
First experiments on the spin relaxation of isolated electrons in self-assembled quantum dot ensembles were performed in 2004 using optical spin initialization and detection
[Kro04; Hei05]. The experimental technique employed and the results obtained from ensembles of quantum dots will be presented in chapter 3 of this thesis. Long electron spin
lifetimes exceeding several milliseconds were measured for low temperatures T=1 K.
Furthermore, the spin relaxation mechanism was identified by measuring magnetic field
and temperature dependence of the spin dynamics. These measurements support the
identification of the spin relaxation mechanism found in gate defined quantum dots
presented in [Elz04]. The experiments were modified to detect hole spin relaxation in
self-assembled quantum dot ensembles [Hei07]. Surprisingly long spin lifetimes have
been detected on the order of several hundred microseconds, as will be discussed in
more detail in section 3.4.
A characterization of the coherence properties of electron spins in ensembles of selfassembled quantum dots using the storage technique described in [Kro04; Hei05] and
microwave pulses was not successful within the scope of this thesis. The broad g-factor
distribution in an ensemble of quantum dots makes spin resonance experiments difficult,
as will be illustrated in section 3.5.
Successful measurements of coherent spin oscillations in a self-assembled quantum
dot ensemble were demonstrated in 2006 [Gre06] using a special mode-locking technique
to address only electrons with a g-factor variation ∆g∼0.005. To detect the spin oscillations the Faraday rotation of the linear polarization of a weak probe beam was measured
as a function of pump-probe delay, while applying an in-plane magnetic field. The
coherence time was extracted to be T2 =3 µs. In subsequent experiments, manipulation of
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the electron spins using ps-duration laser pulses has been demonstrated [Gre07; Gre09],
showing the feasibility of fast spin manipulation using optical techniques.
Such Faraday rotation measurements have not yet been scaled down to probe a single
self-assembled quantum dot. Nevertheless, similar measurements and optical spin
manipulation has been demonstrated for a single quantum dot formed by interface
fluctuations in AlGaAs/GaAs structures [Mik07; Ber08]. Fast optical control of the
hole spin state in a single self-assembled quantum dot has also been demonstrated by
monitoring the photocurrent in electrically tunable structures [Ram08]. Unfortunately,
the time resolution of these experiments is limited to the nanosecond range by the small
signals that call for high repetition frequencies. This is much shorter than the timescales
over which electron-nuclear spin interactions take place, preventing the investigation of
fundamental processes that decohere the electron spin.
A powerful experimental method to measure and manipulate the spin of a quantum
dot charged from the back-contact has been developed with transmission spectroscopy
in 2004 [Hog04]. By using a lock-in technique, it is sensitive to the absorption of a single
quantum dot with extremely high spectral resolution. By detecting the relative strength
of the Zeeman split absorption lines of a singly charged quantum dot, the degree of spin
polarization of the resident charge can be measured. Such measurements have been
performed to determine the thermal equilibrium spin distribution [Hog05]. Furthermore, methods from atomic optics such as spin flip Raman processes can be adapted to
initialize the spin state with a fidelity exceeding 99% and extract the spin relaxation rate
from a rate equation model [Ata06; Dre08]. In p-type electrically tunable structures, this
methods allows also to perform investigations on hole spin dynamics in single quantum
dots, which confirm spin relaxation times on the order of milliseconds [Ger08] and find
a lower limit of T2 100 ns for the coherence time of holes in self-assembled quantum
dots [Bru09].
Transmission spectroscopy made it possible to detect for the first time an electron spin
resonance signal on a single self-assembled quantum dot [Kro08]. More elaborate manipulations, like Rabi oscillations or echo-type experiments have not yet been performed,
since it is difficult to separate the spin detection from an undisturbed storage phase in
these types of experiments.
Whilst the investigation and control of the spin dynamics in gated quantum dot
structures is certainly more advanced, there are several advantages for the use of selfassembled quantum dots in quantum information processing. Firstly, the quantization
in these structures is much stronger, leading to an increased decoupling from the environment and, therefore, longer spin lifetimes [Kha01]. Secondly, these structures are
optically active, allowing spin manipulation using optical pulses over ps-timescales
[Ram08], much shorter than microwave pulses that typically last several hundred nano-
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seconds [Kop06]. Thirdly, the confinement potential in self-assembled quantum dots
allows to store and investigate both electron and hole spins [Kro03a; Hei07]. This might
be of advantage since the hyperfine coupling with nuclear spins, which is the main
source of spin decoherence for electrons in III-V semiconductors, is strongly suppresses
for holes [Kla06]. In electrically gated structures, the mobility of p-doped structures and
the quality of the Schottky gates is not yet sufficient to reach reliable device operation in
the single hole limit [Kom08].
To promote the use of self-assembled quantum dots for quantum information processing, successful spin initialization, storage, manipulation and readout has to be
demonstrated on a single quantum dot. A long storage time in the range of a few
milliseconds is desired to investigate the coherence properties of electron and hole spins.
Furthermore, the spin should be decoupled from the environment and not disturbed by
external influences such as charge currents or optical illumination. In the framework
of this thesis a measurement scheme to fulfill these requirements has been developed
[Hei08], and is presented in chapter 4. A first demonstration shows that reliable electron
spin initialization and detection of spin relaxation on timescales up to 40 µs are possible.
In the future this technique could be used as versatile tool to investigate spin dynamics
of electrons and holes in single quantum dots.

2

Properties of Quantum Dots
When the motion of an electron in a solid is constrained in all three spatial dimensions
interesting quantum mechanical phenomena arise, such as the modification of its energy
spectrum from being continuous, to discrete. Such conditions can be reached when
the particle is confined over length scales comparable to, or smaller than its de Broglie
wavelength (∼200 nm in GaAs at liquid Helium temperatures). These nanometer scale,
fully confined structures are known as quantum dots. The goal of this thesis is the
investigation of spin dynamics in quantum dot structures. Before presenting methods to
conduct these experiments in chapters 3 and 4, the emphasis will be on the properties of
optically active self-assembled quantum dots.
Section 2.1 will deal with the growth and the structural characteristics of self-assembled
quantum dots. In section 2.2 a simple model describing the electronic properties of
quantum dots will be developed. This allows predicting and interpreting the data
gained from optical spectroscopy studies that are presented in section 2.3. Here, the
identification of the many-particle states formed in quantum dots and the influence of
electric and magnetic fields on these states will be discussed. The conclusions drawn
from the presented data help designing and understanding the experiments on spin
dynamics in self-assembled quantum dots that will be presented in chapters 3 and 4.

2.1 Growth of Self-Assembled Quantum Dots
Quantum dot semiconductor nanostructures can be realized by engineering the bandstructure of semiconductor materials to result in a confinement potential minimum for
all three spatial dimensions. Fabrication methods commonly used to realize such nano-
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Figure 2.1. Schematic representation of a molecular beam epitaxy growth chamber, which is
evacuated to ultra high vacuum conditions (<10−10 mbar) by cryo-pumping. The molecular
beams created within the effusion cells are controlled by shutters. The substrate is heated and
either rotated to obtain a uniform growth or stationary in order to achieve a material gradient
across the wafer. For the samples investigated in this thesis, the III-V material system has
been used, which includes Indium, Gallium and Aluminum effusion cells, while Arsenic is
applied via a gaseous back-pressure.
structures include etching [Tar96], top gate defined structures [Elz04] or self-assembled
growth using metal-organic vapor deposition or molecular beam epitaxy [Gol85; Mo90]
of lattice mismatched materials. The last technique is used in the framework of this
thesis and shall, therefore, briefly be discussed in the following.
Molecular beam epitaxy is used to grow semiconductor hetero-structures such as
super-lattices with atomically flat layers and sharp material interfaces [Cha84]. The
possibility of defect free growth and perfect crystal quality is desirable for optical applications, since non-radiative processes, such as inter-band recombination via deep
defect states, are avoided. The atomic precision is achieved by carefully controlling the
deposition of the constituent elements in form of a molecular beam on a mono crystalline
substrate. Furthermore, heating the substrate causes thermal redistribution of the atoms
on the wafer surface ensuring homogeneous epitaxial mono-layer growth.
Sample fabrication using molecular beam epitaxy is done in a growth chamber, which
is depicted schematically in figure 2.1. A substrate is brought into the evacuated chamber,
facing a set of effusion cells, each filled with a different elemental material. Evacuation of
the chamber to ultra high vacuum (P< 10−10 mbar) guarantees a low concentration of impurity atoms during growth. The effusion cells are heated independently, which allows
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the adjustment of material fluxes from the cells impinging on the substrate. The material
deposited is switched rapidly with the shutters in front of each cell. The properties of the
grown layers are influenced by material flux, composition and substrate temperature. A
commonly used material system are compound semiconductors constructed from group
III elements (Aluminum, Gallium, Indium) and group V elements (Arsenic, Nitrate,
Phosphate). These III-V materials show generally excellent optical properties due to
the availability of a direct band-gap and the fabrication and growth mechanism has
been well studied. By controlling the structure and composition optical devices ranging
from blue light emitting diodes and laser (GaN, [Mor95]) over light sources covering the
visible spectrum, to infrared lasers used in storage applications like CD drives (AlGaAs,
λ=780 nm) and optical communications (λ=1300-1550 nm,GaInNAs:[Fis03],InP:[Not06])
have been developed.
In this thesis, quantum dots based on Inx Ga1− x As embedded within a GaAs matrix
are investigated. The samples also can include Alx Ga1− x As barriers to control carrier
tunneling rates via band-gap engineering. Whilst Indium, Gallium and Aluminum are
thermally evaporated in effusion cells and create a directed molecular beam, the amount
of Arsenic is controlled by regulating the Arsenic back-pressure in the chamber from an
As-effusion cell. The optical transitions of InGaAs/AlGaAs quantum dot nanostructures
lie in the near infrared (λ=900-1000 nm) and are, therefore, in a range well suited for excitation with tunable Titanium-Sapphire laser systems and detection with highly efficient
Silicon charge coupled detectors (Si-CCDs), allowing to do very sensitive experiments.

Quantum Dot Growth Mode

Self-assembled quantum dots form in the Stranski-Krastanow growth mode [Sol96].
A schematic of the growth process is depicted in figure 2.2. This growth mechanism
occurs when the lattice constants of two consequent epitaxial layers differ sufficiently.
The difference in lattice constants can be as large as 7.2% between GaAs and pure InAs.
It is lower for smaller Indium fractions, but the requirements for Stranski-Krastanow
growth are still fulfilled for a ration of x=0.5, which is used for growing the quantum
dots investigated in this thesis.
When growing InGaAs on GaAs substrates (figure 2.2a and b), strain builds up in the
epitaxial film, due to the lattice mismatch. The strain partially relaxes after the layer
reaches critical thickness of 1-3 mono-layers by clustering into 3D islands (figure 2.2c)
[Gol85]. Stranski-Krastanow growth results in the formation of nano-scale islands on
a highly bi-axially strained thin 2D layer known as the wetting layer (see figure 2.2b).
Although the surface energy increases with the relaxation of strain, the total free energy
is minimized due to the formation of 3D islands [Sta04]. These islands arrange randomly
on the surface with small fluctuations in shape and size. Finally, the dots are capped
with the substrate material to produce fully encapsulated islands that provide electronic
confinement in all three spatial dimensions (see figure 2.2d). In addition, the cap layer
isolates the quantum dots from surface states, which further ensures the good optical
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Figure 2.2. Schematic representation of Stranski-Krastanow growth of self-assembled
quantum dots, GaAs (InGaAs) is shown as closed (open) circles. a The GaAs substrate
grown atomically flat in molecular beam epitaxy. b Growth of InGaAs results in a strained
layer of 1-3 mono-layers, called the wetting layer. c Further growth results in formation of
nano-scale islands to reduce the strain. d After dot formation the quantum dots are capped
with GaAs. The dots are incorporated fully homogenous in the crystal structure and are
surrounded in all 3 dimensions by higher band-gap material.

quality of the structures, since non-radiative recombination due to charge separation
to the surface is avoided. Typical parameters used for growing the self-assembled
quantum dots investigated in this thesis are a nominally set temperature of T=590◦ C
and a nominal InGaAs coverage of 8 mono-layers with an Indium content of 0.5.
The self-assembly of nanostructures as a mean of fabrication is fairly convenient and
more importantly it results in perfect crystal structure with high optical quality. On
the other hand, there is no control over the position of the self-assembled quantum dot
without further processing such as the preparation of pre-patterned substrates [Ish00] or
via cleaved edge overgrowth [Bau04]. Moreover, quantum dot properties such as their
homogeneity, electronic structure and density can only be influenced to little extent by
the growth parameters.
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Figure 2.3. Structural properties of quantum dots. a Schematic representation. Quantum
dots are often approximated as a truncated pyramid in theory. The typical sizes are 10-30 nm
in base length and 3-10 nm height. b Atomic force microscopy of an uncapped quantum dot
ensemble. c Cross-sectional transmission electron microscopy of a capped dot. Dark regions
are Indium-rich. Reproduced from [He07]
Structural Characterization

As indicated in the schematic in figure 2.3a, quantum dots are often theoretically modeled as truncated pyramids. Typically structures with a base size of 10-30 nm are found,
while the height of the quantum dot is on the order of 3-10 nm [Pet94]. Self-assembled
quantum dots can be imaged by atomic force microscopy prior to capping to characterize
their structural properties. An example of such an image of wafer region with high quantum dot density is presented in figure 2.3b. The random nature of the dot distribution
is clearly visible, as well as fluctuations in the dot size. Experiments have shown that
the quantum dot shape, size and composition can change during the capping process
with GaAs [Bru02; Bru03]. Capped quantum dots can be studied with cross-sectional
transmission electron microscopy. An example image obtained using this technique is
shown in figure 2.3c, reproduced from [He07]. The dark region indicates Indium rich
material, which makes the cross-section of the 2D wetting layer and the quantum dot
shape visible. In combination with x-ray diffraction measurements, a more detailed
analysis of the Indium distribution has been performed in [Keg01]. A material gradient
is present in both the lateral and vertical directions in the dot with a larger Indium
content at the top. Consequently, electronic properties, such as the precise electronic
structure and the electron and hole g-factors that are known in bulk materials cannot be
transferred easily to quantum dots. Full theoretical predictions need to take into account
the complex shape and In:Ga composition profile of the dot.

0.25µ
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Besides the size and composition of the quantum dot an important experimental
parameter that must be controlled is the areal density. Due to the different angular
positions of the cells with respect to the wafer, as indicated in figure 2.1, the material
flux and In:Ga composition differ over the substrate. As discussed above, the As atoms
are generally supplied as a background flux during molecular beam epitaxy and, thus, a
homogeneous Arsenic supply is provided across the wafer. The material variation is
usually compensated by rotating the wafer during growth, but can be exploited to get a
variation of quantum dot structure and density over the wafer. In this way a density
variation from zero to more than 150 dots/µm2 can be reached across a 3 inch diameter
wafer. Suitable areas of the wafer for device fabrication are selected after the growth.
The quantum dot density and optical transition energy can be estimated from roomtemperature photoluminescence measurements recorded as a function of laser position
on the wafer. An example of such an optical “wafer map” is shown in figure 2.4. The
luminescence intensity recorded from the quantum dots is proportional to their density,
whilst the energy of the emitted luminescence is directly correlated to the electronic
structure of the quantum dot (see section 2.2). The technique of photoluminescence
spectroscopy, as applied to quantum dot nanostructures will be discussed in more detail
in section 2.3.2. In addition, atomic force microscopy of quantum dots grown on the
sample surface under similar growth conditions as the optically active dots have been
performed and are shown on the right hand side.
The waterfall plot presented in figure 2.4a shows photoluminescence spectra at different positions onf the wafer on a path perpendicular away from the flat. The emission
spectrum includes characteristic features of the quantum dot ensemble luminescence
at energies in the range 1100-1300 meV. In addition, the optical emission of the quasi
continuum states of the wetting layer and the bound excitonic emission in bulk GaAs
can typically be detected at 1380 meV and 1425 meV, respectively, for measurements at
room-temperature.
The material flux during growth is oriented as indicated in figure 2.1, with the Indium
cell pointing towards the wafer flat and the Gallium cell under a relative angle of 45◦ .
The total material flux decreases from flat to top, resulting in a decrease of the quantum
dot luminescence intensity. At the same time this reduction of the quantum dot density
is reflected by the dot density measured via atomic force microscopy. With this technique
areal densities of approximately 100 dots/µm2 are observed close to the flat, decreasing
to zero close to the top of the wafer.
The material and composition gradient is also visible in a change of the luminescence
energy across the wafer. In the measurement presented in figure 2.4a a pronounced
shift from of the quantum dot peak energy from ∼1150 meV towards higher energies
is observed as the material flux reduces towards the top. The decreased amount of
material results in smaller quantum dots, which are more strongly confined and have,
therefore, higher optical transition energies. This relation is discussed in more detail in
section 2.2.
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Figure 2.4. a Room-temperature photoluminescence spectra of a wafer grown without
rotation with capped InGaAs quantum dots. The luminescence intensity reduces with the
material gradient and a shift to higher energies is observed for lower coverage. b-d Atomic
force microscopy measurements at 3 positions on the wafer of the sample surface revealing
the quantum dot density. The density varies from ∼100 dots/µm2 for high material flux to
zero on the side of the wafer away from the effusion cells.
Due to the random nature of quantum dots spectroscopy has to be performed on
individual quantum dots in order to find their optical and electronic properties. Before
discussing the characteristics, a simple model describing the electronic structure of
self-assembled quantum dots is presented in the following section.

2.2 Quantum Dot Model
On the basis of the structural investigations presented in the last section the electronic
structure of a quantum dot, which defines the electronic and optical properties, can be
estimated. In this section a simple model of the quantum dot confinement potential will
be introduced. This model gives a first insight on the electronic structure of quantum
dots and helps with the interpretation of the data presented in section 2.3 as well as in
chapters 3 and 4.
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Figure 2.5. Schematic representation of the band-gap profile along the growth direction
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As mentioned above, the material system used for the quantum dots studied in this
thesis is In0.5 Ga0.5 As embedded in GaAs. In heterostructures, the band alignment of both
materials is of type I, where the band-gap of bulk unstrained In0.5 Ga0.5 As (Eg ∼850 meV,
[NSM]) is much smaller than the GaAs bulk band-gap (Eg ∼1500 meV, [NSM]). Due
to the lattice mismatch at InGaAs/GaAs interfaces, strain effects have to be taken into
account, which can modify the effective bandgap of InGaAs quite substantially. The
band-alignment leads to a potential minimum for electrons in the conduction band and
holes in the valence band for carrier motion in all three spatial dimensions.
The treatment of holes is more complex even in bulk materials, because of the p-like
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character of the valence band Bloch functions at the Brillouin zone center. Due to this
reduction of rotational symmetry the movement of charge carriers in the filled valence
band is strongly anisotropic. There is a preferential direction of charge propagation,
which in a simple picture can be illustrated as overlapping p-type orbitals [Dav98],
while in the two perpendicular directions the reduced wavefunction overlap hinders
charge propagation. In the effective mass approximation this difference in mobility is
expressed in the effective mass m∗ of a charge carrier. A light effective mass mlh is,
therefore, assigned to holes moving in the preferred direction, while the two orthogonal
directions are described by a heavy effective mass mhh . This leads to the formation
of a light hole valence band and a two-fold degenerate heavy hole valence band. A
third band is needed to describe the valence band states, when the spin-orbit coupling
is included. The p-type orbitals carry an internal angular momentum which can be
described by the magnitude l=1 and the projection lz =-1,0,+1 in units of h̄. This couples
to the spin of the electrons filling the valence bands described by magnitude s= 12 with
the projection sz =± 12 . The total angular momentum magnitude is then given by J=l±s
with the projections Jz and leads to the formation of the following hole sub-bands:
• Jhh = 32 , Jhh,z = ± 23

heavy hole sub-band (HH)

• Jlh = 23 , Jlh,z = ± 12

light hole sub-band (LH)

• Jso = 21 , Jso,z = ± 21

spin-orbit split-off sub-band

Nevertheless, when using the effective mass approximation each sub band can be treated
independently. The spin-orbit split off band will not be considered further, since the
energy splitting is typically of the order of several 100 meV [Ger89; daS97].

2.2.1 Vertical Confinement
Before treating the weaker in-plane confinement, the discussion will focus on the confinement along the growth direction of the quantum dot. The potential can be approximated
by a square well, as schematically depicted in figure 2.5. Due to the strong confinement,
discrete energy states are formed in a square well, which can be found by solving the
time-independent one dimensional Schrödinger equation [Har00]:

V (z) =

"

0,
V0 ,

|z| ≤ d/2 (inside the well),
,
|z| > d/2 (outside the well)

#
h̄2 ∂2
− ∗ 2 + V ( z ) Ψ j ( z ) = ε j Ψ j ( z ),
2m ∂z

(2.1)

(2.2)

where j indexes the discrete energy states formed in the well. The energy depth of the
well V0 is given by the difference in band edge energies of GaAs and the strained InGaAs,
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which is typically V0 =α(Eg (GaAs)-Eg (Inx Ga1− x As)) with α ∼0.65 in the conduction band
and α ∼0.35 in the valence band for an Indium content of x=0.5 [Ger89]. Since the
effective mass m∗ depends strongly on the material system, a distinction between the
effective mass in the well m∗well and the bulk m∗bulk must be made in the following.
The solutions for the differential equation Ψ j must be continuous and continuously
differentiable at the borders of the potential well. An elegant solution to this differential
equation system can be found by separating the wavefunction in a symmetric and
anti-symmetric part. In the well the following wavefunctions are found:
r
2mwell
k well =
E,
h̄2
Ψ(z) = A cos (k well z) (symmetric),
(2.3)
Ψ(z) = A sin (k well z) (antisymmetric).
Outside the well the wavefunction decreases exponentially:
s
2m∗bulk
(V0 − E),
k bulk =
h̄2
Ψ(z) = B exp (−k bulk (z − d/2))
Ψ(z) = C exp (+k bulk (z − d/2))

, z > d/2,

(2.4)

, z < −d/2.

Where A,B and C are normalization constants. An explicit solution for the energy of
a particle in the well cannot be given, since solving the eigenvalue problem leads to a
transcendental solution:
s
s
!
m∗bulk E
2mwell E d
tan
=1
(symmetric),
m∗well (V0 − E)
h̄2 2
s
s
!
m∗bulk E
2mwell E d
cot
= −1
(antisymmetric).
(2.5)
m∗well (V0 − E)
h̄2 2
Since the confinement in InGaAs is usually quite strong due to the small width of the
well d, only the energetically lowest solution is relevant for the optical properties of the
quantum dots. This state is always symmetric. It is important to note, that in quantum
well structures motional quantization takes only place in the z-direction. In the lateral
directions (x,y plane) charges are free to move leading to a continuum of energy states
with the typical quadratic dispersion relation in addition to the discrete energy states
found for the growth direction (z).

To determine typical energy values the symmetric solution in equation (2.5) can be
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Figure 2.6. Simulations of the well width as a function of confinement energy for electrons
(solid line) light holes (dashed-dotted line) and heavy holes (dashed line). The parameters for
the simulation can be found in table 2.1.
solved for d:
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2m∗well E
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arctan

mwell (V0 − E)
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!
.

(2.6)

Within the bounds of these approximations the energy as a function of well thickness can
be graphically calculated as shown in figure 2.6. The three traces have been plotted with
typical parameters, which can be found in table 2.1, for electrons (solid line), heavy holes
(dashed line) and light holes (dotted line). In all cases, only small changes are found in
effective mass GaAs (m0 )
effective mass Inx Gax As (m0 )
barrier height (meV)

electron
0.063
0.023+0.037x
440

heavy hole
0.51
0.41+0.1x
230

light hole
0.082
0.026 +0.056x
230

Table 2.1. Parameters used in the simulation presented in figure 2.6. The indium content
was chosen x=0.5. Values taken from the Ioffe NSM database [NSM].
the confinement energy calculated for large well widths. In the case of electrons and light
holes this regime of large well widths is found above d=4-5 nm, in contrast to d>2 nm
for heavy holes, where the effective mass is approximately 20 times larger. For d<0.5 nm,
which is on the order of one mono layer, the confinement energy is approaching the
energetic well depth. While this simulation represents a significant over simplification
since it does not include the effects of strain, it demonstrates some important points:
Firstly, the confinement energy in the wetting layer is of the order of hundreds of
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millielectronvolts for both electrons and holes. Indeed, optical transitions with energies
e +Eh
Erec ∼ Egap +EW
L
W L ∼1400 meV are observed. Those energies are ∼450 meV above
the strained In0.5 Ga0.5 As band-gap of Eg =950 meV [Ger89], matching the predicted
confinement energy of electrons and holes. Secondly, in the region of the quantum dot,
where the InGaAs region in growth direction is thicker, the confinement is considerably
weaker, as schematically depicted in figure 2.5. Charge carriers are confined in the
quantum dot because of this energy difference and escape to the continuum states of the
wetting layer due to thermal activation or applied electric fields is strongly suppressed.
In experiments energy differences on the order of 100 meV are observed, which is not
accurately reproduced in this simple approximation. More realistic simulations of the
confinement potential will include mixing between different bands, a realistic material
composition and a realistic treatment of the strain distribution in the dot, which strongly
influence the energy levels [Ger89; Shu01]. The last point of interest is the energy
difference of heavy and light hole states. Due to the difference in effective mass, the
confinement energy for light holes is much larger. In quantum dot and small quantum
well structures the lowest energy valence band state will, therefore, be mainly heavy
hole like. This effect is again enhanced by the strain present in the quantum dot and
wetting layer [Ger89] leading to nearly 100% heavy hole character of the lowest energy
state in quantum dots [Fry00c].

2.2.2 In-Plane Confinement
Up to now the strong confinement in the z-direction has been discussed. The typical
size of a quantum dot is larger in the plane leading to much weaker confinement in
x,y-direction. In addition, intermixing leads to a smoother transition between materials
and the square well potential is not really a good approximation. Instead, a rotationally
symmetric 2D-harmonic potential was found to be a good approximation, while being
fully analytically solvable [Haw99]. The Hamiltonian for this potential is [Har00]:

H=

p2
1
+ m∗ ω02 ( x2 + y2 ),
∗
2m
2

(2.7)

where ω0 is the oscillation frequency of a charge with the effective mass m∗ in the
quadratic potential. The eigenenergies are then found to be
En = h̄ω0 (n + 1)
n = n x + ny ,

n=0,1,. . .
(2.8)

where nx and ny describe the population of the oscillator in (x) and (y) direction respectively.
This solutions in addition to the results derived for the square well potential allow to
model the 3-dimensional confinement in a self-assembled quantum dot, which is sche-
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Figure 2.7. Schematic representation of the quantum dot confinement potential in the
conduction and valence band. The confinement is strong in the z-direction (left hand side)
and a shell structure (labeled s-shell, p-shell, . . . ) of discrete energy states forms due to the
parabolic confinement in x,y-direction.
matically depicted in figure 2.7. The strong confinement in z-direction leads effectively
to a modification of the band-gap Eg,e f f =Eg,dot +Econ f ,z . Excited states of the motional
confinement in z-direction can be neglected since they are only weakly bound. To this
effective band-gap Eg,e f f the energy levels of the 2-dimensional harmonic potential are
added. The n energy levels are equidistant with a spacing of h̄ω0 and have a degeneracy
of n + 1. When the spin degree of freedom is included the degeneracy increases to
2(n + 1). The resulting electronic states are schematically shown in figure 2.7 by the
small arrows. In analogy to atomic levels, these energy levels for n=0,1,2,. . . are labeled
s,p,d,. . . - shell. Note, that for the description of atoms a 3-dimensional harmonic potential is applied, which leads to a higher level degeneracy of (n + 1)(n + 2) with the spin
degree of freedom included. Typical shell splittings in self-assembled InGaAs quantum
dots range from 15-60 meV in case of the conduction band states and 10-40 meV for the
valence band. In realistic calculations an increase of the band-edge energy is found at
the edge of the quantum dot due to the strain distribution in the quantum dot, which
has been indicated in figure 2.7.
In summary, even when the lateral confinement is included quantum dot states are
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well decoupled from the bulk and wetting layer states by a potential barrier with a
height on the order of 100 meV. They are, therefore, ideal candidates for the effective
storage of single charges and spins in a fully localized, discrete level.

2.2.3 Optical Transitions
Since quantum dots based on the III-V material group exhibit a confinement potential
in the conduction band as well as the valence band, these structures are well suited
for optical studies. Furthermore, III-V materials can have a direct band-gap, making
optical transitions without the assistance of phonons possible. In figure 2.8 the optical excitation of a single electron from the valence band to the conduction band is
schematically depicted. At low temperatures, the valence band states are completely
filled with electrons. Optical transitions between states with the same shell index can
be induced, by illuminating the quantum dot with radiation of matching energy. The
example depicted in figure 2.8 shows an excitation of a s-shell valence band electron to
the s-shell in the conduction band. It is more convenient to describe the missing electron
in the valence band as quasi particle hole state which, as discussed above, is mostly
heavy-hole like in strongly confined III-V quantum dots. Such a bound electron-hole
pair is commonly termed an exciton in the quantum dot literature. Note, that it is more
a Coulomb interacting electron-hole pair since the Coulomb force does not bring the
electron and hole together, but the quantum dot confinement potential.
The spin projection of the electrons and holes, although introduced above, has been
neglected in this discussion up to now. As indicated in figure 2.9, the exchange interaction between electrons (Se,z =± 12 ) and heavy holes (Jhh,z =± 32 ) leads to an energy
splitting of the states with anti-parallel and parallel spin alignment, which have the total
angular momentum M=±1 and M=±2, respectively [Haw99]. Typically splittings of
δ0 =100-200 µeV are observed [Bay02]. Since a photon carries unity angular momentum
M=±1, depending on the helicity of the circular polarization, conservation of angular
momentum allows only the excitation and recombination of excitons with M=±1 following one photon transitions. These states are, therefore, called “bright” since they are
optically active, whilst the states with M=±2 are called “dark”.
These polarization selection rules can be exploited in experiments since the spin
orientation of electrons and holes is determined by the photon polarization and vice
versa, as depicted in figure 2.8b-c. A photon with σ− (σ+ ) polarization will, therefore,
create an electron with spin projection that is up (down) and a hole with spin projection
down (up), relative to the propagation direction of the light. Furthermore, electron-hole
pairs with this spin orientation recombine with the associated helicity of the polarization.
In practice, these ideal polarization selection rules are modified by a reduction of
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Figure 2.8. a Schematic representation of optical excitation in a quantum dot. Only
transitions between states with the same orbital index are possible. Polarization selection
rules for σ− (b) and σ+ (c) polarized excitation. Spin up electrons and spin down holes
are related to the σ− polarized optical transition in excitation and recombination, while the
opposite spin orientations are connected to σ+ .

the symmetry for a real quantum dot. The microscopic translational invariance of
the zincblende crystal, an asymmetric strain distribution and the fact that quantum
dots tend to grow in an elliptical shape, rather than rotationally symmetric are the
underlying reasons for the reduced symmetry and the reduction of the polarization
selection rules. This also leads to a splitting of the bright states due to the anisotropic
electron-hole exchange interaction. The splitting, commonly denoted by δ1 is of the
order of 20-100 µeV for InGaAs self-assembled quantum dots [Bay02]. In addition, the
pure spin eigenstates | + 1i and | − 1i are replaced by symmetric and anti-symmetric
linear combinations of the pure circularly polarized states, as presented in table 2.2
[Bay02].
In table 2.2 A and B are normalization constants. These mixed states can be optically
addressed by linearly polarized light, as depicted in figure 2.9. The effective rotational
symmetry of the quantum dot confinement potential can be restored by application
of large magnetic fields parallel to the QD growth axis (~B||~z). In this case the Zeeman
splitting EZ,ex = gex µ B B becomes considerably larger than δ1 . The examination of the
exciton eigenstates in table 2.2 shows that the pure spin eigenstates | + 1i and | − 1i
are restored for EZ,ex  δ1 , which makes spin selective excitation and recombination
feasible again.
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Figure 2.9. Schematic representation of the quantum dot finestructure and related optical
transitions. The exchange interaction between electrons and holes splits the quantum dot
levels in “bright” and “dark”. Symmetry breaking due to anisotropic confinement potential
or the microscopic translational invariance of the zincblende crystal leads to anisotropic
exchange interaction, which mixes the pure polarization states and forms linearly polarized
optical transitions.
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Table 2.2. Eigenstates for rotational symmetric quantum dots and quantum dots with
reduced symmetry. Only in the symmetric case or at high magnetic fields pure polarization
states are found.
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2.2.4 Summary
The simple model developed here shows that quantum dots have complex structural,
electronic and optical properties that can be used as an advantage. The large potential
energy difference between the quantum dot and the surrounding continuum states in the
wetting layer and bulk will make storage of electrons or holes in those nanostructures
very efficient. The optical polarization selection rules can be used to define the spin of
optically created charge carriers and detect the spin orientation of excitons with high
fidelity when magnetic fields are applied. Furthermore, the charges are well decoupled
from the environment which is expected to result in spin lifetimes which are generally
much longer than in the case of higher dimensional systems. This point will be discussed
further in section 3.3.4. These properties make self-assembled quantum dots a good
candidate for storing electron and hole spins and measuring the spin dynamics. This
forms the basis of the concepts developed for spin storage, which will be thoroughly
investigated in the following chapters.

2.3 Optical Properties and Characterization
Self-assembled quantum dots based on the III-V material system exhibit excellent optical
properties, which have been studied intensively over the last twenty years. Before
presenting how those properties can be used to investigate the spin dynamics of charges
confined in quantum dots, in this section a short overview of the experimental methods
and fundamental characteristics will be given. Even though a wide range of literature is
available on this subject, the investigation of fundamental quantum dot properties were
repeated on samples grown with the same recipe as the spin storage samples presented
later to ensure that the results are comparable.

2.3.1 Photodiode Device Design
A useful tool for studying the properties of dots is the quantum dot photodiode [Dre94].
This device allows the precise application of vertical electric fields across the quantum
dot in growth direction [Sze81]. Besides studying the influence of external electric fields
on the optical transitions in the quantum dot, it also allows to control the coupling of
the quantum dot to a charge reservoir in the heavily doped back-contact [Dre94; War00].
Furthermore, tunneling escape of electrons and holes from the quantum dot can be
induced [Fry00b; Fin01a] and precisely controlled via the applied electric fields, which
will be discussed in section 2.3.4; the basis of optical charge initialization in the storage
devices presented in chapter 3 and 4.
The typical device layout of an n-doped Schottky diode structure is presented in
figure 2.10. A single layer of self-assembled InGaAs quantum dots is embedded in the
intrinsic region which is grown on top of a heavily n-doped GaAs layer and a n-doped
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Figure 2.10. a Layer sequence of an n-doped Schottky photodiode. The quantum dots
are embedded in the intrinsic region. Top contact layout for ensemble measurements (b)
consisting of one large window and single dot measurements with apertures in a shadow
mask (c).

substrate. The dot density can be varied between one and several hundred dots per
µm2 by selecting a suitable piece from a wafer grown without rotation, as discussed in
section 2.1. The pieces were processed into Schottky-photodiodes by standard optical
lithography and electron beam metallization. The top-contact consists of a 5 nm thick
Titanium layer, that is typically 300 x 200 µm in size. This thin, optically transparent
gate provides sufficient conductivity even at Helium temperatures T=4.2 K and has
a optical transparency of ∼50% at wavelengths close to 1 µm. Subsequently, 30 nm
Titanium and 200 nm thick Gold layers are evaporated to allow attachment of a stable
electrical contact to the diode. When high dot densities are desired, the contact layer is
shaped as a guard ring leaving an 200 x 100 µm window. To make the selection of single
quantum dots easier, the contact layer can alternatively be fashioned into a shadow
mask, where small micrometer sized apertures allow optical access to only few quantum
dots. To avoid the use of specialized equipment, like electron beam lithography, the
apertures were formed by first distributing 1 µm diameter polystyrene balls (1.0 µm
Polybeads [9003-53-6], Polyscience Inc.) onto the sample surface prior to evaporation
of the contact layer. After metallization, the balls are removed with a brush to leave
randomly distributed apertures in the opaque Gold contact with a 1 µm diameter.
An ohmic contact to the highly n-doped GaAs layer is formed by evaporation of
GeAuNiAu and subsequent annealing for 40 s in vacuum at 420◦ C. Depending on the
desired sample layout, the back-contact can be annealed from the surface, or, in the
case of doped substrates from the backside of the wafer. After gluing the sample to a
Sapphire chip carrier using silver epoxy, the top- and back- contacts were connected to
chip carrier pads by gluing gold wires to the contact layer with silver epoxy. Whilst wire
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Figure 2.11. Current Voltage characteristic of a quantum dot Schottky photodiode. The top
scale shows the associated electric field in the intrinsic region. Diffusion current is observed
in forward direction, while in reverse direction breakthrough current limits the performance
of the device. The diode built-in field is compensated at Vbi and marked with an arrow on the
x-axis.

bonding would be more accurate and easier to use, the yield of working diodes was
below 10% with this technique, since the wire bonding procedure tends to rip off the
thin contact layer or short circuit the diode by locally annealing the metal, destroying
the intrinsic region of the device.
The quality of a Schottky diode structure can be investigated by measuring the current
voltage characteristics of the device. Figure 2.11 a typical measurement of the current
density through the diode in the dark while applying a voltage Vapp to the contacts.
In forward bias direction, the diode is highly conductive and a diffusion current will
flow, which is schematically depicted in figure 2.12a. The onset of the diffusion current
is observed at Vapp ∼0.7 V in the measurement presented in figure 2.11. In reverse
direction (see figure 2.12b) Vapp <0.7 V, no current should flow through the device
because the conduction band in the intrinsic region is not aligned with the Fermi
level in the metal layer. This forms a blocking barrier that strongly inhibits current
flow. Nevertheless, for high voltages in reverse direction the barrier becomes thinner
and charge tunneling is possible through the barrier. This situation is depicted in the
schematic in figure 2.12b. The charge transport is observed in the measurement as
a breakthrough current. Alternatively, tunneling assisted by traps and defects in the
barrier material can set in, which leads to a smoother onset of the tunneling current at
lower electric fields. This tunneling process is more effective when the sample surface is
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Figure 2.12. Schematic band diagram for a Schottky diode in forward direction (a) and
reverse direction (b). The direction of current flow is indicated by the dashed arrows.

not clean prior to the evaporation of the Schottky contact. In the measurement presented
in figure 2.11, a breakthrough current Ibt >10 nA/cm2 is observed for Vapp <1.5 V.
The voltage drop across the intrinsic region will lead to a homogenous electric field in
growth direction, as long as Ibt is low. Since the formation of a Schottky-contact leads to
an a built-in electric field, the electric field F does not vanish for Vapp =0 V, but when the
external and built-in fields compensate each other at Vapp =Vbi . In the current-voltage
characteristic Vbi =0.7 V can be found at the voltage where the forward current sets in.
The strength of the electric field applied across the quantum dot in the intrinsic region
with a thickness dint can then be estimated by considering the Schottky diode to be a
parallel plate capacitor:
Vapp − Vbi
.
(2.9)
| F| =
dint
For the sample design introduced in figure 2.10 an intrinsic region of dint =140 nm was
chosen leading to an electric field of 71±1 kV/cm per volt applied. To simplify the
presentation in this thesis positive electric fields will be taken to mean voltages applied
in reverse direction.
A further design parameter is the quantum dots distance to the back-contact, which
is 40 nm in the design presented in figure 2.10. This distance was chosen to minimize
tunnel coupling of the quantum dots to the free charges in the back contact. This can,
of course, be increased by reducing the spacer layer thickness [War00; Fin01a]. Charge
transfer from the back contact into the dot will be discussed in more detail in section 2.3.3.
The concepts introduced above can easily be transferred to p-type Schottky diodes,
where the back-contact is heavily p-doped. The polarity of the device is switched in the
case of p-doping and electric fields anti-parallel to the growth direction can be applied
across the quantum dot.
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Figure 2.13. Schematic representation of photoluminescence (a) and photocurrent (b)
spectroscopy techniques. In photoluminescence, the quantum dot is excited via bulk or
wetting layer continuum states. After energy relaxation, carriers populate the lowest
quantum dot states, electron-hole pairs recombine with the emission of a photon, which can
be detected. In photocurrent spectroscopy the tunneling current from the quantum dot is
detected, when the dot energy levels are resonantly excited by a tunable laser source.

2.3.2 Experimental Methods
Two techniques are most commonly used for the optical investigation of the interactions
and properties of charge carriers in a self-assembled quantum dot, namely photoluminescence and photocurrent spectroscopy. The basic principles of these techniques are
depicted schematically in figure 2.13.
In photoluminescence studies, charge carriers are optically excited above the bulk
band-gap or in the continuum states of the wetting layer. Usually, laser light with fixed
energy Eex is used for this excitation. Electrons and holes then relax on picosecond
timescales [Hei97] into the quantum dot and populate the lowest unoccupied states.
Here, radiative recombination takes place over timescales of ∼1 ns [Kre05c] and the
energy of the emitted photon Erec reveals information on the band-gap, confinement
effects and Coulomb interaction between electrons and holes in the quantum dot. To
extract this information the energetic spectrum of the emitted photons is analyzed - a
photoluminescence spectrum.
A large electric field must be applied across the quantum dot to implement photocurrent spectroscopy. This can be achieved by embedding the quantum dots into a diode
structure, as discussed in the previous section. When the laser excitation energy Eex
is tuned in resonance with an optical transition of the quantum dot, an electron-hole
pair is created. Subsequently, the strong electric field ionizes the exciton and induces
tunneling of electrons and holes to the contacts faster than the radiative recombination
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time. This leads to a detectable current flowing through the diode, the photocurrent
signal. A tunable laser source is normally used to perform photocurrent spectroscopy.
The photocurrent is monitored as a function of the laser energy Eex to extract the absorption spectrum of the sample. Alternatively, it is possible to use a fixed laser energy and
tune the quantum dot transition energies, for example with the DC-Stark effect induced
by an applied electric fields. The DC-Stark effect and this technique will be explained in
more detail in section 2.3.3.
In photoluminescence spectroscopy the photon emission is studied while photocurrent
spectroscopy is sensitive to the absorption spectrum of the dot. In the next sections the
application of these techniques to investigate the interactions of charge carriers in a
quantum dot and properties like tunneling dynamics will be discussed.
A typical setup used to perform spectroscopy with very good spatial resolution, needed for the investigation of single quantum dots is depicted schematically in figure 2.14.
Studies of self-assembled quantum dots are usually performed at low temperatures
T<50 K , where the thermal energy is much smaller than the level splitting in the quantum dot (Eth = k B T<5 meV). Such temperatures can conveniently be reached by cooling
with liquefied Helium, which has a boiling point of T=4.2 K. The experiments presented
in this thesis were carried out in a bath cryostat cooled with liquid Helium. For optical
experiments, a sample stick holding a cryo-microscope can be inserted into the cryostat,
allowing free-space optical access through a window. The microscope is fitted with
piezo slip stick motors (Attocube systems) in order to be able to position the sample in
the focus of an objective (NA=0.615, working distance 0.8 mm) with sub-micrometer
resolution. Furthermore, the sample holder is fitted with a local temperature sensor and
a heater to control the sample temperature with an accuracy of ∼0.1 K. Electrical contact
to the sample is provided by shielded coaxial cables and the applied voltage is supplied
by a sourcemeter (Keithley 2400).
As depicted in figure 2.14, the room temperature end of the sample stick holds a
compact optical setup, which is connected via optical fibers to an excitation laser and a
spectrometer mounted on a separate optical table. The excitation light is coupled out of
a single-mode fiber and guided through a beamsplitter to the cryo-microscope. The use
of a single mode fiber provides a small excitation spot on the sample with a diameter on
the order of several microns. The emitted light from the sample is collected via the same
microscope through the orthogonal path of the beam-splitter. Mirrors allow to align
the detection path to efficiently couple the emission into a 200 µm multi-mode fiber. As
indicated in figure 2.14, a mirror can be flipped into the detection path to image the
sample on a camera. An infrared light emitting diode is used to illuminate the sample.
This is necessary to position the excitation spot correctly onto the sample, especially
when locating the micrometer sized apertures used for single dot spectroscopy.
As excitation source a tunable Titanium-Sapphire laser with a tuning range larger than
850-950 nm and optical power up to several 100 mW is available. The detection setup
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Figure 2.14. Schematic representation of a typical micro-photoluminescence setup. The
sample is cooled to liquid helium temperatures (T=4.2 K) in a bath cryostat. A cryomicroscope allows the positioning of the sample in the focus of excitation and detection path.
On the room temperature side an optical setup including a beamsplitter allows alignment
of excitation and detection. As excitation source a TiSa-tunable-laser is available. Signal
detection is accomplished with a 0.55 m focal length single spectrometer and a Si-CCD. The
voltage applied to the sample is supplied by a source-meter.
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Figure 2.15. Circuit diagram for photocurrent measurements. A voltage is applied across
the diode and the photocurrent is measured with a sensitive picoammeter in series. Shielded
cables increase the accuracy of the measurement.
consists of a single monochromator with focal length of 0.55 m and a diffraction grating
with 1200 groves/mm (Jobin Yvon Triax550). The light is dispersed onto a silicon based
charge coupled device (Si-CCD).
To perform photocurrent spectroscopy the setup is slightly altered. While the excitation is used exactly as described above, no detection of luminescence is necessary.
Instead, the current is detected by inserting a highly sensitive picoammeter (Keithley
6485) and a stable voltage source (Keithley 230) in the circuit, as sketched in figure 2.15.
A current sensitivity below one picoampere can be reached, when properly shielding
cables and connections.
As the experiments get more complex, the experimental setup has to be adapted.
Nevertheless, the micro-photoluminescence setup described here forms the basis of
all the presented optical investigations. The alterations made for the charge and spin
storage experiments presented later will be discussed in detail in the relevant chapter.

2.3.3 Basic Characterization
After discussing the growth, sample fabrication and the common experimental methods,
this section will deal with the fundamental optical properties of self-assembled quantum
dots.
The unrotated growth method discussed in section 2.1 allows to vary the grown dot
density across the grown wafer and to conveniently pick areas with the desired dot
density. Figure 2.16 shows examples of photoluminescence measurements performed
on samples with a quantum dot ensemble 2.16a and a single quantum dot 2.16c at low
temperatures of T=10 K. A Helium-Neon laser emitting at a wavelength of 633 nm has
been used as excitation source.
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Figure 2.16. Comparison of photoluminescence spectra taken from samples with varying
dot density.a In the ensemble measurement the inhomogeneously broadened ensemble luminescence is visible below the wetting layer transitions and the luminescence from bulk GaAs.
As the density is reduced sharp lines are detected. b Luminescence from a single quantum
dot is detected.
The luminescence from the ensemble region shows clear signatures of the free exciton
in bulk GaAs material at Edet =1510 meV. In comparison, the wetting layer states show
luminescence around Edet =1400 meV. The inhomogeneously broadened luminescence
peak from the quantum dot ensemble is observed at lower energies. The quantum dot
size fluctuations and the material composition fluctuations in the quantum dot lead to a
variation of the optical transition energies of each individual dot that contributes to the
ensemble emission. This results in a broadening of the observed emission peak.
When the density of quantum dots is reduced, the ensemble breaks up into sharp lines.
With shadowmask-structures the number of quantum dots that are optically excited
can be reduced such that single emission lines can be resolved. Figure 2.16b shows an
example where a single emission line is detected in an energy interval of 5 meV, much
larger than the optical linewidth. The measured linewidth is, in this case, limited by the
resolution limit of the spectrometer (∆E<0.12 meV).
The optical properties of single quantum dots vary because of the size and composition fluctuations. In addition to these variations, single quantum dots exhibit a rich
spectrum of luminescence lines due to the interactions of charges in the quantum dot.
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Nevertheless, general spectral characteristica of quantum dots can be found and understood by carefully studying the electric field and power dependence of such luminescence
lines.
Before discussing the experimental findings it is useful to introduce the nomenclature
of optically active states present in a quantum dot. An overview over the most common
states is shown in figure 2.17. Optically active states must contain at least an electron
and a hole. The simplest state formed by a single electron and hole is called a neutral
exciton and labeled X0 in figure 2.17a. As discussed in section 2.2, neutral excitons
are only optical active and therefore called “bright”, when the electron and hole spins
are aligned anti-parallel to one another. No radiative recombination can take place for
parallel alignment and the exciton is called “dark”.
The addition of a further exciton to the quantum dot leads to the formation of a
so-called neutral bi-exciton (2X0 ) as depicted in figure 2.17b. The bi-exciton is always
a bright state, since both spin orientations are present for electrons and holes. Higher
numbers of multi-excitons have been observed and are consequently labeled 3X0 , 4X0 ,
. . . , for 3, 4 ,. . . electron-hole pairs present in the quantum dot, respectively.
Up to now the states have been constructed with an equal number of electrons and
holes and called, therefore, neutral exciton states. If excess electrons are present in the
dot, negatively charged excitonic states are formed. For example, a singly negatively
charged exciton (X− ) consists of one hole and two electrons, as depicted in figure 2.17c.
Note that the electron spins are anti-parallel aligned, resulting in a zero total electron
spin. As a consequence the electron-hole exchange interaction, which was introduced
in section 2.2, is not present for this state [Bay02]. In a similar way a singly charged
bi-exciton (2X− ), consists of 3 electrons and two holes (see figure 2.17d). Since the s-shell
is saturated with 2 electrons, the third populates the p-shell of the quantum dot. Higher
charged states can be formed by adding electrons to the higher shells of the quantum
dot. As an example, the doubly negatively charged exciton is shown in figure 2.17e.
The number of excess electrons is indicated in the superscript: X2− , X3− ,. . . for 2, 3,. . .
excess electrons in the dot. In self-assembled quantum dots highly negatively charged
excitonic states have been observed [Edi07].
In the same fashion positively charged states can be constructed by adding excess
holes to the quantum dot. These states are labeled X+ ,X2+ ,. . . for 1,2,. . . excess holes
in analogy to the negatively charged exciton. A singly positively charged exciton is
depicted in figure 2.17f, where, again, the electron-hole exchange interaction is not
present, since the combined hole spin is zero.
Identification of s-Shell Optical Transitions

In photoluminescence the different excitonic states are mostly formed statistically due
to the random nature of the carrier capture process. To create defined states controllably
is challenging. Nevertheless, a number of techniques have been developed to control of
charge state of the dot. In the following chapters (3 and 4) controlled optical charging of
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Figure 2.17. Schematic representation of common excitonic states detected in quantum dot
luminescence spectra.

quantum dots will be discussed. A simpler but less versatile approach is the voltagecontrolled addition of charges via the highly doped back-contact to the quantum dot
[War00]. This technique allows the identification of charged excitonic complexes and
will be the focus of the following discussion.
A n-type quantum dot photodiode sample, fabricated as discussed in section 2.3.1,
has been investigated with photoluminescence measurements. The photoluminescence
intensity as a function of the applied electric field is shown in figure 2.18. Luminescence
of a set of lines is observed in the energy window from 1322 to 1330 meV and for an
electric field up to 30 kV/cm. For electric fields below 7 kV/cm the drift current in the
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Figure 2.18. a Photoluminescence spectra recorded from a single quantum dot as a function
of applied electric field.b The peak area of the excitonic emission lines is plotted on a logarithmic scale. Sequential charging with electrons from the back-contact is observed for reducing
electric field.
forward direction of the photodiode sets on, leading to disturbance of the photoluminescence signal. On the high field side the luminescence from the quantum dot is limited by
tunneling escape of electrons or holes for F>30 kV/cm. In this case electric field induced
carrier escape becomes faster than the radiative recombination time, which is typically
on the order of τrad ∼1 ns [Kre05c], and luminescence can no longer be observed. Such
tunneling processes will be discussed in more detail in section 2.3.4.
The peak area of the emission lines as a function of the electric field is plotted in
figure 2.18b labeled with the preliminary assignment to the excitonic states discussed
above. For increasing electric fields a transition of emission at low energies to higher
energetic emission is observed. These changes in emission energy originate from a
change of the quantum dot excitonic state. When a large electric field is applied across
the quantum dot, the energetic position of the s-shell is far above the Fermi level in the
highly n-doped back-contact and the coupling between the dot and the charge reservoir
is strongly suppressed. As the electric field is lowered to F=16 kV/cm, the s-shell of
the dot approaches the Fermi level of the back-contact and a single electron can tunnel
into the quantum dot. The Coulomb repulsion of this electron blocks the addition of a
second electron to the quantum dot. A reduction of the intensity of the line labeled X0 is
observed, accompanied by an anti-correlated increase of the X− intensity. By reducing
the electric field further to F=12 kV/cm the energy increase of the free electron level
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induced by Coulomb interaction is compensated and a second electron can tunnel into
the quantum dot. Consequently, the intensity of the X− line quenches while the X2−
luminescence gains intensity. A third transition is observed below 10 kV/cm resulting
from the addition of a third electron to the quantum dot. Due to the relatively large
width d=40 nm of the tunneling barrier between dot and back-contact carrier tunneling
is a statistical process. Consequently, a wide region of co-existence of the different
charge states is detected, comparable to the results published in [Fin01b]. For smaller
separations much sharper transitions have been observed (d=25 nm: [War00]).
The strength of Coulomb repulsion can be calculated from the onset of charged
luminescence. The energy change of the quantum dot levels as a function of the electric
field is given by [Med95]:
∆E = e

dQD
· ∆V = e · dQD · ∆F,
dint

(2.10)

where e is the electron charge, dQD is the distance between the back-contact and the
quantum dots and dint the thickness of the intrinsic region. According to equation (2.10)
the energy change from addition of the first electron (F=16 kV/cm) to the second electron (F=12 kV/cm) is ∆E=16 meV. The third charge is added at F=10 kV/cm, which
corresponds to an extra energy change of ∆E=8 meV. Since the third charge is added to
the p-shell, the extension of the wavefunction is larger, and the overlap with the electron
wavefunction in the s-shell is small. Therefore, the charging energy is smaller than in
the case of the second electron.
Careful examination of the spectra reveals two more emission lines which are much
weaker than the emission discussed above. The emission at E=1327 meV is attributed to
a bi-excitonic state, which is supported by power dependent measurements presented
later. The luminescence intensity at 1322 meV, labeled X2s − , follows the electric field
dependence of the X2t − state, even though the magnitude is about a factor of 7 weaker.
This behavior can be explained by including spin effects, when investigating the X2−
recombination. The X2− consists of one hole, two paired electrons in the s-shell and an
unpaired electron in the p-shell. The hole will recombine with the electron from the
s-shell, which has anti-parallel spin orientation. Two configurations are possible for
the remaining two electrons, in the final state after recombination: either anti-parallel
spin alignment, which corresponds to a singlet configuration, or are in a parallel spin
alignment and, therefore, a triplet configuration. The energy splitting of these final
sates is twice the energy due to the exchange interaction between the s-shell and the
p-shell electron and can be directly taken from the energy splitting ∆E = 4.1 meV of the
two observed emission lines, which are labeled X2t − and X2s − , for the triplet and singlet
configuration, respectively. When considering the degeneracy of these states an intensity
ratio of 3:1 is expected [War00], but a much weaker singlet state is observed with a ratio
of only 7:1. A preferential formation of the triplet final state could arise from the fact
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Figure 2.19. a Photoluminescence spectra as a function of incident power. b Peak area of
the excitonic emission lines as a function of excitation power density plotted on a log-log
scale. Whilst excitonic states have a linear power dependence, a characteristic quadratic
dependence is observed for the bi-exciton.
that parallel spin alignment is favored by the exchange interaction. The observed ratio
is in agreement with the values reported in the literature [War00].
While the electric field dependence of the luminescence allows studying the charged
excitonic states, the photoluminescence dependence on applied excitation power allows
the identification of multi-exciton complexes. To form a bi-exciton two electron-hole
pairs have to be captured by the quantum dot within a time span comparable to the
radiative lifetime of an exciton (τrad ∼1 ns). The capture process after excitation in the
continuum states of the wetting layer or the bulk material is random and described by
Poissonian statistics, which leads to a characteristic power dependence [Fin01d; Fin01c].
A linear behavior (m=1) as a function of power is expected for the single excitonic states
like X0 , X− , X2− ,. . . while bi-excitonic states (2X0 , 2X− ) should have a quadratic power
dependence with an exponent m=2.
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Power dependent photoluminescence measurements performed on a different single
quantum dot are presented in figure 2.19. Figure 2.19a shows a set of spectra recorded
for power densities ranging from 0.09 to 4 kW/cm2 while in figure 2.19b the peak area
of the X0 (squares), X− (diamonds), X2− (circles) and the 2X0 (triangles) is plotted as a
function of the power density Pexc . The power dependence is fitted with
m
I = A · Pexc
,

(2.11)

where I is the peak area and A is a scaling constant. The fits are shown as solid lines in
figure 2.19b and the fitted exponent m is denoted in the graph. As expected the single
excitonic states X0 , X− and X2− have a linear power dependence with an exponent m=
1.0±0.11, 1.0±0.10, 0.91±0.11, respectively. For the bi-excitonic emission an exponent
m=1.77±0.19 is observed. The investigated power range was not sufficient to identify
luminescence from a 3X0 , but the spin experiments presented later are usually done
in the low power regime and such high multi-excitonic states are not relevant in the
analysis.
In summary, the states observed in figure 2.18 can be identified through electric field
and power dependent measurements. The individual excitonic states have transition
energies characteristic for the specific electron-hole configurations. This characteristic
energetic fingerprint of the single dot emission can also be used to identify the luminescence states. Figure 2.20 shows spectra at electric fields F=7, 9 and 13 kV/cm taken
from the measurement previously presented in figure 2.18. The x-axis shows the energy
relative to the neutral exciton X0 . The observed energy differences are in good agreement
with previously reported values and theoretical expectations [War00; Fin01d; Fin01c].
The X− emission line is red shifted by ∆E=3.7 meV, where 3-5 meV are theoretically
expected [Fin01c]. The addition of a second electron forming the X2− results in an
additional shift of ∆E=2.7 meV and ∆E=0.3 meV for the singlet (X2s − ) and triplet state
(X2t − ), respectively. The X3− is found ∆E=4.4 meV below the neutral emission energy. A
large red shift is observed from X0 to the X− , while the energy difference for the addition of a third (X2− ) and fourth (X3− ) electron is smaller. The red-shift is an indication
that the attractive Coulomb interaction between electrons and holes dominates over
the repulsion of the two electrons. In addition, the exchange interaction between the
electrons has to be taken into account. Parallel alignment of electron spins is favored
due to the attractive exchange interaction, which leads to a reduction of the energy shift
for excitonic states where the energy shells are not fully occupied. Consequently, the
shift is large between X0 and X− and expected to increase again for X4− and X5− where
the sub-shells in the p-shell are sequentially filled [Edi07]. Furthermore, the energy
difference of the X2s − and X2t − can be understood, since only the later benefits from the
exchange interaction in the final state after radiative recombination, resulting in a larger
optical transition energy. Finally, the bi-excitonic state is detected ∼3 meV below the X0
emission. As in the case of the X− , a red shift is observed with the addition of a second
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Figure 2.20. Photoluminescence spectra as a function of energy difference to the X0 . The
renormalization energies of the excitonic states are comparable with literature values [War00;
Fin01d; Fin01c].
electron-hole pair since the Coulomb repulsion of charge carriers with same polarity is
more than compensated by the attraction of electrons and holes.
Positively charged excitons could be observed, when investigating p-doped Schottky
diodes or when employing optical charging techniques on single dots. This has not been
done in the framework of this thesis. Blue shifts on the order of a few millielectronvolts
[Reg01] as well as shifts to negative energies [Edi07] have been observed and theoretically modeled.

Quantum Confined Stark Effect

When reviewing the spectra presented in figure 2.18 a pronounced shift of the luminescence lines to lower energies is observed as the electric field increases. The energy
change of the emission arises from the interaction between the electron-hole dipole in the
quantum dot and the external field - quantum confined DC-Stark effect. The DC-Stark
effect is smaller in confined systems due to a reduced dipole moment. Nevertheless, the
energy change is more pronounced compared to higher dimensional structures, since the
ionization of the electron hole pair is shifted to much larger electric fields. The energy
change can be described by [Fry00b; Fin01a]:
∆E = E0 + ~p · ~F + β|~F |2 ,

(2.12)
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where E0 is the transition energy at zero electric field, ~p is the intrinsic dipole moment
~ where d~ is the displacement of the electron and hole in the quantum
defined as ~p = de,
dot. The constant β describes the polarizability, that is the electric-field-induced change
of the dipole moment, as a function of the electric field squared [Fry00b; Fin01a].
Photoluminescence measurements as a function of the electric field allow the investigation of the Stark shift in quantum dots, which is plotted in figure 2.21a. At electric fields
F>30 kV/cm no luminescence can be detected since the tunneling escape of electron and
holes suppresses the radiative recombination. In this regime, photocurrent spectroscopy
can be used to extend the observable electric field range, as shown in figure 2.21b. To
characterize the photoluminescence and photocurrent regimes it is useful to look at the
normalized peak intensities, which are shown in figure 2.21c. A clear transition from
the photoluminescence regime to the photocurrent regime is observed at 25 kV/cm. For
electric fields above F>65 kV/cm fast tunneling escape broadens the peaks to a point
were no reliable information can be extracted anymore.
The energetic peak positions of the neutral exciton transition from photoluminescence
(squares) and photocurrent (circles) spectroscopy has been extracted and are plotted in
figure 2.21d. The data has been fitted with the relation defined in equation (2.12), which
is shown as solid line. An intrinsic dipole moment of |~p|=4±0.2·10−29 Cm and a polari2
zability of β=1.6±0.1 10−35 Cm
V is extracted. From the dipole moment an electron-hole
distance of 0.25 nm can be calculated, which is in good agreement with values found in
literature [Fry00b; Fin01a].
The change of transition energy induced by the electric field can be used for an alternative approach to photocurrent spectroscopy. Instead of tuning the laser energy
Eex continuously, which is technically challenging with high accuracy and is usually
accompanied with power fluctuation during the measurement, Eex is fixed and the
electric field, which can be controlled very accurately, is changed to tune the quantum
dot transition. In fact, the experiments presented in figure 2.21b were performed using
this technique. Consequently, while in the case of photoluminescence in figure 2.21a a
single column represents a continuous measurement, in photocurrent (figure 2.21b) the
rows are measured continuously. The electric field tuning technique is extensively used
in the single dot charge and spin storage experiments presented in chapter 4.

Optical Transitions in Excited Orbital States

This overview over the optical properties of self-assembled quantum dots concentrated up to now on s-shell transitions. Absorption in excited states of the quantum dot
will play a role in the storage experiments presented later. To identify such transitions
both photoluminescence and photocurrent measurements can be used, as shown in
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Figure 2.21. a Photoluminescence spectra as a function of applied electric field. b Photocurrent spectra as a function of applied electric field. c Normalized intensity of luminescence
and current. d Energetic peak position as a function of applied electric field. The solid line is
a quadratic fit.

figure 2.22. In the case of photoluminescence, presented in figure 2.22a, the excitation
power is increased to a point where the s-shell is on average filled with electrons and
holes. Then, optical transitions of p-shell electrons and holes can occur leading to a
luminescence signal approximately h̄ωsp above the X0 emission. In the data presented in
figure 2.22a, the s-shell excitonic transitions X0 , 2X0 and X− are detected at 1329.1 meV,
1326.1 meV and 1325.3 meV, respectively. A second set of lines is observed between 1355
and 1365 meV. The energy difference of ∼ 30 meV matches the expected combined s-p
splitting h̄ωsp =25-100 meV for electrons and holes in self-assembled InGaAs quantum
dots (see section 2.2). When switching to the photocurrent regime by changing the
electric field to F=38 kV/cm, the X0 transition is Stark shifted to 1327 meV, as shown
in figure 2.22b. A background current signal is observed that arises from unspecific
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Figure 2.22. High power photoluminescence (a) and photocurrent (b) spectroscopy on the
same quantum dot. In both measurements the s-shell transitions are observed at low energies.
In the grey shaded area optical transitions of excited states are detected.
absorption and 0D-2D cross transitions [Vas02; Oul03]. Again, sharp optical transitions
are detected in the energy window between 1355 and 1370 meV. Fewer lines appear and
the spectral distribution does not resemble the states observed in photoluminescence.
This originates from the fact that photocurrent is a technique that probes the absorption
of an empty quantum dot while in photoluminescence the lower shells must be filled to
observe luminescence of excited states. The many particle interactions lead to a richer
structure of lines observed in luminescence, while photocurrent should probe only the
few absorption lines of the excited states.
The technique of photoluminescence excitation can be used to prove that the set of
lines marked with the grey shaded area in figure 2.22 is actually from the same quantum
dot as the X0 emission observed at lower energies. A schematic representation of this
technique can be seen in figure 2.23. Similar to photocurrent spectroscopy a tunable laser
is used to excite the quantum dot in excited states, but instead of monitoring the current
through the photodiode the emission of the s-shell transitions is detected. A good stray
light rejection is mandatory to perform such experiments, since the background signal
limits how close the excitation energy can be tuned to the energy of the detected state.
With the 0.55 m single monochromator and band-pass filters used in these experiments
the tuning range is limited to ∼15 nm above the X0 .
To give an example for this technique, the grey shaded energy window in figure 2.22
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Figure 2.23. Schematic representation of a photoluminescence excitation experiment. The
quantum dot is resonantly excited in energetically higher states with a tunable laser, while
the luminescence in the lower shells is detected.
has been re-measured with photoluminescence excitation, which is presented in figure 2.24. It is immediately apparent that the noise in this type of measurement is larger
than for the other two techniques. Therefore, the raw data has been fitted with Lorentzian lines to extrapolate where possible absorption lines could be. A good overlap of the
most prominent absorption lines detected in photocurrent is observed, when taking the
Stark shift into account. The existence of a photoluminescence excitation signal shows
that there is a relaxation pathway connecting the observed absorption states with the X0
emission at 1329.6 meV. Therefore, absorption in a different quantum dot can be excluded, and the observed absorption is taking place in excited orbital quantization states or
via LO-phonon assisted processes , which are expected to show absorption 30-36 meV
above the X0 excitonic transition [Gru95; Hei97; Lem01]. The relative intensity of the
lines observed in photocurrent and photoluminescence excitation spectroscopy differ
since in the first case the signal strength is governed by the tunneling properties, while
in the later the timescales of energy relaxation and radiative recombination play a role.
The single dot storage samples presented in chapter 4 do not allow characterization
with photocurrent spectroscopy since a tunneling barrier is grown in the intrinsic region
of the diode. In this case photoluminescence excitation is employed to characterize the
excited states of the quantum dots studied.

2.3.4 Tunneling Properties
After the introduction and characterization of the basic optical properties of self-assembled
quantum dots, in this section the tunneling properties of charge carriers from the quantum dot will be discussed. The tunneling dynamics of electrons and holes will play an
important role in the optical charging processes that are used to initialize single charges
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Figure 2.24. Optical spectroscopy of the excited states of a single quantum dot performed
with photoluminescence (a), photocurrent (b) and photoluminescence excitation (c).
in the quantum dots for the investigation of spin properties, which will be presented in
chapter 3 and 4.
The tunneling time of a charge carrier through the triangular barrier formed by the
confinement in (z)-direction of the quantum dot is strongly electric field dependent and
can, therefore, be precisely controlled. By adapting theory developed for tunneling
escape from a Dirac well and continuous energy bands [Vin79], the following relation
for the tunneling rate Γ T from a square well potential with width h and energy barrier
E I is developed [Fry00a]:


q
h̄π
−4
3
∗
exp
ΓT =
2m E I ,
(2.13)
3h̄eF
2m∗ h2
where m∗ is the charge carrier mass and F is the electric field applied perpendicular to
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the quantum well.
Two techniques can be used to characterize the tunneling escape of electrons and holes.
The tunneling time τ f ast of the faster carrier escape can be derived from the linewidth
of optical transitions, while the slower tunneling escape τslow has an influence on the
saturation value in photocurrent spectroscopy. The two methods will be discussed in
the following.

Faster Tunneling Escape

The lifetime time τ = Γ1T of an excitonic state is correlated with the natural linewidth γ
of an optical transition via the Heisenberg uncertainty relation [Hei27]:
∆E · ∆t ≥ h.

(2.14)

With ∆t = τ and ∆E = γ the limit can be written as:
τ=

h
.
γ

(2.15)

In photocurrent spectroscopy the lifetime of the created exciton is limited by the tunneling time τ f ast of the carrier type which escapes faster. Since the tunneling properties of
electrons and holes depend strongly on the confinement potential it is only possible to
determine for which carrier tunneling escape is faster by comparing the experimental
data with calculations, which will be discussed later.
Photocurrent spectroscopy measurements recorded as a function of the applied electric
field have already been presented in figure 2.21b. In figure 2.25 these measurements
are presented again with emphasis on the change of the linewidth as a function of the
electric field. In figure 2.25a a clear increase of the linewidth is observed with increasing
electric field, indicating a decrease of the excitonic lifetime. The individual traces have
been fitted with Lorentzians and the extracted linewidth is presented in figure 2.25b as a
function of the electric field. At lower electric fields the observed linewidth is limited by
the laser linewidth γlaser =0.075 meV. It is possible to deconvolute the lifetime limited
γtunnel with the laser linewidth simply by subtracting γlaser from γmeasured , the measured
linewidth. This can be done since the Fourier transform of the result of two convoluted
functions f = g ∗ h can be written as ĝ = fˆ/ ĥ. The Fourier transformed Lorentzian line
L̂ has the form:
L̂(k ) = exp(−2πikE0 − γπ |k |),
(2.16)
where E0 is the line center. Due to the exponential function, the division results in
γtunnel = γmeasured − γlaser before doing the inverse Fourier transformation of the Lorentzian. The tunneling times calculated from the deconvoluted linewidth with equation (2.15) are shown in figure 2.28 as squares. On the low electric field side the tunneling
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Figure 2.25. a Photocurrent spectra at different electric fields fitted with Lorentzian lines.
b Extracted linewidth γmeasured as a function of electric field. The linewidth decreases for
lower electric fields and limited by the laser linewidth γlaser =0.075 meV.
time should be on the order of the radiative lifetime since the photocurrent signal vanishes in favor of photoluminescence. Due to the deconvolution a large experimental
error is present for the values at electric fields F<35 kV/cm. Nevertheless, tunneling
times on the order of ∼1 ns are extrapolated, which is in good agreement with radiative
lifetimes of 0.8 ns [Kre05c] determined from time-resolved photoluminescence measurements.

Slower Tunneling Escape

The second method to measure the tunneling time is based on the saturation value of the
photocurrent at high excitation powers [Beh02]. Since the energy of the quantum dot
absorption shifts when the quantum dot is populated with a charge, absorption is only
possible when the quantum dot is empty. At sufficiently high excitation powers it can be
assumed that the quantum dot is immediately re-excited when both charge carriers have
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Figure 2.26. Schematics of the rate equation model for the photocurrent saturation. N0 (N1 )
denotes an empty (occupied) quantum dot, and the transition rates due to excitation (Γ gen ),
radiative (Γrad ) and stimulated (Γstim ) recombination and charge tunneling (Γ T,slow ) are
indicated by the dashed arrows.

tunneled out of the quantum dot. If the tunneling time of the resident charge carrier is
reduced, more electron-hole pairs can be created per unit time, resulting in an increased
saturation photocurrent. To treat this process quantitative a rate equation model can be
set up, which is schematically depicted in figure 2.26 [Beh02]. The two levels N0 and
N1 represent the empty dot and the occupied dot, respectively. The exciton generation
rate Γ gen is proportional to the applied optical power Γ gen =α P. Returning to an empty
quantum dot state is possible via three pathways: (i) radiative recombination of the
exciton with the emission of a photon. This process takes place with a rate Γrad = 0.81 ns
[Kre05c]. (ii) Stimulated radiative decay of the exciton takes place with a rate Γstim =Γ gen
for non-degenerate levels in a two-level system [Lou73]. (iii) Tunneling escape of both
charge carriers is limited by the slower tunneling rate Γ T,slow . The rate equation can then
be written as:
dN0 = − N0 · Γ gen + N1 · (Γrad + Γstim + Γ T,slow ),
dN1 = N0 · Γ gen − N1 · (Γrad + Γstim + Γ T,slow ),
N0 + N1 = 1.

(2.17)

In a steady state no change of occupation takes place and one can set dN0 = dN1 = 0.
The current measured in the experiment is given by:
I = N1 · Γ T,slow · e,

(2.18)

which can be inserted into the system of equations 2.17 to obtain the current as a function
of power:
αP · Γ T,slow
1
I = e·
,
(2.19)
2 αP + Γrad + Γ T,slow
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Figure 2.27. Photocurrent peak intensity for different electric fields as a function of excitation
power density. The saturation value of the current at high powers depends on the charge
carrier tunneling escape from the dot.
The factor 12 arises from the stimulated emission which limits the maximum occupation
of the excited state. In the limit of large powers the saturation current Isat is given by:
Isat =

1
·Γ
.
2 T,slow

(2.20)

As this result shows, the tunneling escape can be deduced from power dependent
photocurrent measurements. In figure 2.27 the measured peak intensities for electric
fields varying from 28 kV/cm to 43 kV/cm are shown as a function of incident power
density. As expected, a higher saturation current Isat is observed for larger electric fields.
The tunneling rates can be fitted with equation (2.19), which are presented as solid
lines in figure 2.27. The fits match the experimental curves quite well and the lifetimes
calculated from the fitted Γ T,slow are shown in figure 2.28 as circles.

Comparison With Calculations

By detecting the photocurrent linewidth and the saturation current the fast (Γ T, f ast ) and
slow (Γ T,slow ) tunneling escape can be probed, respectively. Surprisingly, the difference
in tunneling time between these two processes is smaller than one order of magnitude.
Nevertheless, calculations of the tunneling times using the WKB-approximation introduced in equation (2.13), allow to estimate the tunneling times of electrons and holes,
and give an indication which charge carrier escapes faster from the dot. The important
parameters in this approximation are the dot height h and the potential barrier E I . The
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Figure 2.28. Experimentally determined tunneling times from the linewidth (squares) and
the saturation (circle) measurements. In Addition, calculated tunneling times for electrons
(full line) and holes (dashed line) are plotted. Slow and fast tunneling times are of the
same order of magnitude. Hole tunneling is expected to be the slower process for electric
F<65 kV/cm.

tunneling times were calculated according to equation (2.13) to investigate the influence
of these parameters on the tunneling dynamics. The effective mass in the barrier material
was set to the typical bulk GaAs values me =0.063 m0 for electrons and mhh =0.51 m0
heavy holes.
Figure 2.29a shows the tunneling times as a function of the electric field for different
dot heights h=4,7,10 nm for a potential barrier of E I =27 meV in the case of holes (dashed
line) and E I =75 meV for electrons (full lines). As discussed above, tunneling escape
through the barrier becomes faster for increasing electric field. The effective mass of
holes is much larger compared to the electron mass, which reduces the tunneling rate.
This behavior is compensated by a reduced tunneling barrier in the valence band. A
type-I band offset of approximately 65:35 for the conduction and valence band is observed in strained InGaAs/GaAs interfaces [Ger89]. As a consequence, electron (τe ) and
hole tunneling times (τh ) are similar over the investigated range. The hole escapes faster
than the electron below F=65 kV/cm and slower for higher electric fields. This crossing
point is nearly independent of the dot height. The height influences the absolute tunneling escape times, since the wavefunction overlap between the bound state in the dot
and the continuum states changes. For smaller quantum dots, where the wavefunction
penetrates deeper into the barrier material, faster tunneling escape is calculated for both
electrons and holes. A constant difference of approximately one order of magnitude
between h=4 nm and 10 nm is observed over the whole investigated electric field range.
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For the calculations presented in figure 2.29b the dot height is fixed at h=7 nm, while
the potential barrier E I is varied from 15 meV to 75 meV for electric fields F=20, 40
and 60 kV/cm. For equal electric fields and potential barrier τh /τe ∼ 104 due to the
larger effective mass. The slope of the calculated traces is steeper in the case of hole
tunneling which makes the determination of the barrier height more precise in this
case. For example, a change in tunneling time from 10 ps to 100 ps (grey shaded region
in figure 2.29b) at F=40 kV/cm is induced by an increase of the tunneling barrier by
8 meV in the case of holes, but 14 meV in the case of electrons. Nevertheless, due to
the exponential dependence of the tunneling time on the potential barrier height, the
association of tunneling time and barrier height is well defined and can be used to
accurately determine the band offset experimentally by measuring the tunneling times.

h=4 nm
20 30 40 50 60 70 20
Electric Field (kV/cm)

h=7 nm
40
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Figure 2.29. Calculations of electron (solid lines) and hole (dashed lines) tunneling times:
a as a function of electric field for different dot heights h=4,7,10 nm and b as a function of
potential barrier height for different electric fields F=20,40,60 kV/cm. When tunneling from
a quantum dot, the heavier effective mass of heavy holes is compensated by a lower tunneling
barrier.
Based on this investigations the data presented in figure 2.28 has been fitted with
equation (2.13) using a dot height of 7 nm which is typical for the InGaAs quantum
dots studied here. A good match with the data has been found with a potential barrier
of 75 meV and 27 meV, for electrons and holes, respectively. The calculated traces are
plotted in figure 2.28 for electron (full line) and hole tunneling (dashed line). These
parameters are reasonable, because the band-offset ratio is close to the expected 65:35
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and, secondly, the combined energy of ∼100 meV corresponds to the energy difference of the wetting layer luminescence (Edet ∼1430 meV) and the X0 transition energy
(Edet ∼1330 meV).
It can be concluded that electron and hole tunneling takes place on similar timescales,
which can be varied from ∼1 ns to picoseconds when tuning the electric field from
25 kV/cm to 65 kV/cm. In this electric field range comparison with theory indicates that
hole tunneling is the faster process. This forms a conveniently wide range of tunability
of the tunneling times, which will be exploited in the charge storage schemes presented
in the chapter 3 and 4.

2.3.5 Quantum Dots in Magnetic Fields
The aim of this thesis is the investigation of spin dynamics in self-assembled quantum
dots. Since the spin degree of freedom couples strongly to magnetic fields, this section
provides a concise overview of the magnetic properties of the quantum dot states. A
superconducting magnet capable of supplying fields up to B=12 T has been used to
apply magnetic fields parallel to the growth axis of the sample. This system is fitted with
a cryo-microscope, similar to the setup discussed in section 2.3.2, allowing to perform
micro-photoluminescence measurements in high magnetic fields.

Photoluminescence in Magnetic Fields

Photoluminescence measurements of the X0 transition of a single quantum dot as a
function of the applied magnetic field in Faraday configuration (~B||(z)) are presented
in figure 2.30a. As the magnetic field is increased from B=0 T to B=12 T a shift of the
emission towards higher energies is observed, as well as a splitting of the emission line
in a doublet, as seen in previous studies [Kut98; Ste02]. The data above 0 T has been
fitted with two Lorentzian lines, where the linewidth was kept constant to increase the
accuracy of the fit. The extracted splitting is shown in figure 2.30b. Furthermore, the
energy shift of emission line, corrected for the splitting, is shown in figure 2.30c.
The observed Zeeman splitting of the two bright excitonic spin states can be described
with the excitonic g-factor gex = ge + gh :
1
∆EZeeman = ± ( ge + gh )µ B B
2

(2.21)

where µ B is the Bohr magneton and ge,h are the electron and hole g-factors. By fitting the
linear behavior of the Zeeman splitting as a function of the magnetic field the excitonic
g-factor is determined to be gex =0.60±0.02.
Following the analysis presented in [Kut98], the quadratic field dependence of the
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Figure 2.30. a Photoluminescence spectra as a function of magnetic field B parallel to the
growth direction. b The Zeeman splitting as function of magnetic field. The linear fit (solid
line) reveals a g-factor of g=0.60±0.02. c Diamagnetic shift as a function of magnetic field.
The quadratic dependence can be fitted with ∆E = βB2 , where β=19.0±0.2µeV/T (solid
line).

diamagnetic shift can be described with:
∆Edia = βB2
e2
β=
8

r2
re2
+ h
me
mh

!
,

(2.22)

D E
2
where re,h
denote the mean square of the lateral extension of the electron and hole
wavefunctions. Due to this dependence, the coefficient β is expected to be larger for dots
with larger lateral extensions. The presented data gives β = 19 µeV/T2 . If one assumes
equal lateral extension for electrons and holes, and inserts the bulk effective masses in
In0.5 Ga0.5 As (see values in table 2.1), a wavefunction diameter of 11 nm is calculated,
which fits reasonably well to typical dot sizes on the order of 10-30 nm.
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Figure 2.31. Calculations of electron (a,b ) and hole (c,d ) g-factors in self-assembled
InGaAs quantum dots performed by Till Andlauer. The g-factors can either be plotted as
a function of the optical transition energies (a,c ) or the quantum dot height h (b,d ) for
different base widths w. Variations of the g-factor are much larger for holes than for electrons.
g-Factors in Quantum Dots

As demonstrated here, it is relatively easy to determine the excitonic g-factor from
magneto-photoluminescence spectroscopy. To determine the g-factor of electrons and
holes separately is much more challenging. The electron g-factor in self-assembled
quantum dots has been successfully determined with optically detected electron spin
resonance measurements (ge ∼-0.6; [Kro08]). Furthermore, single dot spectroscopy with
in-plane magnetic fields applied in Voigt geometry yielded ge =0.81 and gh = −2.21
[Bay99]. Even though a systematic study of electron or hole g-factors in quantum dots
has yet to be done, theoretical predictions can be made.
Calculations of electron and hole g-factors in InGaAs quantum dots performed by
Till Andlauer in the Walter Schottky Institut are shown in figure 2.31. The calculations
have been performed using a gauge-invariant nonpertubative discretization scheme
for the multiband k·p envelope function theory, including strain as well as relativistic
effects. The methods and results are discussed in detail in [And09b]. The quantum
dots are modeled as truncated pyramids with a realistic trumpet shaped alloy profile
varying from 30% Indium content at the bottom to 80% at the top. Furthermore, the

2.3. Optical Properties and Characterization

55

dot sits on a 1 nm thick In0.5 Ga0.5 As wetting layer. The size of the truncated pyramid is
parameterized with height h and a base width w and the optical transition energies are
calculated from the resulting confinement potential. The calculated electron and hole
g-factors can, therefore, be plotted as a function of the transition energy (figure 2.31a,c)
or quantum dot height (figure 2.31b,d) for different base widths.
The electron g-factor is found to be almost universally represented by the optical
transition energies. Only small g-factor fluctuations on the order of 0.1 appear due
to differences in dot size and composition. An almost linear dependence is predicted
ranging from ge =-1.2 for quantum dots with s-shell exciton transitions at E=1190 meV to
ge =-0.29 at E=1370 meV. The calculations suggest that smaller absolute g-factor values
are found for small quantum dots. In larger quantum dots the wavefunction is more
extended and the g-factor approaches the larger values expected for bulk InGaAs. In
bulk InAs an electron g-factor ge =-15.4 is measured at T=80 K [NSM].
For hole g-factors the details of the quantum dot structure is much more important.
At one optical transition energy, for example at E=1300 meV, a large g-factor fluctuation
from gh =-0.6 to gh =1.0 can be expected as the quantum dot shape is varied. For holes
the g-factor is influenced by two counter-acting effects [And09b]: (i) an increase of the
g-factor magnitude is observed for larger dots due to the approximation to the bulk
value, as in the case of electrons. (ii) a reduction of the g-factor magnitude is expected
for an admixture of light-hole character to the heavy-hole ground state. This admixture
depends on the strain profile in the quantum dot, which is strongly influenced by the
quantum dot geometry and the Indium composition. Since different composition profiles and dot geometries can result in the same optical transition energy, the hole g-factor
at an given energy varies strongly. As a consequence, the excitonic g-factor (gex =ge +gh )
is difficult to predict and can have values between gex =0.3 to -1.3 at E=1300 meV.
The g-factor determines the Zeeman splitting ∆E=gµ B B of the electron and hole levels in quantum dots, which influences many intrinsic properties, like the anisotropic
exchange interaction discussed in section 2.2 and experimental parameters like a microwave resonance frequency. In the future, methods to tune the g-factor by shifting the
wavefunction between different materials with electric fields, as proposed in references
[And09a; Nak05], would be helpful for spintronic applications.

2.3.6 Summary
In the previous section a variety of techniques has been presented to investigate the
complex energy spectrum of single quantum dots. These techniques include photoluminescence, photocurrent and photoluminescence excitation spectroscopy. With voltage
tunable structures, charged excitonic states can be identified and the energy shifts characterized. In addition, multi-excitonic emission can be identified by their characteristic
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excitation power dependence. The influence of electric fields on the quantum dot optical
transitions is given by the parabolic Stark shift. Furthermore, the tunneling times of
electrons and holes can be changed over more than two orders of magnitudes in the
accessible electric field range.
In magnetic fields the quadratic parabolic diamagnetic shift changes the optical transition energies, while the linear Zeeman effect leads to an energy splitting of the two
spin states. At high magnetic fields, the pure spin states are restored and the excitonic
Zeeman levels can be addressed and detected independently via the polarization of the
absorbed or emitted light.
The electrical tunability of tunneling times and the addressing of spin states via excitation energy and polarization selection will be employed in the spin storage experiments
presented in the next two chapters.

3

Ensemble Spin Storage

Spin manipulation and the investigation of spin dynamics in quantum dots is a quite
challenging task. In recent years, substantial progress has been made in understanding
spin relaxation using a variety of measurement techniques as discussed in chapter 1.
One of the first experiments to allow the direct observation of spin relaxation of electrons
and holes in self-assembled quantum dots is the so called spin storage, which will be
discussed in this chapter. With this technique, the reliable initialization and storage of
spin polarized charge carriers in frequency selected small ensembles of quantum dots
can be demonstrated. The storage time can be freely varied before the spin polarization
is determined by time delayed electroluminescence, which allows the investigation of
the spin relaxation time T1 .
Even though this method is applied on sub ensembles of quantum dots, the spin relaxation mechanism for both electrons and holes at low temperatures (T<30 K) and high
magnetic fields (B>2 T) could be identified to be driven by spin orbit interaction and
mediated by acoustic phonons.
In section 3.1 of this chapter the concept of charge storage will be introduced by
presenting studies of electron storage in quantum dot ensembles. This will be followed
by a discussion of spin dependent measurements in magnetic fields which lead to the
identification of the electron spin relaxation mechanism in section 3.2. Section 3.3 of
this chapter deals with hole storage and the related spin measurements. In section 3.5
the attempts to observe electron spin manipulation with microwaves using the storage
technique will be presented. The reasons for the failure of these measurements will be
discussed in detail.
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Figure 3.1. a Schematic cross-sectional figure of the electron storage sample. A quantum dot
- layer is embedded in a p-i-Schottky diode structure below an AlGaAs barrier. b Typical low
temperature IV-characteristics of a storage sample. Sufficiently low break through current
(I<10−9 ) is observed for -2<Vbias <1 V.

3.1 Readout Concept and Experimental Methods
For the investigation of spin dynamics charge storage times ∆t on the timescale of
several milliseconds are desirable. Optical charging of quantum dots followed by long
storage can be achieved, if the optically generated electron-hole pair is spatially separated, which leads to suppression of decay via spontaneous emission. The design of the
storage device has been optimized for efficient separation and long storage times.
Following earlier investigations on the electrical detection of charge trapping in self
assembled quantum dots [Yus97; Fin99], a fully optical storage device was developed
[Kro03a; Kro03b; Duc04]. The storage device layout is depicted in figure 3.1a. It consists
of a single layer of self-assembled quantum dots embedded in the intrinsic region of a
p-i GaAs Schottky diode. A tunneling barrier of 50 nm Al0.45 Ga0.55 As was grown on
top of the quantum dot layer to introduce the asymmetric tunneling behavior necessary for charge storage. To create the Schottky diode an ohmic contact is annealed to
the buried p-doped layer and a semi-transparent top contact is processed by standard
optical lithography and e-beam evaporation of 5 nm Titanium. A typical I-V curve of
such a structure measured at low temperatures T=10 K is shown in figure 3.1b. For large
negative voltage Vbias <-2 V an exponentially increasing breakthrough current is observed, where electrons can tunnel from the metal contact to the conduction band of the
doped semiconductor. In forward direction the onset of a hole-current is observed, when
the intrinsic field of the Schottky-diode is compensated at Vbi =1 V. In the bias region
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Figure 3.2. Schematic representation of the band-structure of the sample during the three
phases of the measurement: initialization (a), storage (b) and readout (c). d The temporal
sequence of optical and electrical control pulses and detector gating during the measurement.
between breakthrough (Vbias <-2 V)and forward current (Vbias >1V) an electric field
parallel to the growth direction can be applied across the quantum dot with a magnitude
F = (Vbi − V ) · 91 kV/cm V−1 given by the geometric extension of the intrinsic region
(d=140 nm). Where possible the electric field values will be presented in the following,
but for biases above Vbias >1V, the applied electric field cannot be determined reliably
and the applied bias voltage will be given. To simplify the presentation a positive electric
field is defined such that it points from the top contact to the back contact of the sample.
The operation of the spin storage device can be divided in the three phases depicted
schematically in figure 3.2: a initialization, b storage and c readout. Before considering
the spin degree of freedom, the mechanism of charge storage will be discussed. For
efficient charge generation and storage (figure 3.2b) the tunneling escape of the electrons
and holes after resonant excitation in the s-shell of the quantum dot has to be considered. The bias voltage during charging Vcharge and the associated electric field Fcharge is
chosen such that exciton ionization and tunneling of the optically excited holes from the
quantum dot to the p-doped back contact occurs much faster than the radiative lifetime
of the exciton, which is typically ∼1 ns [Kre05c] for self-assembled quantum dots. In
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addition, tunneling of the optically generated electron to the contact is inhibited by the
AlGaAs barrier. Since charge loss via radiative recombination or tunneling escape is
prevented, the quantum dot has been optically charged with a single electron. Generation of only one electron per dot is ensured because of the renormalization of absorption
energies (see section 2.3.3) after the first charging [War00; Fin01d; Bay01]. In this case,
after absorption of the initial photon and charging of the quantum dot, the absorption
resonance shifts to the X − transition (2e + 1h) which is detuned from the resonance
with the excitation laser by ∼5 meV to lower energy. After optical charge generation
the stability of the electron is ensured by tuning the storage electric field Fstore such that
the tunneling time of the electron through the AlGaAs barrier is much longer than the
desired storage time ∆t. Furthermore, the storage voltage is chosen to be well below
that used in the readout regime, where current is flowing through the device. Due to
technical restrictions a constant Vstore =Vcharge is typically chosen, but in principle Vstore
can be freely varied within these limits during the storage phase.
Biasing the device in forward direction to Vreset , as depicted in figure 3.2c, is used to read
the status of the stored electrons. Holes then drift from the heavily doped back-contact
into the quantum dot layer. There they are captured by the quantum dots, leading to a
neutralization of the stored charge and radiative recombination of the formed electronhole pair. This gives rise to an electroluminescence signal that can be detected and
spectrally analyzed.
Overall, careful control over the applied bias voltage is necessary to conduct a charge
storage measurement. In addition, the exciting laser pulse and the detection of the
delayed electroluminescence signal must be well temporarily separated, such that the
emission can be observed in the absence of the laser reflection that is many orders of
magnitude more intense. This is achieved by the timing sequence sketched in figure 3.2d.
In the initialization phase of the measurement the excitation laser is turned on for
∼500 ns, while the applied electric field is maintained at Fstore , ensuring efficient charge
generation. During the storage phase the laser is turned off, and the stored electrons can
evolve undisturbed for a time ∆t. For readout the applied voltage is switched to Vreset
for 100 ns leading to the time delayed electro-luminescence signal. A single channel
detector is only gated on prior to the voltage pulse to detect the full luminescence signal.
To improve this scheme to be able to investigate the spin properties of the stored
charge only minor changes are necessary. These changes include the application of a
magnetic field, excitation with polarized light and the analysis of the polarization of
the emitted electroluminescence during the readout phase of the measurement. The
helicity of the circular polarization used for the excitation will define the spin orientation
of the generated electron. During readout the polarization of the emitted photon is
again linked to the spin state of the electron. Thus, according to the relation of spin
orientation and photon polarization (section 2.2), the emission will be σ+ polarized for
the recombination of a spin down electron in the upper Zeeman level and σ− polarized
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for a spin up electron in the lower Zeeman level.
If more than one hole is captured by a quantum dot, charged excitons (X + , X 2+ ,
etc.) will be formed. This influences only the emission energy due to the Coulomb
interaction of the charges (see section 2.3.3), but the spin state of the electron is preserved.
Furthermore, the probability to form charged excitons is very low due to the Coulomb
repulsion between the holes. Since the hole current is not spin polarized, the formation
of dark excitons during reset is possible. The influence of dark exciton formation on the
fidelity of a spin measurement is not yet fully clear, but will be discussed in more detail
below in section 3.2.2.

3.1.1 Measurement Setup
Before starting the discussion of the results, this section will give a short introduction to
the experimental techniques used in the storage measurements. A schematic overview
of the experimental setup is shown in figure 3.3. The high magnetic fields needed for the
experiments is provided by a superconducting magnet with a maximum field of B=12 T
in Faraday geometry. With the use of such a device several challenges arise for optical
spectroscopy measurements. The small dimensions between the superconducting coils
restrict the size of the sample holder and focusing optics. This led to the development of
a very compact cryogenic microscope, which despite its size allows the positioning of
the sample into the focus with sub-micron accuracy.
A sample stick with free space optical access to the microscope through a window
at the top and the required electrical connection to the sample, motors and sensors is
inserted in the magnet, as shown schematically in figure 3.3. At the free end of the
sample stick a compact optical setup provides the possibility to control the circular
polarization of the excitation laser and analyze the polarization of the luminescence. In
addition, a set of mirrors and piezo actuators allow the precise alignment of excitation
and detection path, which are both connected to further instruments on an optical
table via multimode fibers. The excitation source used was a fast gate-able laser diode
(home-made) with an output suppression of 5 orders of magnitude after 200 ns. A 0.55
m single grating monochromator (Jobin Yvon Triax550) in combination with a gate-able
silicon avalanche photodiode (Perkin Elmer SPCM-AQR-16) enables the analysis of the
spectral distribution of the emission.
Applying bias voltages to the sample and synchronization of optical and electrical pulses
with the detection is performed by a set of function generators. The overall timing signal
is defined by a HP8116A function generator. The signal consists of 500 ns wide TTL
pulses and sets the repetition frequency (fR ) of the experiment. Typical values for fR
used in the experiments are 1 kHz - 1 MHz and are given by the maximum storage
time desired fR ∼ 1/∆t. On the one hand, the electrical pulse serves as gate signal for
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Figure 3.3. Schematic overview over the spin storage setup. A cryo microscope is placed in
a superconducting magnet. Polarization optics mounted on the magnet sample stick allow
the control and detection of circular polarization. The luminescence is analyzed by a single
monochromator with an avalanche photodiode. As excitation light source a gate-able laser
diode is used. Synchronization of the control pulses and gating of the sample is provided by
set of pulse generators.
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the laser diode ensuring illumination for 500 ns; on the other hand this signal triggers
a pattern generator Agilent 81104A. After a storage time ∆t , which is defined with
respect to the falling edge of the trigger pulse, the pattern generator switches to the
reset voltage Vreset and simultaneously activates the detection. The maximum storage
time possible is therefore approximately given by the inverse of the repetition frequency
∆t∼1/fR , which is only limited by the signal loss. Storage times of up to 20 ms have
been successfully measured in experiments.

3.2 Properties of Electron Charge Storage
Fundamental for the investigation of the spin degree of freedom is a reliable initialization
and storage of charges in the quantum dots. In this section the basic properties of charge
generation and readout will be discussed.

3.2.1 Charge Storage
In figure 3.4, typical charge storage spectra recorded at T=10 K are presented. These
spectra illustrate the feasibility of the storage technique discussed above. The solid line
represents the emission of the quantum dot ensemble after non-resonant excitation for
reference. The symbols show the delayed electro-luminescence after ∆t=300 ns, where
the excitation energy is varied from the low energy side of the ensemble at Eex =1.247 eV
(triangles) to the center of the ensemble emission (Eex =1.273 eV,circles; Eex =1.308 eV,
squares). In each of the storage spectra presented in figure 3.4, a sharp resonant peak
is observed close to the excitation energy, which is indicated by the vertical lines in
figure 3.4. In addition, a sideband emission, detected at energies well below the excitation energy, forms dependent on the exciting laser energy. As the laser energy is varied
from the low to the high energy side of the ensemble, the intensity of the sideband
steadily increases [Kro03a]. This behavior and the origin of the sideband emission will
be discussed in the following.
The spectral distribution of the electroluminescence indicates the s-shell emission
energies of the quantum dot sub-ensemble, where electrons are stored. The form of the
spectra is strongly dependent on the absorption process that leads to charging. The
most important processes are schematically shown in figure 3.5. Only if during the
initialization phase absorption takes place in the s-shell of a quantum dot, as displayed
for in figure 3.5a, a single sharp peak called resonant peak is detected in the time delayed
electroluminescence. The luminescence peak is detected at energies up to 8 meV below
Eex . This energy shift originates from a Stark shift (see section 2.3.3) of the quantum dot
emission in comparison with the absorption energy due to the difference in electric fields
applied across the quantum dot during charge generation and readout. Furthermore,
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Figure 3.4. Charge storage spectra (symbols) after excitation with three different energies,
shown as vertical lines. The non-resonantly excited photoluminescence intensity is shown
as grey line. Only when the excitation is tuned to the high energy side of the ensemble a
pronounced sideband emission is observable.
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Figure 3.5. Schematic representation of the absorption processes in quantum dots: resonant
absorption in the s-shell (a), no absorption (b), resonant absorption in the p-shell (c), phonon
assisted absorption (d).
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the Stark shift depends on the detailed confinement potential of the quantum dot.
No charging will take place, when the absorption levels are detuned from the excitation laser energy (compare figure 3.5b). For this reason the sub ensemble of quantum
dots where storage takes place is selected by matching the excitation laser energy with
the s-shell transitions.
If the excitation laser is tuned to higher energies, photons can additionally be absorbed
in excited states of the quantum dots. Figure 3.5c depicts this process for absorption in
the p-shell, but absorption in even higher shells is possible. After ionization, the electron
relaxes to the s-shell over picosecond timescales [Hei97]. During the readout phase of
the experiment, recombination will lead to the emission of a photon at energies below
the excitation source. The energy difference reflects to the s-p interband level spacing in
the quantum dot sub ensemble probed by the measurement.
Another absorption mechanism is mediated by the emission of an LO-phonon simultaneously with the photon absorption. This three particle process is schematically depicted
in figure 3.5d. The emission energy after storage is then shifted to lower energies by the
optical phonon energy, which is E phonon =32-36 meV in InGaAs [Gru95; Lem01].

3.2.2 Storage Parameters
To arrive at the optimal storage conditions of the measurements presented in figure 3.4 a
series of measurements for the optimization of the storage parameters were performed.
Electric Fields

As already mentioned in the beginning of this chapter, the electric field applied during
the initialization phase must be chosen carefully. Figure 3.6 shows the influence of the
electric field Fstore used during initialization and storage on the charge storage after
excitation with Eex =1.247 eV. This excitation energy leads to luminescence in the readout
phase of only a resonant peak since the excited states are not optically addressed. The
false color plot shows the spectral position and the intensity of the emission of a resonant
peak as Fstore is varies from 145 kV/cm to 390 kV/cm. The energetic peak position,
deduced by fitting with Gaussian functions, has been marked in the false color plot
with the grey squares for clarity. A slight Stark shift is observable, the peak shifting
by 1.5 meV to higher energies for higher storage fields over the range of electric fields
studied. In addition, the fitted peak area as a function of Fstore can be seen in figure 3.6b.
Maximum emission intensity is observed around Fstore ∼270 kV/cm, whereas the emission intensity vanishes for Fstore <160 kV/cm and Fstore >360 kV/cm.
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Figure 3.6. a Storage luminescence as a function of the storage field Fstore shown as a false
color plot. The squares indicate the peak position of the resonant peak. A weak Stark shift is
observed.b Peak area of the resonant peak as a function of storage field. Storage is limited by
radiative recombination on the low field side and by electron tunneling on the high field side.

Since the intensity of the time delayed electroluminescence is a measure for the successful storage of electrons in the quantum dots, the ideal value of Fstore ∼270 kV/cm
for charge storage can be extracted from the maximum luminescence. For lower electric
fields, the hole tunneling times after excitation lengthen, which leads to an increase
of the relative importance of radiative recombination. Therefore, the charging efficiency decreases and consequently less luminescence is observed until it vanishes below
Fstore <160 kV/cm, where the no exciton ionization takes place. For high electric fields
Fstore 270 kV/cm, charging with electrons during the initialization phase is secured,
but the electric field induces electron tunneling escape much faster than ∆t in the storage
phase of the experiment.
After storage, the charge distribution is read by applying a positive voltage pulse Vreset ,
leading to a current of holes through the sample. The holes get captured by the quantum
dot and recombine with the stored electron leading to the time delayed electroluminescence signal. An increase in luminescence intensity is observed for increasing reset
voltage Vreset . If the current is sufficient to ensure neutralization of all stored electrons
the emission intensity saturates. High reset voltages can result in electroluminescence
that does not arise from stored charges, since electrons penetrate from the Schottky
contact into the active region of the diode.
Even though a rather broad range of bias settings results in successful storage experi-
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Figure 3.7. Time-resolved measurement of the storage luminescence. The full lines show
calculations of the pulse shape, when the formation and radiative recombination of dark
excitons with a lifetime τd =10,20,30,50 ns is taken into account.
ments, the parameters are checked for each sample and excitation energy individually
to adapt the parameters to changes in I-V characteristics or tunneling-behavior.

Time Resolved Recombination

To characterize the recombination process during readout, time-resolved measurements
of the storage signal presented in figure 3.7 have been performed. A time-harp-card,
triggered by the rising edge of the reset pulse, in combination with the single photon
counter has been used to record this measurement. The luminescence pulse sets on about
60 ns after the application of the reset pulse. This delay mainly arises from the triggering
and the response time of the devices used and does not give information about the hole
capture process. The appearance of a distinct luminescence peak much shorter than the
applied voltage pulse (∼500 ns), shows that the observed charge storage signal is due to
recombination with a limited number of stored electrons, and not for example, electroluminescence due to internal photoemission at the metal-semiconductor interface.
Furthermore, the formation of long lived dark excitonic states (see section 2.2) would
lead to the detection of an asymmetric light pulse. The full lines in figure 3.7 show
calculated pulse shapes, when radiative recombination of dark excitons with a radiative
lifetime τd =10,20,30,50 ns is included. Here, the statistics of the capture process, broadened by the RC-time constant of the sample structure was assumed to be Gaussian,
where the width has been adapted to fit the data. The Gaussian capture statistics was
convoluted with an exponential decay, where the timescale depends on the created
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Figure 3.8. Peak intensity measured as a function of the storage time ∆t. At low temperatures (T=10 K) no charge loss can be detected up to ∆t=1 ms storage time. Only for high
temperatures (T>90 K) charge is lost on a microsecond timescale.
excitonic state. It was assumed that dark excitons are formed with a probability of 0.5
and no reduction of the dark excitonic luminescence by non radiative processes was
included. By comparison of the calculated pulse shapes with the data only long lifetimes
τd >30 ns can be excluded. Time-resolved measurements have shown that the radiative
recombination of dark excitons takes place on faster timescales (τd <20 ns [Dal05]).
This effect could reduce the fidelity of spin related experiments, by emitting a photon
with the opposite polarization after dark to bright exciton relaxation. Unfortunately,
because of technical difficulties no time-resolved measurements could be performed
with applied magnetic field to confirm this assumption.
The experiments shown in figure 3.4 were recorded for short storage time of ∆t=300 ns.
An important issue, especially for the use in spin storage, is the temporal stability of
the resonantly generated charges over much longer timescales in the millisecond range.
Tunneling escape or thermal inter-dot redistribution of the stored charge carriers during
the storage time can distort the results obtained for the spin dynamics and complicate
their interpretation.
In order to avoid such processes, time dependent measurements of the charge distribution were made at different temperatures. Examples of these measurements are
presented in figure 3.8. This figure shows the intensity of the resonant peak as a function
of the storage time at lattice temperatures of T=10 K, 90 K and 100 K. For measurements
at T=10 K no loss of the intensity of peak R was detected up to 1 ms storage time indicating that charges remain in the quantum dots where they were generated over much
longer timescales. A decay in storage signal was only observed, when the temperature is
raised above T=90 K [Duc04]. This provides a wide window of experimental parameters,
such as storage time and lattice temperature, where spin storage measurements can be
performed.
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Power Dependence

The last parameter to be investigated is the excitation power during charge creation.
Measurements of the storage luminescence as a function of power density P ranging
from 80 to 80000 W/cm2 are shown in figure 3.9. The measurements were performed
with an excitation laser energy of Eex =1.308 eV, leading to storage luminescence of a
resonant and a sideband peak, labeled R and S respectively. The peaks were fitted
with Gaussians and the resulting peak area is plotted as a function of power density in
figure 3.9b. A linear function is plotted as guide to the eye as the solid line in figure 3.9b.
As expected, the peak area increases linearly with increasing excitation power density in
the low power regime. At high power densities above P=10000 W/cm2 for the resonant
peak and P=1500 W/cm2 for the sideband emission the increase becomes sub-linear
with an exponent m=0.7. In earlier work even smaller exponents of m=0.5 have been
observed [Kro05], but no saturation of the luminescence was observed over a large range
of power densities investigated. The reason for the sub-linear behavior is yet unclear,
but indications for photo-activated tunneling escape have been found in photocurrent
measurements on the same samples [Sch06]. Nevertheless, such effects are negligible
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for the spin-dependent measurements, since they were performed in the linear power
density regime.

3.2.3 Summary
In this section the possibilities of the charge storage concept have been presented. It is a
powerful tool to reliably create, store and read electrons in self-assembled quantum dots
using optical methods. The sub-ensemble of quantum dots, where storage takes place
was selected within the quantum dot ensemble by the energy of the excitation laser Eex .
The storage electric field Fstore has been varied over a wide range, while still allowing
reliable charge creation and storage over milliseconds at low temperatures of T=10 K.
These properties are an ideal basis for the spin storage experiments presented in the
next section.

3.3 Electron Spin Storage
In the previous section the charge storage technique was introduced. It allows reliable
charging, long storage times and readout of electrons in sub-ensembles of self-assembled
quantum dots. This forms a good basis for the investigation of spin properties of electrons such as the spin relaxation time T1 , which will be the focus in the following. This
section will start with discussing the creation and storage of spin polarized electrons.
Furthermore, the first measurements of the spin relaxation time T1 in self-assembled
quantum dots will be presented. To identify the dominant relaxation mechanism, the
influence of the magnetic field, lattice temperature and excitation energy has been investigated. It can be concluded that spin relaxation is governed by spin-orbit coupling and
mediated by single phonon scattering.

3.3.1 Spin Storage
The pulse sequence for spin storage experiments was introduced in the last section 3.1
and presented in figure 3.2. To enhance the charge storage concept discussed up to
now for spin storage, a magnetic field is applied parallel to the growth direction of the
sample (Faraday geometry) and control and analysis of the circular polarization in the
excitation and detection must be included.
In figure 3.10 spin storage spectra are presented, recorded at high magnetic fields
B=8 T and T=1 K. The measurements in figure 3.10 show the energetic distribution of
the storage luminescence after a storage time ∆t=2 µs. The three panels of figure 3.10
show measurements after σ+ (figure 3.10a), σ− (figure 3.10b) and unpolarized excitation
(figure 3.10c). Furthermore, the circular polarization of the detected luminescence was
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Figure 3.10. Electron storage spectra with variation in excitation (a: σ+ , b: σ− ,c: unpolarized) and detection polarization (σ− squares, σ+ circles). A clear polarization memory effect
is observed.

analyzed, where σ− polarized luminescence is shown with closed square symbols and
σ+ polarization is presented as open circles. All three emission spectra show a resonant
peak and a sideband emission, arising from absorption in excited states of the quantum
dots. As described in section 3.2, this is typical for excitation close to the center of the
quantum dot ensemble.
After σ+ polarized excitation (figure 3.10a) a clear dominance of the σ+ polarized emission is observed. In contrast, for σ− polarized excitation, shown in figure 3.10b the
σ− polarized emission is much stronger than σ+ polarized luminescence. The dominance
of co-polarized emission during readout is a clear indication for a polarization memory
over the storage time of ∆t = 2 µs, which is governed by the spin orientation of the
created electron charges in the quantum dots. Since these experiments are performed on
quantum dot ensembles, the Zeeman split spin levels of each quantum dot cannot be
energetically addressed. Instead, as described in section 2.2, the polarization of the excitation light can be used to select the spin orientation of the created exciton, and, therefore
the stored electron. A prerequisite for this is the application of magnetic fields to ensure
pure spin states by suppressing the anisotropic electron-hole exchange interaction (see
section 2.2). In the case of σ+ polarized excitation an electron in the upper Zeeman level
with spin down will be created. If this electron maintains its spin orientation over the
storage time of ∆t=2 µs, the emission during the readout phase of the experiment will
be mainly σ+ polarized. The observation of a polarization memory effect clearly shows
that: (i) selective creation of spin down electrons in the quantum dot is possible and,
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(ii) spin relaxation takes place over timescales much longer than the storage time ∆t=2 µs.
The time dynamics of the spin relaxation will be discussed later in this section. For
now the focus will be on the efficient creation of spin polarized carriers in the quantum
dots. To quantify the efficiency of the spin initialization we use the degree of circular
polarization ρ, where Iσ+ , Iσ− are the intensities of σ+ and σ− polarized detection.
ρ=

Iσ+ − Iσ−
Iσ+ + Iσ−

(3.1)

In the measurement presented in figure 3.10 the degree of polarization of the resonant
peak is ρ = 0.57, showing reliable spin initialization after s-shell absorption for both helicities of the circular polarization. The interpretation for the data following σ− polarized
excitation is analogous; here, spin down electrons will be created in the lower Zeeman
level of the quantum dot s-shell. The luminescence intensities for co- and counterpolarized emission are identical with the case of σ+ polarized excitation, showing that
the efficiency for creating the two spin orientations is equally high at |ρ| = 0.57. Finally,
the storage luminescence after unpolarized excitation was measured and is presented
in figure 3.10c. In both cases of σ+ and σ− polarized detection we observe the same
luminescence intensity, approximately midway between the intensities observed for
polarized excitation (gray lines in figure 3.10c). Unpolarized light will create both spin
orientations with equal probability, leading to an equal population of the upper and
lower Zeeman levels through the quantum dot sub-ensemble. Since no relaxation occurs
over the storage time ∆t = 2 µs, an equal intensity of σ+ and σ− polarized emission is
observed during readout.

3.3.2 Degree of Initial Polarization
In the following the spin initialization characterized by the degree of polarization will
be analyzed in more detail. Before continuing with the investigation of magnetic field
and power dependence, spin initialization after non-resonant excitation will be shortly
discussed.
In the storage spectra presented in figure 3.10 a pronounced sideband emission
arising from absorption in the p-shell and phonon assisted absorption (see section 3.2)
is observed. The degree of polarization as a function of energy is plotted in figure 3.11
using equation (3.1). Since for small luminescence intensities the degree of polarization
is very sensitive to fluctuations the curve is smoothed with adjacent averaging (solid
curve). Also shown is a storage spectrum for reference (dashed curve).
In the region of the resonant peak, around E=1.295 eV, the highest degree of polarization with ρ=0.57 is observed. For lower energies, where the sideband emission is
observed, the degree of polarization decreases until no polarization can be observed
below 1.24 eV. As discussed earlier in section 3.2, the sideband emission arises from
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Figure 3.11. Degree of polarization as a function of detection energy (left axis). The dashed
line shows a spectrum for reference (right axis). The excitation energy (Eexc =1.308 eV) is
marked with a small arrow on the x-axis.

absorption in an excited state of a quantum dot, followed by fast energy relaxation to
the s-shell, which is a spin conserving process [Pai01]. Nevertheless, this absorption
process could lead to a charging of the quantum dot with two electrons reducing the
observed spin memory. In contrast to s-shell absorption, the sequential charging of the
same quantum dot with two electrons with the same spin cannot be excluded when
exciting in orbital excited states, since an energy relaxation takes place after the first
charging event. The second electron is then added to a different orbital quantization
state, where the Pauli blockade is not present. In addition, the energy renormalization
of the p-shell absorption lines after charging of the quantum dot with the first electron
is on the order of 1 meV and, therefore, smaller than in the case of s-shell absorption
(see section 4.3 and 4.4). The diode lasers used for excitation exhibit a large spectral
width that could address such an energy window. After charging, the two electrons in
the quantum dot relax into a singlet state with no excess spin orientation. During the
readout this will result in the detection of a reduced degree of polarization, since two
circular polarized photons with opposite helicity are emitted.
A low initial degree of polarization does, in principle, not inhibit measurements of
spin dynamics, but will decrease the accuracy of the measurement, since the temporal evolution is not as pronounced. Therefore, all the measurements presented in the
following were performed detecting the time delayed luminescence of the resonant
peak, originating from resonant excitation in the s-shell, where the initial degree of
polarization is largest.
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Figure 3.12. Storage Intensity as a function of the analyzer rotation angle for σ+ (squares)
and σ− (circles) polarized excitation. The elliptically polarized luminescence can be decomposed into a σ+ (solid line) and a σ− (dashed line) polarized part.

Since the degree of polarization is constant across the resonant peak, the spectral
information is not important and a more reliable method can be used to determine
the degree of polarization. Instead of measuring just the two intensities Iσ+ and Iσ− ,
the peak intensity can be recorded for a full rotation of the detection polarizer. Such a
measurement of the luminescence intensity I as a function of the rotation angle of the
polarizer at a magnetic field of B=8 T is shown in figure 3.12 as the open symbols and
the data is fitted (solid line) with the relation:
I = Iσ+ sin2 (θ + φ) + Iσ− cos2 (θ + φ)

(3.2)

Here, Iσ+ and Iσ− denote the amplitude of the σ+ and σ− polarized component, respectively. The rotation angle of the polarizer is θ and φ describes the relative alignment
of the polarizer at θ=0 and the quarter wave retarder. To illustrate the composition
of the elliptically polarized light, the two terms for Iσ+ and Iσ− in equation (3.2) have
been plotted individually as a solid and dashed line, respectively. By using this method,
the determination of the degree of polarization is much more reliable and systematic
errors, due to effects such as a modulation of the intensity caused by the rotating optical
components can be characterized and corrected.
When the spin storage concept was introduced in section 3.1 it has been already indicated, that reliable spin experiments can only be performed at high magnetic fields, where
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the anisotropic electron hole exchange interaction is compensated (compare section
2.2.3). In the absence of a magnetic field the states the optical active eigen-states of
the quantum dot | + 1i and | − 1i are mixed by the anisotropic electron-hole exchange
interaction [Bay02], characterized by the exchange splitting δ1 , which is typically in the
order of δ1 =50 µeV. With the application of a magnetic field along the growth axis of the
quantum dot, such that the Zeeman splitting is much larger than δ1 , the pure states | + 1i
and | − 1i can be restored and can be directly addressed and detected with the circular
polarization of the light. The spin orientation of the optically created electron is given by
the eigen-state that has been excited. Therefore, excitation of | + 1i (| − 1i) with σ+ (σ− )
polarized light will lead to a stored electron of spin down (up) in the upper (lower)
Zeeman level. The mixing of the eigen-states, on the other hand, will also result in a
weakening of the polarization selection rules. During initialization, the lifetime of the
exciton is limited to several picoseconds, because of hole tunneling, and the anisotropic
exchange interaction should be weak. On the other hand, when reading the spin state
the lifetime of the exciton is given by the radiative decay (τ ∼ 1 ns) and the mixing can
lead to a loss of the spin information. To observe this effect, polarization curves were
measured after a short storage time ∆t=0.3 µs for magnetic fields ranging from B=0 T to
B=12 T. The calculated degree of polarization after σ+ (squares) and σ− (circles) polarized
excitation is plotted in figure 3.13a. At B=0 T the spin states are fully mixed, resulting in
a degree of polarization ρ=0. As the magnetic field is increased, the pure eigen-states
are restored, since the mixing of the spin states is suppressed by the magnetic field.
Therefore, |ρ| increases and we detect a positive (negative) sign for σ− (σ+ ) polarized
excitation creating spin up (down) electrons. Above B=6 T the degree of polarization
saturates at ρsat =0.5, indicating that the Zeeman splitting exceeds the anisotropy splitting
δ1 , as discussed above.
The value of ρsat =0.5 is lower than expected. In saturation, the degree of polarization should be limited only by the quality of circular polarized light achievable in the
experiment, which is well above ρ=0.90. Measurements performed with a variety of
samples showed saturation values between ρsat =0.5-0.85 [Kro04; Hei05], depending on
the experimental parameters and the sample used. The reason for this low degree of
polarization observed is not well understood, but most likely arises during the readout
phase of the measurement. The time-resolved measurements presented in section 3.2.2
indicated that the formation of dark excitons during readout cannot be excluded. In
reference [Bay02] photoluminescence from dark excitonic states is observed under the
application of a magnetic field of B>4 T. This is possible due to a mixing of the dark and
bright states, which can arise when the quantum dot growth axis is not perfectly aligned
to the magnetic field direction in the experimental setup. If a dark excitonic state decays
radiatively due to the admixture of bright character, the polarization of the resulting
photon is not necessarily related to the electron spin orientation in the way described
above. The admixture of an unpolarized luminescence can lead to a reduction of the
degree of polarization for high magnetic fields and explain the observed reduction of
ρsat .
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Figure 3.13. a Degree of polarization as a function of applied magnetic field for σ+ (squares)
and σ− (circles) polarized excitation. The degree of polarization saturates for B>6 T at
ρ=0.5.b Power dependence of the degree of polarization. No change is observed over a power
range of more than 2 orders of magnitude.

3.3.3 Spin Dynamics
Since it is possible to create an initial spin polarization far away from thermal equilibrium with initial degrees of polarization of ρ >0.5 the spin relaxation of electron spins
in the quantum dots can be investigated. In the spin storage scheme the storage time ∆t
is continuously variable, allowing to test the spin population for a series of storage times
after the creation of a non equilibrium spin distribution. The maximum ∆t is limited
on the one hand by the charge lifetime in the quantum dot, which has measured to be
well above 1 ms at low temperatures (see section 3.2). On the other hand, an increasing
storage time-requires a reduction of the repetition frequency of the experiment. To
compensate the loss of signal, the integration time has to be increased, which is only
practicable to a certain point depending strongly on the experimental conditions, like
excitation polarization and temperature. Nevertheless, reliable time-resolved measurements have been performed with storage time up to ∆t=20 ms.
Figure 3.14 shows a time-resolved measurement at a magnetic field of B=8 T and
low temperatures of T=1 K. The detected luminescence intensity for σ+ (circles) and
σ− (squares) polarization is plotted on a log-scale as a function of the storage time varied
from ∆t=2 µs to 1 ms. For the measurement shown in the upper panel σ− polarized
excitation has been used, in the lower panel σ+ polarization.
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Figure 3.14. Time delayed electro luminescence as a function of storage time ∆t after σ− (a)
and σ+ (b) polarized excitation. Solid lines represent a mono-exponential fit to the σ+ (circles)
and σ− (squares) polarized luminescence. A clear decay is observed only after σ+ polarized
excitation. c Schematic representation of the Zeeman levels and electron relaxation.

For short storage times an initial degree of polarization of |ρ|=0.6 is observed regardless of the helicity of circular polarization used for excitation. As the storage time ∆t
is increased the measurement after σ− polarized excitation shows no time dynamics,
while a clear decay of the co-polarized emission and an accompanying increase of the
counter-polarized emission is observed after σ+ polarized excitation. While it is clear
that the change in polarized emission intensity originates from a temporal evolution of
the spin population, a detailed understanding of these results require to consider the
thermal spin distribution under the experimental conditions (B=8 T, T=1 K). Since each
quantum dot hosts only one electron, and the quantum dots do not interact with each
other, the electron spin population can be treated as classical particles and Boltzmann
statistics is applicable. The equilibrium distribution of electrons with spin up (N↑,equ )
and spin down (N↓,equ ) in the quantum dot sub-ensemble with a total number of spins
Ntot = N↑,equ + N↓,equ is then given by the following relation, where Eth = k b T is the
thermal energy depending on the temperature T and Ez = ge µ B B is the Zeeman splitting
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as a function of the magnetic field B and the electronic g-factor ge .
N↑,equ
gµ B
= exp( B )
N↓,equ
kb T
Ntot
N↓,equ =
1 + exp (+ EEz )

(3.3)
(3.4)

th

N↑,equ =

Ntot
1 + exp (− EEz )

(3.5)

th

(3.6)
Figure 3.15a gives an idea about the equilibrium spin distribution according to equation (3.6) at temperatures T=1 K and T=10 K. The electronic g-factor is assumed as
ge =0.8 according to [Bay99]. For T=1 K mainly the energetically favorable lower Zeeman
level is populated at magnetic fields above B=6 T. When the temperature is increased to
T=10 K the polarization of the spin ensemble in thermal equilibrium is smaller. Thus, it
is possible to explain the dynamical behavior observed in the measurements presented
in figure 3.14. With σ− polarized excitation the quantum dot ensemble will be initialized
mainly with energetically favorable spin up electrons. The spin distribution is, in this
case, close to thermal equilibrium and, therefore, no relaxation takes place which leads
to a constant luminescence intensity as a function of time. In the other case, when the
excitation is performed with σ+ polarized light, mostly the upper Zeeman level will
be populated. Since this state is energetically unfavorable and not in equilibrium the
electron spins will relax to the lower Zeeman level until thermal equilibrium is reached
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for long storage times.

More generally such a relaxation process can be described with a rate equation which
will be discussed in the following. In figure 3.15b the model is presented schematically.
The Zeeman levels are populated by a number of spins N↑ and N↓ for the lower and
higher Zeeman level respectively. The levels are connected by transition rates Γ↓ and Γ↑ ,
indicating a spin flip from spin up to down and vice versa. The population change
of each level is then described by the following time dependent rate equations:
dN↓ (t)
= −Γ↓ · N↓ (t) + Γ↑ · N↑ (t)
dt
dN↑ (t)
= +Γ↓ · N↓ (t) − Γ↑ · N↑ (t).
dt

dN (t)
dt

(3.7)
(3.8)

These equations form a set of differential equations, where the solution is given by:
 t 
N↓ (t) = ( N↓ (0) − N↓,equ ) exp −
+ N↓,equ
T1
Γ↓
· Ntot
N↓,equ =
Γ↓ + Γ↑
 t 
N↑ (t) = ( N↑ (0) − N↑,equ ) exp −
+ N↑,equ
T1
Γ↑
N↑,equ =
· Ntot
Γ↓ + Γ↑
1
.
T1 =
Γ↓ + Γ↑

(3.9)
(3.10)
(3.11)
(3.12)
(3.13)

Spin relaxation is, therefore, described by a mono-exponential decay with a time constant
T1 , which is characteristic for both N↓ (t) and N↑ (t). A difference in scattering rates Γ1
and Γ2 is visible only in the equilibrium spin distribution N↑,equ and N↓,equ . Following
these equations, the spin lifetime T1 could be extracted from any of the four curves
presented in figure 3.14 by using the following fitting function.
 t 
±
±
σ±
σ±
I σ (t) = ( I0σ − Iequ
) exp −
+ Iequ
T1

(3.14)

Nevertheless, for reliable fitting of T1 a high contrast of the measurement C↑,↓ =
±
σ ± ) = N (0) − N
( I0σ − Iequ
↑,↓
↑,↓,equ is helpful, therefore, mostly the curve for co-polarized
+
detection after σ polarized excitation is used. In the case presented in figure 3.14 the
spin lifetime has been determined to be T1 =1±0.2 ms.
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3.3.4 Spin Relaxation Mechanism
After the first successful spin relaxation measurements the question of the mechanism
mediating this thermalization arises. The spin is a quantum mechanical property which
manifests itself as a magnetic dipole moment that interacts with external magnetic fields.
Spin manipulation can, therefore, be performed by the application of external static magnetic fields [Gre06]. A more precise level of control can be achieved with time-varying
magnetic fields of microwave pulses in electron spin resonance experiments [Kro08].
Here, spin rotation and phase shifts can be precisely controlled with the microwave
pulse area and phase.
In semiconductor materials intrinsic effects can cause time-varying magnetic fields
and cause a perturbation of the spin orientation or phase, leading to spin relaxation and
decoherence. In materials that have elements with a non-zero nuclear magnetic moment,
like compound semiconductors including Gallium (I= 32 ) Arsenic (I= 32 ) and Indium (I= 92 ),
the average magnetic field created by the nuclear environment will fluctuate. While
this hyperfine coupling is usually too small to cause a spin-flip when small external
magnetic fields are applied [Mer02] it is the main source of dephasing in quantum dots
[Pet05; Han07]. Even in a non-magnetic environment, the spin of an electron experiences
an internal magnetic field when moving in an electric field ~E. The strength of this field is
proportional to ~E × ~p where ~p is the momentum of the charge. Since this effect couples
the angular momentum of a charge “orbiting” around a positively charged nucleus
to its spin, it is also called spin-orbit interaction. In bulk semiconductors, the three
dominant relaxation mechanisms are based on spin-orbit interaction: (i) The Elliot-Yafet
mechanism caused by the spin-orbit interaction induced by ions, which causes a small
admixture of the opposite spin to the electron wave-function [Ell54; Yaf63]. During
scattering with the ions in the lattice spin-relaxation can take place. (ii) The Bir-AranovPikus mechanism is found in heavily p-doped semiconductors at low temperatures
[Bir75]. Here, the electron-hole exchange interaction leads to spin flips during scattering
processes. (iii) The most important relaxation mechanism for temperatures T>1-5 K
is the D’yakonov-Perel mechanism [Dya71; Zut04]. It is found in materials, where the
lattice does not exhibit inversion symmetry, like GaAs and most other III-V materials.
In materials that lack inversion symmetry the charged atoms in the lattice create local
electric fields. For moving charges these electric fields contribute to the spin-orbit interaction - the Dresselhaus spin-orbit interaction [Dre55; Dya86]. Due to the internal
magnetic field created by the spin-orbit interaction the electron spin precesses in between scattering with phonons or impurities. Since the orientation of the spin precession
depends on the momentum of the charge, a randomization of the spin orientation is the
result. In bulk n-GaAs spin relaxation times up to 130 ns have been measured at T=5 K
[Dzh97; Kik98; Aws01]. The relaxation time is found to be strongly dependent on the
doping concentration.
In lower dimensional heterostructures, like quantum wells or quantum dots, there
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are two distinct effects leading to spin-orbit interaction. As described above, there is
the bulk inversion asymmetry, also called Dresselhaus contribution to the spin-orbit interaction [Dre55]. In addition, the asymmetric confinement potential of low dimensional
structures leads to effective electric fields, caused by a admixture of other bands, mainly
the valence band [Pfe99]. This is the structural inversion asymmetry leading to the Rashba
contribution to the spin-orbit interaction [Ras60; Byc84]. In the case of 2-dimensional
confinement as the Dresselhaus and Rashba contributions,H D and H R , respectively, can
be written :

H D = β[− p x σx + py σy ]
H R = α[− py σx + p x σy ],

(3.15)
(3.16)

where β is a material specific constant and α depends on the well and barrier materials
and the confinement potential and σx , σy are the Pauli-spin matrices. In the case of
the Rashba contribution, the internal magnetic field always points orthogonal to the
momentum. For the Dresselhaus contribution, the magnetic field is aligned parallel to
the momentum for motion along (010) and anti-parallel for the direction (100).
In quantum dots, the pure s-shell spin states cannot be coupled by the spin orbit
interaction, since the average momentum h p x i and h py i are zero [Han07] due to the full
localization in the dot. However, the spin-orbit interaction leads to an admixture of
different orbital states with opposite spin orientation to the pure s-shell spin states. For
low magnetic fields, such that the Zeeman splitting ∆EZ = ge µ B B is smaller than the
orbital level splitting in the quantum dot, the Dresselhaus contribution dominates the
spin-orbit coupling over the Rashba term [Bul05a]. Due to this admixture transitions
between the two modified spin states | ↑∗ i and | ↓∗ i can be induced by electric field fluctuations in the quantum dot. Such fluctuations can be created by external perturbations,
such as background charge fluctuations and electrical noise from the Schottky-contact.
More important than these perturbations are the electric field fluctuations caused by
deformation potential and piezo electric phonons in the solid-state environment. In
the first case a deformation of the crystal lattice gives rise to alterations of the band
structure and, therefore, fluctuating electric fields. Piezo-electric phonons are found in
polar semiconductors such as GaAs, where the induced strain creates electric fields due
to piezoelectric effects. The spin flip transitions between | ↑∗ i and | ↓∗ i are then given
by Fermi’s golden rule [Han07]:
Γ ∝ |h↑∗ |HSO,ph | ↓∗ i|2 D ( EZ ),

(3.17)

where D(EZ ) is the density of states of phonons at the Zeeman energy EZ . HSO,ph is the
phonon induced spin-orbit Hamiltonian that includes the electric field strength created
by the phonons and the effectiveness of phonons at coupling different dot orbitals.
The phonons are treated as bulk phonons, which works reasonably well in describing
the experimental findings, even though it is a simplification. The Zeeman splitting is
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typically much smaller than the energy of optical phonons E p h=30-36 meV in GaAs
[Lem01], therefore, only acoustic phonons are considered. Acoustic phonons have a
linear dispersion relation q∝E resulting in a quadratic density of states as a function
of energy [Ash76]. Consequently, the density of states at the Zeeman energy scales as
D(EZ )∝ ( gµ B B)2 .
5

The magnetic field dependence of the spin-orbit Hamiltonian is HSO,ph ∝ ( gµ B B) 2
3

for deformation-potential phonons and HSO,ph ∝ ( gµ B B) 2 for piezo-electric phonons.
The difference between these to mechanisms arises from the difference in electric field
strength created by the phonons.
The electric field amplitude of deformation-potential
p
√
phonons scales with q ∝ gµ B B, whilst for piezo-electric phonons a scaling factor
√1 ∝ √ 1
is found. This is multiplied with the efficiency of the phonon coupling of
q
gµ B B

orbital states, which scales with gµ B B. Finally, a factor gµ B B is added to the Hamiltonian
HSO,ph , since otherwise the transition matrix-elements cancel out [Kha01], which is
known as van-Vleck cancellation.
Inserted in equation (3.17) a total magnetic field dependence of Γ ∝ ( gµ B B)5 (Γ ∝
( gµ B B)7 ) is predicted for spin relaxation mediated by piezo-electric (deformationpotential) phonons [Bul05b] in the low magnetic field regime. A full theoretical treatment
also yields the dependence on the quantum dot level splitting for piezo-electric phonon
coupling h̄ω0 [Kha01]:
1
( gµ B B)5
Γ=
=A
(3.18)
T1
h̄(h̄ω0 )4
Here, A is a dimensionless constant that characterizes the strength of the spin-piezophonon coupling in the hetero-structure.
Magnetic Field Dependence

As described above, identification of the spin relaxation mechanism can be supported
by lifetime measurements as a function of the magnetic field. Examples of such measurements at magnetic fields of B=5 T,8 T,10 T and 12 T are presented in figure 3.16a,
where the co-polarized luminescence intensity after σ+ polarized excitation is plotted on
a logarithmic scale as a function of storage time ∆t. The time-resolved measurements
show a mono-exponential decay of the luminescence as a function of storage time. The
solid lines are fits to the data according to equation (3.14), showing faster relaxation for
increasing magnetic fields, as predicted by theory. To identify the relaxation mechanism
measurements of the power law behavior of T1 as a function of magnetic fields have
been performed.
A series of time-resolved measurements of the spin relaxation have been measured similar to those presented in figure 3.16a for magnetic fields in the range of B=4 T to B=12 T
and low temperatures of T=1 K. The data has been fitted according to equation (3.13)
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Figure 3.16. a Decay of the co-polarized luminescence after σ+ polarized excitation at a
temperature of T=1 K for magnetic fields B=5 T,8 T,10 T,12 T. The relaxation becomes faster
for higher magnetic fields. b Electron spin lifetimes as a function of magnetic field, presented
in a double logarithmic plot. The dashed line shows the theoretically expected T1 ∝B−5
power-law behavior.

to extract T1 . In figure 3.16b the electron spin lifetime is presented as a function of
magnetic field in a double-logarithmic plot. The measured spin lifetimes range from
T1 =100 µs at B=12 T up to T1 =20 ms at B=4 T. From measurements below B=4 T no
reliable extraction of the lifetime was possible for several reasons: firstly, the contrast
decreases because of the mixing of the spin states and, secondly, the extremely long
lifetimes lead to slow repetition frequencies and, therefore, weak signals. The lifetime
decreases with increasing magnetic field and shows a power law behavior T1 ∝Bm ,
where the slope was fitted to be m=4.65±0.20.
The power law T1 ∝B−5 , that was theoretically deduced for spin relaxation due to
spin-orbit coupling mediated by piezo-electric phonons, is in very good agreement
with the experimental data. Furthermore, not only the exact magnetic field dependence
of the spin relaxation is observed, but also the magnitude of the theoretically predicted lifetimes agrees with the measurement, when typical material properties for GaAs
(A = 0.014) and the quantum dots (h̄ω0 = 30meV, | ge | = 0.8) are used. The calculated
spin lifetimes are shown as a dashed line in figure 3.16b. The good agreement of these
values supports this spin relaxation model. The presented measurements represent the
first experimental proof that spin relaxation in self-assembled quantum dots occurs via
spin-orbit interaction with the participation of phonons.
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Temperature Dependence

Further confirmation of the dominance of this spin relaxation mechanism can be obtained by investigating the temperature dependence of T1 . Equation (3.18) was derived for
zero temperatures, where only phonon emission can take place. For finite temperatures,
where the thermal energy is much bigger than the Zeeman splitting, the phonon occupation statistics must be considered by multiplying the transition rates with the factor
1
NΩ =
for absorption and NΩ + 1 for emission. In this case the spin lifetime
h̄Ω
exp(

T

)−1

can be shown to be [Kha01]:

1
( gµ B B)4 k B T
=A
T1
h̄(h̄ω0 )4

(3.19)

In figure 3.17 spin lifetime measurements are presented as a function of magnetic field
recorded at temperatures of T=1 K,10 K and 30 K. The data presented in figure 3.17a
for T=1 K was shown in figure 3.16 and discussed previously. Since the experimental
conditions are in the low temperature limit, where the Zeeman splitting EZ = ge µ B B is
much larger than the thermal energy Eth = k B T we observe a power law behavior with
an exponent m∼5. When the thermal energy is increased by raising the temperature to
10 K (circles) or 30 K (diamonds) a weakening of the power law behavior is observed
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in the high field region above B>8 T. Thus, the exponent m reduces to m=3.4±0.3 and
m=3.7±0.4, respectively. These values are in fairly good agreement with the value m=4
expected by theory according to equation (3.19). In figure 3.17b the spin lifetime at B=6 T
and B=10 T is plotted as a function of temperature. As expected, a linear behavior of
T1 as a function of temperature is observed (m(B=6 T)=1.11±0.11; m(B=10 T)=0.84±0.14).
For high temperatures T>10 K an even stronger weakening of the magnetic field
dependence is observed below B<6 T. Such a magnetic field independent behavior
has been predicted for relaxation due to two phonon scattering processes [Woo02].
The simultaneous absorption and emission of a phonon can cause a spin flip due to
transitions to higher shells. This process does not depend on the magnetic field, since
the Zeeman splitting is negligible in comparison to the phonon energy.
For low temperatures two phonon processes are very unlikely, but at elevated temperature and low magnetic fields these processes can become dominant. The density of states
is higher for phonons with energies comparable to the level splitting than for low energy
phonons matching the Zeeman splitting. Still, at low temperatures only the low energy
states are populated. With rising temperature the number of phonons in higher states
increases, which increases the probability of two phonon processes. Calculations of
the transition rates have been reported by L. Woods [Woo02] using perturbation theory.
Although the model provides a very good description of the measured low temperature
spin dynamics discussed above, the calculated temperature dependence T1 ∝T−m with
m>7 for two phonon processes has not been observed in our measurements at elevated
temperature but cannot be excluded.
Transition Energy Dependence

The magnetic field and temperature dependencies of equation (3.19) are reproduced very
nicely by the experiments. In addition, the spin lifetime should depend strongly on the
level splitting h̄ω0 of the quantum dot. In quantum dot ensembles the inhomogeneous
broadening of the photoluminescence makes an accurate determination of the level
splitting very challenging. Nevertheless, since the level splitting as well as the total
emission energy of a quantum dot are related to the size of the dot and the confinement
potential, we can assume, that smaller dots with larger level spacing have a larger emission energy and large dots, were the level spacing is small emit at lower energies. This
allows to check the relation between spin lifetime and level splitting at least qualitatively
by performing measurements of T1 as a function of the emission energy. The results
of such a measurement are shown in figure 3.18, where the open squares represent the
spin lifetime T1 , plotted on a logarithmic scale on the left axis. The magnetic field was
set to B=10 T and the temperature T=10 K. The lifetime measurements were performed
by varying the detection energy only across the resonant peak of the storage luminescence. To enhance the investigated energy range, three different excitation energies
Eex =1.247 eV , 1.273 eV and 1.308 eV were used. The storage luminescence recorded after
excitation with these energies is plotted as the grey shaded areas in figure 3.18. A clear

86

Chapter 3. Ensemble Spin Storage

S to r a g e In te n s ity ( a r b . u .)

S p in L ife tim e T 1 ( µ s )

B=10T; T=10K

100
50

10

1240

1260
1280
1300
Detection Energy (meV)

1320

Figure 3.18. Spin Lifetime T1 as a function of detection energy (left axis). For reference the
storage spectra are shown as the grey shaded area (right axis). The spin lifetime shortens as
the detection energy is decreased.
trend towards shorter lifetimes is observed, when the detection energy is decreased.
The spin lifetime changes up to one order of magnitude in the observed energy range
of 70 meV. This result matches with the expected qualitative behavior, but for a more
detailed investigation spin lifetime measurements on a single quantum dot are necessary.
Here, the level splitting can be accurately determined by PLE-type measurements, which
would also allow a quantitative analysis.

3.3.5 Summary
In this section spin initialization and the investigation of spin dynamics in frequency
selected sub-ensembles of quantum dots has been presented. It has been shown, that the
optical creation of electrons with a defined spin orientation is possible in the quantum
dots. The degree of polarization of this spin ensemble routinely exceeded ρ >0.5 and depends strongly on the applied magnetic field. The possibility to create an off-equilibrium
spin distribution allowed the investigation of relaxation of the electron spins. Very long
lifetimes have been measured with a maximum of T1 =20 ms at B=4 T and T=1 K. A
systematic investigation of the magnetic field and temperature dependence made the
identification of the dominant relaxation mechanism possible. Relaxation is governed
by spin-orbit coupling and mediated by scattering with acoustic piezo-electric phonons.
This conclusion is also qualitatively supported by the energy dependence of the spin
lifetime. In summary this technique proved to be quite successful in investigating the
spin dynamics of electrons in small ensembles. It has formed the basis for a variety of
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experiments, like the investigation of hole spin dynamics or the attempt to investigate
spin coherence. These investigations will be discussed in the next sections.

3.4 Hole Storage in Ensembles
The spin of a single electron forms a near perfect 2-level system and is, therefore,
predestined for the use in quantum dots information technology. The spin lifetime measurements presented in the last section confirmed the stability of the electron spin in a
quantum dot making it a highly attractive candidate. Nevertheless, the important figure
of merit for quantum information processing is not the lifetime T1 but the coherence
time of the 2-level system. Recent transport experiments performed on gate defined
quantum dots showed that the dephasing of electrons in quantum dots is limited by
the interaction with the surrounding nuclei in the quantum dot [Pet05; Kop06; Now07].
Elaborate rephasing techniques allow suppressing this problem, but requiring extensive
experimental effort [Pet05; Now07].
For holes in self-assembled QDs, on the other hand, a very weak hyperfine interaction
with the nuclei is predicted, since the wavefunction of the valence band holes is p-like
and the overlap with the nuclei is small [Kla06]. Decoherence caused by the fluctuating
nuclear spin system is, therefore, suppressed. First measurement using transmission
spectroscopy on single self-assembled quantum dots have established a lower limit of
the spin coherence time T2 100 ns and indicate that the coherence extends in the microsecond regime without applying rephasing techniques [Bru09]. Furthermore, in QDs the
combined effects of bi-axial compressive strain and strong motional quantization lead to
a large splitting of heavy hole and light hole conduction bands. The admixture of light
hole character to the energetically favorable heavy hole states is negligible [Chu99] and
the heavy holes in a QD can be treated as a 2-level system with the magnetic quantum
numbers mhh =± 32 , even though the total hole spin is Ih = 32 .
However, the hole spin lifetime (T1h ) in higher dimensional III-V semiconductor nanostructures is generally much shorter than T1e due to SO-mixing of heavy and light
hole valence bands. [Lu05; Hil02] This mixing is inhibited by motional quantization
effects and enhanced hole spin lifetimes have been reported for quantum wells (∼ 100ps
[Dam91]), extending beyond 1 ns when optically driven spin heating effects are avoided [Bay95]. For QD nanostructures, T1h is expected to become even longer due to
small heavy hole-light hole mixing. Calculations have indicated that T1h can become
much longer for isolated holes [Bul05b], even exceeding T1e in the limit when the energy
separation between heavy- and light-hole bands far exceeds the orbital quantization
energy in the valence band [Lu05]. To investigate the relaxation dynamics of holes in
QDs a hole storage technique can be used, which is very similar to the electron storage
experiments presented in the previous section. The results of these measurements show,
that the hole spin lifetime can exceed T1h >100 µs and indeed become comparable to the
electron spin lifetime T1e . In this section the hole storage technique and the time-resolved
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measurements of hole spin relaxation will be discussed.

3.4.1 Hole Charge Storage
The electron charge storage principle described in section 3.2 can be adapted to allow
the creation, storage and readout of holes in self-assembled QDs. The modified sample
structure is schematically shown in figure 3.19a. In the case of a hole storage sample the
back-contact consists of a heavily n-doped GaAs layer which is contacted by annealing
GeAuNiAu in the n-doped substrate. The QD layer, the AlGaAs barrier and the Schottky
top-contact remain unchanged in comparison with the layout designed for electron
storage.
The operation of this device is analogous to electron storage, although the polarity of
the applied biases are reversed. Optical charging of the quantum dots with holes can
be facilitated by applying a negative bias to the device. This situation is depicted in
figure 3.19b. After optical excitation of an exciton, the electron will escape fast from
the quantum dot, while the hole stays in the quantum dot due to the lengthening of
the tunneling time by the barrier. As in the case of electron storage, the hole spin
orientation can be defined by the circular polarization of the excitation light. During
readout (figure 3.19c) the device is biased in forward direction by applying a positive
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Figure 3.20. Time delayed electroluminescence for a hole storage and b electron storage. The
dashed grey lines show the non-resonantly excited ensemble photoluminescence for reference.
Both spectra show the same structure of resonant Peak (R) and sideband emission (S). The
Stark shift between excitation and detection is in the opposite direction due to the difference
in sample design.

bias, which results in a drift current of electrons from the back-contact to the quantum
dot. Electrons are captured in the quantum dot and recombine with the stored hole
with the emission of a photon. The degree of circular polarization of the resulting time
delayed electroluminescence provides a measure of the spin projection of holes stored
in the sub-ensemble a time ∆t after generation.
In figure 3.20 a direct comparison of the time delayed electro luminescence signal
originating from a hole storage sample (figure 3.20a) and an electron storage sample
(figure 3.20b) is presented. The luminescence of the quantum dot ensembles after non
resonant excitation is shown for both samples as dashed grey line. In both cases, the
excitation energy, marked with an arrow on the x-axis, has been chosen from the center
of the quantum dot ensemble, leading to the observation of a resonant peak close to the
excitation energy and an sideband emission arising from absorption in excited states and
phonon assisted absorption. These absorption mechanisms have already been discussed
in section 3.2.1. As described above, the polarity of storage and reset bias is inverted for
hole storage, which leads to a difference in Stark shift during initialization and readout.
In the case of electron storage the resonant peak is shifted to lower energies compared
with h̄ωex , while for hole storage a blue shift is observed.
The difference of hole and electron storage also manifests itself in the storage parame-
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Figure 3.21. a Hole storage luminescence as a function of the storage field Fstore shown as
a false color plot. The squares indicate the peak position, to emphasize the Stark shift. b
Peak area of the resonant peak as a function of storage field. Ideal storage parameters vary
compared to electron storage, since the tunneling properties of the charge carriers change.
The sideband emission has not been analyzed since the detector cut-off below 1.22 eV distorts
the peak position and area.

ters like Fstore . The false color plot in figure 3.21 shows the intensity of the time delayed
electro luminescence as a function of the storage field Fstore , similar to the measurements presented for electron storage in figure 3.6. The sideband emission cannot be
further analyzed, since the quantum efficiency of the detector drops drastically below
1220 meV, which alters peak positions and peak area. For the resonant peak a linear
Stark shift with a zero field permanent dipole p0 =26·10−29 Cm is observed. This value
is similar to that determined for single quantum dots in section 2.3.3. The peak area,
plotted in figure 3.21b is a measure for the number of charges stored in the quantum dot
sub-ensemble and it has a maximum at 140 kV/cm, differing from the optimal electron
storage field Fstore =270 kV/cm. The mechanism for charge loss for higher and lower
electric fields are the same as for electron storage (compare section 3.6). At lower electric
fields, the charging of the quantum dot is inhibited by radiative recombination of the
excited electron-hole pair, since the tunneling time of the electron from the dot to the
back-contact is longer than the excitonic lifetime of 1 ns [Kre05c]. At higher electric
fields Fstore >160 kV/cm the tunneling of the hole through the barrier is faster, than the
storage time ∆t=0.3 µs.
As discussed in section 2.3.4, the tunneling probability Ptunnel is different for electrons
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and holes and can be described by the Wentzel-Kramers-Brillouin (WKB) approximation:


Z q
Ptunnel = exp 2/h̄
2m∗ (V (z) − E)dz
(3.20)
Here, m∗ is the effective mass of the charge, V(z) is the potential describing the tunneling barrier and E is the energy of the charge. When switching from electrons to holes
two effects take place. Firstly, the effective mass of the hole in GaAs (mhh =0.51·m0 )
and Al0.3 Ga0.7 As (mhh =0.59·m0 ) is about 1 order of magnitude larger than the electron
mass (GaAs: me =0.063 m0 ; Al0.3 Ga0.7 As=0.088 m0 ), which will lengthen the tunneling
time. Secondly, this fact is compensated by a reduced barrier height in the valence
band (∆ECB ∼2·∆EVB ). A precise calculation of tunneling times is usually not possible,
because of the exponential dependence of the tunneling probability on the potential and
the material dependent mass. A comparison of the storage data for holes in figure 3.21
and for electron storage in figure 3.6 shows the electric field window of successful hole
storage at smaller electric fields than for electrons. This suggests that holes tunnel faster
than electrons through the barrier, and the tunneling escape from the quantum dot to
the Schottky contact is faster for electrons than for holes. Faster electron tunneling was
also observed in the measurements presented in section 2.3.4 for high electric fields.
In analogy to the measurements performed on electron charge storage, also the reset
voltage Vreset =-1.3 V was optimized in order to obtain maximal signal. This ensures
also the recombination of all stored holes, such that each measurement cycle starts
with empty quantum dots and no cumulative effects can take place over several cycles.
Furthermore, the excitation power was adjusted such that the following experiments
were all performed in the linear power regime.

3.4.2 Hole Spin Storage
The previous section has shown, that the general principles of optical charge storage
can be applied to both electron and hole storage in the same way. Only the storage
parameters need to be optimized separately since the tunneling properties change with
the charge carrier type. It is therefore possible to transfer also the investigation of the
spin properties from electrons to holes. By using the experimental techniques presented
for electrons (section 3.3), the initial degree of spin polarization and the time dynamics
of the spin relaxation can be investigated for heavy holes. The measured spin lifetimes
are comparable with measurements performed for electrons. Again, the characteristic
dependence of the spin lifetime T1h on external parameters, like the magnetic field and
temperature, helps the identification of the dominant spin relaxation mechanism.
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Figure 3.22. Hole storage spectra with variation in excitation (a: σ+ , b: σ− ) and detection
polarization (σ+ circles, σ− squares). The polarization memory effect is indicated by the
arrow.
Polarization Memory Effect

Figure 3.22 shows hole storage spectra measured after a storage time of ∆t=0.3 µs with
an applied magnetic field of B=10 T in growth direction and at a temperature of T=8 K.
Figure 3.22a and b are recorded after σ+ and σ− polarized excitation respectively. The
circles (squares) show the σ+ (σ− ) polarized intensity of the luminescence. The storage
conditions and the excitation energy is the same as in the measurement presented in figure 3.20a, therefore, a resonant peak and a sideband emission is observed. In figure 3.22
only the resonant peak is displayed, since for the investigation of the spin properties
only the resonant peak is of interest.
A polarization memory effect is observed in this measurement. The co-polarized
emission is stronger than the counter-polarized in both cases for σ+ and σ− polarized
excitation. This indicates, that the hole spin can be initialized to some degree with
a preferential spin orientation, but the initial degree of polarization calculated with
equation (3.1) is |ρh |=0.1 and considerably smaller than the saturation value measured
for electrons at magnetic fields B>6 T |ρe | >0.5.
To gain more information on the initial degree of polarization, |ρ| was measured as a
function of magnetic field. Since the degree of polarization is so small the accuracy
of the measurement had to be improved by measuring the polarization as a function
of the rotation angle of the polarizer in the detection according to equation (3.2). In
this way, changes of the detected signal could be compensated, arising when the po-
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Figure 3.23. Degree of polarization as a function of applied magnetic field for σ+ (squares)
and σ− (circles) polarized excitation. The degree of polarization saturates for B>4 T at ρ=0.1.
The reason for this small degree of polarization is not yet clear.

larization optics of the setup is changed. The resulting degrees of polarization after
σ+ (ρh > 0) and σ− (ρh < 0) polarized excitation are presented in figure 3.23. At zero
magnetic field no degree of spin polarization can be detected. The degree of polarization is increasing with increasing magnetic fields until it saturates above B=4 T to
a value around ρh =0.1. This saturation behavior has also been observed for electron
spin storage (section 3.3.2) and originates from a mixture of the pure spin states at low
magnetic fields due to the anisotropic electron-hole exchange interaction. The magnetic
field, where saturation can be observed, depends strongly on the excitonic g-factor
gex and the anisotropy splitting δ1 and can therefore vary between quantum dot ensembles. Since the degree of polarization is saturating already at B=4T, the surprisingly
low degree of polarization of ρh =0.1 at high fields cannot be explained by this admixture.
A reduction of the degree of polarization after ∆t=0.3 µs due to relaxation in the storage phase of the experiment can be excluded, since the lifetime measurements presented
later show a considerably longer spin lifetime following a strictly mono-exponential
decay. In the case of a multi - exponential spin relaxation, the short lifetime would
have to be well below the temporal resolution of our experimental setup (T1 <200 ns).
However, there is no clear reason, why 10% of the spin population should be unaffected
by this fast relaxation. Furthermore, previous experiments have already shown that T1h
>10 ns [Fli03; Lau05].
More likely explanations for the reduced degree of polarization can be found in the rea-
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dout phase of the experiment. Here, the system is most strongly disturbed by switching
the electric field and injecting an electron current to the dots. While holes couple weakly
to the rapidly changing magnetic field induced by the reset current, high frequency alternating electric fields can disturb the hole spin [Bul07]. Here, the electric field dependent
spin-orbit coupling between the opposite spin states can induce a spin flip. Nevertheless,
it is unlikely that this effect causes a reduction of the observed magnitude, since only
the high frequency component of the voltage pulse in the gigahertz range can affect the
spin orientation. The large capacity of the sample (C∼50 pF) and the switching speed of
the devices used (1 ns) strongly suppress these components.
Alternatively, the formation of dark excitons might reduce the degree of polarization,
as previously discussed in section 3.2.2. During readout, unpolarized electrons are
injected from the back-contact of the sample into the quantum dot. In the case of bright
exciton formation, the electron-hole pair will recombine, where the polarization of the
light indicates correctly the spin of the stored hole. But, if a dark exciton is formed by
capturing an electron with a spin parallel to the hole spin, no radiative recombination
can take place until either the electron or the hole spin is flipped. Such a process can
take place on a timescale of nanoseconds [Dal05; Pai01], where preferentially the hole is
flipped [Pai01; Fuj02]. In this case, the circular polarization of the emitted light suggests
the opposite spin orientation, leading to a reduction of the total detected degree of
polarization.
It should be noted, that regardless of the mechanism perturbing the spin orientation
during readout, there is no influence on dynamics probed in the storage phase of the
experiment. The measurements of T1 presented in the following, are therefore valid
even though the magnitude of |ρh | is altered.

Time Evolution of Hole Spins

Even though the initial degree of polarization is smaller than expected, the preparation
of an off- equilibrium spin population with |ρh |=0.1 is sufficient to investigate the spin
relaxation dynamics. A time-resolved measurement for storage times up to ∆t=60µs of
the σ+ (circles) and σ− (squares) polarized luminescence is presented in figure 3.24. The
applied magnetic field is B=10 T and the temperature was set to T=8 K. Figure 3.24a and
b shows the temporal evolution after σ− and σ+ polarized excitation, respectively.
For short storage times in both excitation cases the domination of the co-polarized
emission is observed, with an degree of polarization of |ρh |=0.1. As the storage time is
increased, the co-polarized emission decreases, while the counter-polarized emission
increases accordingly. This decay can again be described with a simple 2-level rate
equation, which was developed in section 3.3.3. Using this model the population of a
specific spin species and, therefore, the intensity of the time delayed electro luminescence
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Figure 3.24. Time delayed electro luminescence as a function of storage time ∆t after σ− (a)
and σ+ (b) polarized excitation. Full lines represent a mono-exponential fit to the σ+ (circles)
and σ− (squares) polarized luminescence. A single time constant T1h =12±3µs describes all
time transients well.
a time ∆t after generation, is given by equation (3.14):
 t 
±
±
σ±
σ±
I σ (t) = ( I0σ − Iequ
) exp −
+ Iequ
T1

(3.21)

The best fits to all four decay curves are presented as full lines on figure 3.24. Most
importantly, using this model all four traces are well described using a single value for
the hole spin lifetime of T1h ∼12±3 µs. No indications of a multi exponential decay were
found for timescales longer than our temporal resolution limit (∼200 ns), an observation
which shows that our measurement probes a single relaxation mechanism, free from
inhomogeneous ensemble effects. Furthermore, any competing relaxation mechanisms
which operate over the timescales studied can be excluded.
At long storage times (∆t  T1h ), when the thermal equilibrium is reached, the degree
of polarization tends towards zero within the resolution of our setup. According to the
Boltzmann equation (3.6) this is possible for a low hole g-factor gh < 0.11. As discussed
earlier (see section 2.3.5), direct hole g-factor measurements in quantum dots are not
available, but such a value is within the range of recent calculations. On the other hand,
since a reduction of the degree of polarization has also been observed for short storage
times, it could be possible that such disturbance also affects the thermal equilibrium
values and the hole g-factor is much larger.
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Figure 3.25. a Decay of the co-polarized luminescence after σ+ polarized excitation at a
temperature of T=8 K for magnetic fields B=5 T,8 T,10 T,11 T. As in the case for electrons, hole
spin relaxation becomes faster for higher magnetic fields. b Hole spin lifetimes (T1h , squares)
as a function of magnetic field, presented in a double logarithmic plot. For comparison
electron spin lifetimes T1e recorded under similar conditions are plotted (circles). Hole spin
relaxation is only a factor of ∼10 faster than T1e .
Spin Relaxation Mechanism

Since the time-resolved measurements allow the reliable determination of the hole
spin lifetime, measurements of T1h as a function of the magnetic field were performed.
Figure 3.25a shows examples of the decay transients of the co-polarized emission after
σ+ polarized excitation for B=5, 8, 10, 11 T at T=8 K. To improve the presentation,
+
σ+ is plotted as a function of the storage time ∆t on a logarithmic scale. The
I σ (t) − Iequ
full lines show mono-exponential fits according to equation (3.21). As in the case of
electron spin relaxation, the decay becomes faster for higher magnetic fields. The
extracted spin lifetimes are summarized in the double-logarithmic plot in figure 3.25b
and directly compared with equivalent data recorded from an electron spin memory
device measured under the same experimental conditions (similar to 3.3.4). The lifetimes
are surprisingly long and range from T1 =8±3 µs at 12 T to T1 =270±180 µs at 1.5 T.
Furthermore, the ratio T1e /T1h lies in the range ∼5-10 over the whole range of B-field
investigated, in strong contrast with higher dimensional structures, like quantum wells
where T1e /T1h is typically ≥103 due to spin-orbit mixing of heavy- and light-hole valence
bands. When such spin-orbit valence band mixing is suppressed by motional quantization we expect hole spin relaxation to be dominated by spin-orbit mediated spin-lattice
coupling, as is the case for electron spin relaxation in self-assembled quantum dots, as
discussed in section 3.3.4.
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Figure 3.26. Hole spin Lifetimes T1h as a function of magnetic field (a) and temperature (b).
Theoretical calculations of T1h are shown as full lines and fit well to the data.

To test this hypothesis the temperature dependence of T1h was studied. Figure 3.26b
shows the temperature dependence of T1h for magnetic fields of B=6 T and 10 T. For
both magnetic fields a very clear T1h ∝T−1 dependence is observed, exactly as was found
previously for electron spin relaxation, presented in figure 3.17.
The observation of mono-exponential decays and comparable spin lifetimes for electrons and holes combined with T−1 temperature and strong B-field dependencies strongly indicates that the dominant relaxation mechanism for hole spins is due to spin-orbit
mediated spin-lattice coupling as has been shown to be the case for electrons (3.3.4).
To further support this conclusion the heavy hole spin relaxation time has been calculated by Denis Bulaev in disc like quantum dots having strong motional quantization
along the z-direction (h̄ωz ) and much weaker in-plane confinement (h̄ωx,y )[Bul05b]. For
such a quantum dot-geometry the energy splitting between discrete states derived from
heavy- and light-hole valence bands is much larger than the orbital quantization energy
and the valence band orbital states were, therefore, assumed to have pure HH character.
Only spin relaxation mediated by single phonon scattering processes were included
and the calculations were performed perturbatively using Bloch-Redfield theory to
describe the spin motion of the system.(see equation (7) in Ref. [Bul05b]) The best fit to
the experimental data is presented as the full lines on figure 3.26a and b for the B-field
and temperature dependencies, respectively, obtained using the following parameters
h̄ωx,y =6 meV, h̄ωz =100 meV, ghz =-0.6 and m∗h = 0.03m0 [Bar00]. This parameter
set provides a good description of T1h (B,T), providing strong support that hole spin
relaxation in self-assembled quantum dots is mediated by the same mechanism as for
electrons, namely spin-phonon scattering between the Zeeman levels.
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3.4.3 Summary
Even though open questions like the small initial degree of polarization remain, hole
spin storage allowed the investigation of heavy hole spin relaxation in self-assembled
quantum dots. The lifetimes measured were surprisingly long with a maximum of
270±180 ¯s at B=1.5 T. Systematic investigations of T1h as a function of magnetic field
and temperature suggest that the hole spin relaxation proceeds by spin-orbit-mediated
single phonon scattering, unlike the situation for hole spins in higher dimensional
nanostructures. This conclusion is supported by good quantitative agreement with
theoretical calculations of T1h due to phonon mediated hole spin relaxation.

3.5 Attempted Electron Spin Resonance in Ensembles
The spin storage technique allows the investigation of spin relaxation in self-assembled
quantum dots, as presented in the last sections. However, for quantum information
processing the interesting figure of merit is the coherence time T2 , which describes
the stability of a quantum mechanical superposition of spin up and down states. This
information cannot be extracted by observing thermal relaxation, but the spin needs
to be actively manipulated. Possible methods for manipulation include the use of the
fast optical pulses [Ber08; Ram08], high frequency electrical gating [Gol06; Now07] and
application of microwave pulses [Kro08]. Electron spin resonance using microwave radiation is a well developed technique and has been successfully employed, for example,
to investigate the coherence properties of donor electrons bound to phosphor in silicon
[Ste06].
In the framework of this thesis, a joint project with the electron spin resonance group
lead by Martin Brandt at the Walter Schottky Institut was started to investigate the coherence properties of electrons stored in quantum dots. Such experiments are technically
rather challenging, since the experimental setup has to combine good optical signals,
electrical contacts and the microwave delivery in a low temperature, high magnetic
field environment. However, even when the technical difficulties were overcome, the
intrinsic properties of quantum dot ensembles raised some difficulties, since the electron
g-factor in quantum dots can vary widely, as shown in section 2.3.5. For this reason, no
successful spin resonance measurements were performed up to now. Nevertheless, the
approach used will be presented in this section and a short analysis of the difficulties to
find an electron spin resonance will be given.
To perform coherent manipulation on electron spins using microwave radiation, the
energy of the microwave Emw = h · f mw has to match the Zeeman splitting ∆EZ = ge µ B B0 .
Here, h is the Planck constant, ge is the electron g-factor and µ B is the Bohr magneton. A
second condition is, that the alternating magnetic field ~B1 (t) associated with the microwave radiation must be perpendicular to the externally applied static magnetic field ~B0
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that leads to the Zeeman splitting. In case the resonance condition is fulfilled transitions
between the two spin states can be induced and the phase of a coherent superposition of
spin states can be altered by applying a microwave pulse with the correct power, length
and phase.
In self-assembled quantum dots the g-factor can vary over a wide range since the
g-factor depends on the shape of the confinement potential and the composition of
the quantum dot 2.3.5. For this reason, the first experiment was designed to find the
resonance condition. It starts with the initialization of a small ensemble of quantum
dots with spin polarized electrons using the storage technique presented in section 3.3.
During the experiment cw-microwave radiation is applied to the sample. It is made
sure that the microwaves do not interfere with the storage experiment as long as the
resonance condition is not fulfilled. In the case of a match between Zeeman splitting
and microwave energy the transitions between the Zeeman levels of the stored spins are
induced. To tune into resonance either the microwave frequency or the applied external
magnetic field B0 can be changed. Since the pulse area of this manipulation is not well
controlled and ensemble effects lead to a dephasing of this rotation a reduction of degree
of spin polarization of the stored electrons is expected at the resonance. Consequently, a
reduction of the co-polarized time delayed luminescence signal is observed during the
readout phase of the storage experiment.

3.5.1 Experimental Techniques
To implement this experiment, a microwave resonator with optical access was developed.
A schematic of the resonator is shown in figure 3.27a, while figure 3.27b shows a picture
of the finished device. A cylinder resonator design was chosen and fitted with a sample
holder below a small opening in the top plate that allows optical access to the sample.
As shown in figure 3.27a a lens on a slip stick piezo motor is used to focus the excitation
light and collect the luminescence. The cavity design and the materials used were
optimized for a maximum B1 field at the sample position with finite element simulations
(for details see: [Lun06]). The plunger allows to fine-tune the cavity to support a mode
with strong in-plane magnetic field at the sample position for microwave frequencies
fmw ∼9.7 GHz [Lun06], where microwave sources and amplifiers were available. At
this frequency and an electron g-factor of ge =0.8 [Bay99] the resonance is expected at a
magnetic field of B0 =0.87 T.
To test the resonator an electrically detected spin resonance measurement on hydrogen
terminated amorphous Silicon (a-Si:H), illuminated with white light from a halogen
lamp has been performed. The electrical detection of the resonance signal results in a
high accuracy for this type of measurement. The material has been well studied with
electron spin resonance [Lip96; Kaw97; Bra98] and such a straight forward measurement
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Figure 3.27. a Schematical drawing of the resonator layout. The design yields in-plane
B1 -fields at the sample position. b Picture of the finished cavity.
demonstrates the operability of the resonator.
The change of current through the a-Si:H is plotted as a function of the magnetic
field in figure 3.28. The observed decrease of the current at B0 =0.353 T corresponds to
a characteristic resonance of in a-Si:H [Lip96; Kaw97], showing that the resonator is
functional. By determining the transition point from an unsaturated absorption to the
weakly saturated regime in power dependent measurements [Kaw97], the measurement
can be quantitatively compared with earlier work (for details see [Lun06]), which can be
used to determine the magnitude of the B1 field available in the cavity.
By applying this analysis a field of B1 =7 µT is determined at experimentally reasonable
√
microwave powers of Pmw =100 mW. The in-plane field scales with power like B1 ∝ Pmw .
For higher powers losses in the resonator and the delivery system lead to a heating of
the sample above T>50 K, where no reliable measurements are possible. With this B1
value, the time needed for a spin flip can be calculated from the precession frequency:
1
2f
ge µ B
f =
B1
h

∆t f lip =

(3.22)

For an electron g-factor of |ge |=0.8 the spin flip time is ∼6 µs, but also shorter microwave
pulses can randomize the spin polarization and, therefore, reduce the observed spin
memory effect.
Storage experiments with applied microwave radiation, as described above, have
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Figure 3.28. Electrically detected electron spin resonance measurement on hydrogen terminated amorphous Silicon. A clear resonance is observed at B0 =0.353 T, demonstrating the
operatability of the resonator.
been carried out for a wide range of parameters. The co-polarized emission after circular
polarized excitation was carefully monitored as a function of magnetic field in the range
between 0 and 12 T. Here, special attention was given to the region around B=0.5-1.4 T
where the resonance is expected for |ge |=0.5-1.2 (see section 2.3.5) in quantum dots.
Typical measurements are presented in figure 3.29, where the three traces are plotted
with an offset for clarity. During the experiment the microwave power was modulated
and the intensity is recorded with a lock-in type technique. This allows to plot:
Ion − Io f f
∆I
=
,
I
Ion + Io f f

(3.23)

where Ion (Io f f ) is the luminescence intensity with the microwave On (Off). With this
technique only the effect of the microwave is observed and signal fluctuations due to the
magnetic field change do not show in the measurement. The storage time of the electron
was set to ∆t=1µs to maximize the signal and reduce the noise.

3.5.2 Calculations of Signal Strength
As mentioned earlier, no clear resonances were detected in all conducted measurements.
The three traces in figure 3.29 are presented here to give an impression of the quality of
the measurements. Signal changes of ∆I/I=0.01 should be clearly distinguishable from
the signal fluctuations. Since an extensive search yielded no results, the reasons and
possible solutions will be briefly discussed in the following.
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Figure 3.29. Typical electron spin resonance measurements on a quantum dot ensemble.
The traces are plotted with an offset for clarity. No resonance signal is detected, but the noise
level is visible.

In the ideal case the experiment starts with fully spin polarized sub-ensemble of
electrons in quantum dots with a degree of polarization ρ=1.0. When tuning the electron
Zeeman splitting into resonance with the microwave frequency, the spin polarization
is destroyed by microwave induced rotation of the spin. When the degree of spin
polarization drops to zero, a signal change of ∆I/I=0.5 is expected.
There are several reasons why this value is smaller in reality: firstly, the detected
initial degree of polarization is smaller than ρ=1.0 and magnetic field dependent. In the
region around B0 =0.5-1.4 T typically values between ρ=0.1-0.3 are detected, as shown in
section 3.3.2. Secondly, to achieve an unpolarized spin ensemble the microwave power
must be large enough to rotate the spin at least in the x,y-plane, which happens with
the microwave powers typical in the experiment on the timescale of several milliseconds, depending on the g-factor of the electron. Thirdly, the properties of quantum
dots usually vary within the ensemble and therefore a distribution of g-factors is expected in a quantum dot ensemble. To estimate the width of such a distribution the
calculations presented in section 2.3.5 can be analyzed. At an optical transition energy
of Edet =1300 meV, where the experiments were performed the width of the g-factor
distribution is approximately ∆g=0.1.
Taking these issues into account the expected signal change can be calculated. The
possible resonance frequencies of the quantum dot ensemble can be modeled by a
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Gaussian distribution of g-factors G ( f , B0 ) with a width ∆g and a center position ge .
1 ( gr ( f , B0 ) + ge )2
G ( f , B0 ) =
exp −
2
∆g2
∆g 2π
h· f
gr ( f , B0 ) =
.
µ B B0
1
√




(3.24)
(3.25)

Here gr is the g-factor that would lead to a resonance for a given magnetic field B0 and
microwave frequency fmw . The interaction of a quantum dot with the microwave is
described by a Lorentzian lineshape as a function of frequency f.
L( f ) =

∆f
π (∆ f 2 + f 2 )

(3.26)

Recent electron spin resonance measurements on single self-assembled quantum dots
have found a linewidth on the order of ∆f=10 MHz [Kro08]. The normalized convolution
of the Gaussian g-factor distribution with the Lorentzian describes the lineshape of the
interaction between microwave and dot ensemble.
∆I/I ( f mw , B0 ) =

1 1
· ρ( B0 ) ·
A 2

Z

L(ν) · G ( f mw − ν, B0 )dν

(3.27)

The parameter changed in the experiment is the magnetic field B0 , while the microwave
frequency fmw is fixed. In resonance a spin rotation by π2 is assumed, such that the
spin orientation is completely randomized, which leads to a factor 12 in signal change.
Furthermore the magnetic field dependent initial degree of polarization ρ( B0 ), which
has been discussed in section 3.3.2, is included.
The results of this calculation are plotted in figure 3.30, where figure 3.30a illustrates
the change of signal as a function of the g-factor distribution at fmw =10 GHz, while
figure 3.30b, shows the resonance condition for different microwave frequencies fmw ,
when ∆g=0.1. The center g-factor was constant at ge =0.8.
As expected, the maximum of relative signal change is increasing for more homogeneously distributed g-factors, while the linewidth of the resonance decreases. The
calculation shows that the estimated ∆g=0.1 results in a signal change of ∆I/I=0.02,
which is on the limit of sensitivity of the experimental setup. Nevertheless, if the spin
polarization is only partly randomized during the storage time ∆t=1 µs the sensitivity is
not sufficient to detect the resonance. When the homogeneity of the g-factor distribution
can be increased, for example by controlling the structural properties of the quantum
dots during the growth [Sas07], ensemble electron spin resonance measurements can
become feasible again. A reduction of ∆g to 0.025, for example, results in a maximum
signal change of ∼0.08.
It can be argued, that the magnetic field regime around B0 =1 T is not suitable for
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Figure 3.30. Calculations of the expected signal change in electron spin resonance measurements with variation in g-factor distribution (a) and microwave frequency (b). A
homogeneous g-factor distribution yields higher signal change. An increase of the microwave frequency does not increase the maximum signal change. The larger degree of initial
polarization is compensated by the line broadening.
these measurements, since here the initial degree of polarization is small (ρ ∼0.1-0.3). A
shift of the resonance to higher magnetic fields, where the degree of polarization can
reach values ρ >0.5, can be achieved by using higher microwave frequencies. This is
technically challenging, but feasible for fmw <40 GHz.
A simulation of the resonance for larger microwave frequencies fmw =10, 20, 30, 40 GHz
is shown in figure 3.30b. It is observed that the maximum ∆I/I does not change substantially as a function of magnetic field. The signal increase due to large initial degree
of polarization is compensated by a broadening of the resonance at higher microwave
frequencies fmw due to the g-factor distribution.

3.5.3 Summary
In summary, to perform electron spin resonance measurements on ensembles of quantum dots an excellent control over the homogeneity of the quantum dots is needed. With
novel growth-techniques like flushed growth of quantum dots [Sas07], the height of
the quantum dots can be engineered. As shown in section 2.3.5, the dot height strongly
influences the electron g-factor. Therefore, it could be possible to grow quantum dot
ensembles with a more homogeneous g-factor distribution by using this technique and
perform ensemble electron spin resonance measurements. Secondly, working at low
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microwave frequencies in the range of fmw =10 GHz is of advantage, since it is experimentally easier and the resonances are sharper.
On the other hand, all problems with the distribution of g-factors should be solved,
when performing electron spin resonance measurements on single quantum dots. Such
measurements have been demonstrated for gate defined dots [Kop06; Now07], where
coherence properties could be studied, and on self-assembled quantum dots using
transmission spectroscopy [Kro08]. The later method cannot be used for time-resolved
measurements, necessary for the investigation of coherence properties with echo-type
experiments, since the sample is continuously illuminated and no undisturbed storage
phase is available.
In the next chapter a spin measurement technique for single quantum dots will be
proposed and demonstrated, that allows time-resolved measurements over microsecond
timescales. In the future this technique could be applied to electron spin resonance measurements to successfully investigate the coherence properties of electron and hole spins
in self-assembled quantum dots on timescales in the microsecond range, as predicted by
theory [Gol04].

4

Single Dot Spin Storage
In the previous chapter successful measurements of spin relaxation in small sub-ensembles
of self-assembled quantum dots have been presented. In those experiments, long spin
lifetimes in the millisecond range were determined showing that a localization of the
spin-carrying electron in a quantum dot potential leads to a decoupling from the environment and consequently to an enhanced stability of the spin degree of freedom.
While this encourages the use of electron spins in self-assembled quantum dots for
quantum information processing further requirements need to be fulfilled. As discussed
in chapter 1, the decoherence of the electron spin must be characterized and minimized.
Moreover, methods for coherent manipulation and readout of a single electron spin
must be developed for single quantum dots in an inherently scalable architecture.
In this chapter, a new method will be presented for the preparation and readout of an
electron spin in a single quantum dot, the feasibility of high fidelity spin readout will
be demonstrated with storage times up to several tens of microseconds. This method
makes a wide range of single spin experiments possible, where spin relaxation and
decoherence of a single electron in a single quantum dot can be potentially investigated
on millisecond timescales. Only with such long timescale investigations the system can
be optimized for usage in quantum information processing, where long coherence times
are essential.
After introducing the spin readout concept and the sample structure used in section
4.1, the individual steps of such an experiment will be discussed. The reset, readout and
charging regimes of the applied electric field are characterized with photoluminescence
measurements in section 4.2. In this section a single quantum dot will be investigated via
excitation in the wetting layer. This allows characterizing the charge carriers tunneling
behavior in the dot. These studies lead to the identification of the ideal reset, readout
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and charging conditions needed to implement the spin readout concept.
Following this, in section 4.3 the experimentally more challenging excitation of the
quantum dot via one of its discrete excited states. Here, an increase of the charge readout
fidelity is demonstrated, such that selective charging of the dot and the detection of
the single electron becomes possible. Furthermore, the tunneling of the electron can be
observed directly in time-resolved measurements, as described in section 4.3.4.
Finally in section 4.4, time-resolved measurements of the spin relaxation of a single
electron in a quantum dot will be presented using the protocol developed in section 4.1.
The success of these experiments is based on combining the reliable charge measurements via p-shell absorption with spin dependent absorption of the quantum dot in its
orbital s-shell.

4.1 Spin and Charge Readout Concept
The concept for measurements of spin dynamics on a single quantum dot, which will be
discussed in this section, is based on controlled optical charging. The read out concept
employs the spin dependent absorption of a laser pulse tuned to the negatively charged
exciton (X−1 ) absorption line of a singly charged quantum dot, effectively converting
the spin information into a more robust variable - the charge occupancy of the dot. By
switching between a device operating regime where optical charging is highly efficient
to one where optical readout using photoluminescence does not perturb the charge
status of the dot, charge and spin detection can be performed using time-gated photoluminescence. This results in strong optical signals that enable measurements of spin
projection in individual quantum dots.
Before discussing the spin readout concept, the sample structure and the different
tunneling regimes needed for the operation as spin storage device will be introduced.
In order to perform spin storage experiments on a single self-assembled quantum dot
precise control of the local electric field is necessary. As introduced in section 2.3.1,
this can be achieved by embedding a single layer of In0.5 Ga0.5 As dots in the intrinsic
region of a Schottky photodiode structure. This type of device is formed by a heavily ndoped back contact and a 5 nm thick, semi-transparent, Ti top contact with an extension
of 200x300 µm2 . The epitaxial layer sequence of the devices investigated is depicted
schematically in figure 4.1. The intrinsic region has a total thickness of 140 nm with
the quantum dots positioned 40 nm above the n-doped layer, which is contacted by
annealing a GeAuNiAu ohmic contact from the backside. The electric field across the
dot resulting from this sample geometry can be calculated as discussed in section 2.3.1.
A static electric field of 71 kV/cm per volt applied in the intrinsic region of the Schottky
diode is found, with flat-band condition (F=0 kV/cm) at an applied voltage of Vapp =0.9 V.
An opaque Ti/Au shadow mask is evaporated onto the sample surface to allow the
optical selection of single dots through 1 µm diameter shadow mask apertures defined
using polybeads (1.0 µm Polybeads [9003-53-6], Polyscience Inc.) applied onto the
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Figure 4.1. a Schematic representation of the layer sequence used for single dot spin storage.
An AlGaAs Barrier is introduced below the quantum dot layer in the intrinsic region of a
n-doped Schottky diode. b Optical microscope image of the bonded sample.
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Figure 4.2. Schematic representation of the sample band-structure in the three electric field
regimes: a The luminescence regime at low electric fields. b Hole tunneling at moderate
electric fields leads to optical charging.c The reset regime, where electron tunneling to the
back contact is fast.
sample surface before metallization. A microscope picture of a typical finished device is
shown in figure 4.1b.
In contrast to the sample design discussed in the previous chapters, an asymmetric
Al0.3 Ga0.7 As barrier with a width of 20 nm was grown below the quantum dot layer.
Reference to the band diagram shown in figure 4.2 demonstrates that this ensures hole
tunneling out of the dot much faster than for electrons. This then enables optical charging with electrons in an n-doped structure. By controlling the voltage Vapp applied
to the Schottky gate, the device can be operated in one of three regimes. Depicted in
figure 4.2a the device is biased in forward direction so that the electric field across the
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Figure 4.3. Schematic representation of the single dot spin readout scheme. The applied
voltage sequence is shown by the dashed line. Optical and microwave pulses are depicted by
the boxes. The individual steps consist of: a reset by fast electron tunneling, b charging with
resonant excitation followed by hole tunneling, c spin manipulation with e.g. microwave
pulses, d spin to charge conversion by spin conditional resonant absorption, e charge readout
via non-resonant photoluminescence.
quantum dots is small, both the tunneling times of electrons and holes are longer than the
excitonic radiative lifetime (τrad ) and photoluminescence will be observed. Figure 4.2b
shows the case when the electric field is increased to the point where photo-generated
holes tunnel out of the dot over timescales shorter than τrad . Consequently, the dot
charges up with electrons. If a large electric field is applied, electrons can tunnel through
the AlGaAs barrier, hence, reducing the charge accumulation in the dot (figure 4.2c). A
detailed characterization of the properties of the investigated device operating in each
of these regimes will be given in section 4.2.
Based on the tunneling properties of the charge carriers in the different electric field
regimes discussed above, a pulse sequence for the spin readout concept can be constructed, which is illustrated in figure 4.3. Each measurement cycle starts by resetting the
quantum dot to an empty state to avoid cumulative errors. This is done simply by
applying high electric fields that ensure tunneling escape of the electrons as depicted
in figure 4.3a. Subsequently, the field is reduced to switch the device into charging
mode and a single electron with a defined spin orientation is optically pumped into the
quantum dot. This is achieved by illuminating the device with laser light tuned to the
X0 transition, while tuning into the charging regime, where hole tunneling is faster than
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the radiative recombination time. The helicity of the circularly polarized light allows
to control the spin orientation of the optically generated electron [Bay02], due to the
polarization selection rules introduced in section 2.2. For the purposes of illustration,
the creation of a spin down electron using σ+ polarized light is depicted in figure 4.3b.
Following initialization, the spin can be stored for a time ∆t. During that period it can
thermally relax or be externally manipulated for example using microwave pulses. At
the same time the sample is not illuminated and the static electric field experienced by
the quantum dot can be varied over a wide range. In figure 4.3c a π - rotation of the spin
is depicted schematically in the lower row, whilst the spin in the upper row remains
unchanged. After such controlled manipulation, the spin orientation is measured by
shining a second circularly polarized laser pulse tuned to the X− transition. Since two
electrons with the same quantum numbers cannot occupy the same orbital state of the
dot, spin polarized excitation of an electron-hole pair is blocked, if the optically created
spin is parallel to the resident spin orientation. A laser pulse at X− with σ+ helicity
would, therefore, create an additional spin down electron if the spin orientation of the
resident electron is up, while the charge status would remain unperturbed if the resident
electron is spin down (figure 4.3d). This step performs a spin to charge conversion. After
the optical pulse tuned to X− one or two electrons populate the dot depending on the
spin projection of the resident electron. In the final step of the measurement (figure 4.3e),
the device is biased in the readout regime and illuminated with a third laser pulse
creating electron-hole pairs which relax into the quantum dot. Depending on the charge
state (1e, 2e) of the quantum dot specific excitonic complexes will be formed (X− , X2− ),
that have a characteristic emission energy, as discussed in section 2.3.3. The charge state
(1e, 2e) and, therefore the spin orientation of the resident electron can then be deduced
with high fidelity from the relative intensity of the X− or the X2− luminescence lines,
since, as will be discussed later, photoluminescence-readout with ideal optical power
and electric field applied only weakly disturbs the charge state of the dot for timescales
up to 100 µs.
This measuring concept is technically certainly challenging, but there are several
striking advantages over other methods. Most importantly, long storage times can be
achieved enabling us to probe slow spin dynamics. Since the stable charge state of the
dot can be read many times, the optical signal given by a single spin is strongly amplified.
Consequently, low repetition frequencies can be used while reliable measurements are
still possible. Storage times on the order of tens of microseconds have been demonstrated (see section 4.4), but optimization should make milliseconds possible in the future.
In addition to strong signals, time-resolved measurements can be done, since the
storage time can be varied arbitrarily. During the storage, the electron is well decoupled
from the environment. Firstly, the applied electric field suppresses tunnel coupling with
the electrons in the Fermi sea of the back contact, an effect that has been shown to lead
to rapid spin relaxation [Dre08]. Secondly, no additional charge carriers are created in
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the vicinity of the quantum dot, because the sample is not illuminated. Finally, there is
no current flowing through the diode, which could lead to dephasing via time varying
electric or magnetic fields that may couple to the spin. Furthermore, this technique is not
limited to the investigation of electrons. By using a p-doped diode structure optically
created holes could be stored and their spin dynamics investigated in a single quantum
dot.

4.2 Device Characterization
The experimental realization of the proposed spin readout scheme is rather challenging
since the number of parameters needed to be controlled is large. Before being able to
employ resonant charging of the quantum dot for spin dependent measurements, a
thorough characterization of the electric field regimes and the luminescence properties
is needed. In this section, such characterization will be shown using time-gated photoluminescence studies after excitation in the wetting layer.
The sample was investigated in a standard micro-photoluminescence setup (see section 2.3.2) at a temperature of 8 K using the superconducting magnet system as a bath
cryostat. For excitation, a Ti-Sapphire laser with a typical power density of 3 W/cm2 was
tuned to the low energy side of the wetting layer absorption continuum (λexc =890 nm,
Eex =1390 meV). In addition, an acousto-optical modulator was used to gate the excitation
laser with on/off extinction ratio of 103 and a time resolution of ∼100 ns. The signal
was detected using a 0.55 m single spectrometer and a liquid N2 cooled Si multichannel
charge coupled device (CCD). The voltage applied to the sample was delivered by
an Agilent 33250A arbitrary function generator, which allows the application of timevarying voltage sequences. Apertures that showed only emission from a single quantum
dot were selected by carefully performing power dependent photoluminescence studies.
A typical measurement recorded from a single quantum dot as a function of electric field
is presented in the upper panel of figure 4.4.
The most prominent emission lines arising from s-shell recombination in the dot are
observed in the range of 1339 - 1341 meV (figure 4.4a). As the electric field increases, these
emission lines shift parabolically towards lower energy due to the quantum confined
Stark effect (see section 2.3.3) [Fry00b; Fin01a]. Furthermore, the line intensity reduces at
higher field due to carrier tunneling escape from the dot. Emission is quenched entirely
for F>45 kV/cm. Here, the tunneling time of the optically created holes becomes much
faster than τrad . From this measurement alone it is not possible to directly identify the
excitonic states that give rise to the luminescence lines, since the asymmetric tunneling
times of electrons and holes caused by the AlGaAs barrier leads to an accumulation
of optically generated electrons in the dot over the typical integration times of the
experiment (∼300 s). This charge accumulation can be controlled by replacing the
applied DC-bias with specially tailored voltage sequences designed to periodically
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Figure 4.4. Photoluminescence intensity for the neutral exciton (X0 ), negatively charged
exciton (X− ,X−2 ) and biexciton (2X0 ,2X− ) emission from a single quantum dot as a function of emitted photon energy and applied electric field with DC bias applied (a)and with
application of a reset pulse (b). The inset shows the voltage sequence. Charge accumulation is
prevented by the introduction of a reset pulse and the charge neutral quantum dot transitions
become visible.
empty the dot of photo-generated charge. Using such time varying voltage sequences,
the charging and tunneling dynamics in the quantum dot can be investigated. In the
following, such time-gated photoluminescence studies will be presented for the three
electric field regimes introduced earlier: namely reset, readout and charging.

4.2.1 Reset Regime
To reduce influence of the charge accumulation observed in the photoluminescence
studies presented in figure 4.4a the gate potential applied to the quantum dot Vapp (t)
was periodically biased strongly in reverse direction to allow electron tunneling and
discharging of the quantum dot. The resulting photoluminescence spectra are presented as a function of Fread in figure 4.4b. The waveform used is schematically depicted in figure 4.5a. It consisted of a highly negative reset pulse (Vapp (t) = Vreset =-2 V,
Freset ∼200 kV/cm) with a duration of 400 ns to remove all the photo-generated charge
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from the quantum dot. This was then followed by a readout period with a duration
of 1.6 µs at a bias voltage Vapp (t) = Vread . During this readout phase luminescence can
be observed - the results of which are presented in figure 4.4. The laser was turned on
200 ns after switching the voltage from Vreset to Vread for a readout time ∆tread =1 µs. This
was done to ensure illumination only when Vread is stable and avoid ringing effects due
to the reactance of the circuit. In contrast to figure 4.4a, the introduction of the reset
pulse results in the emergence of two prominent emission lines, labeled 2X0 and X0 in
figure 4.4b on the high energy side of the emission spectrum. These lines are visible for
low electric fields, whilst the emission lines observed in figure 4.4a without the reset
pulse are only observed in the high field region of the image plot.
The dramatic difference between the spectra recorded with and without the reset pulse
can be readily explained by taking accumulation of optically generated charge in the
quantum dot into account. Due to the asymmetric AlGaAs barrier, the tunneling escape
time for holes is much faster than for electrons. A fraction of excitons optically pumped
into the dot do not, therefore, recombine radiatively, but instead populate the dot with
excess electrons. The hole tunnels towards the Schottky contact and is removed from the
system, while the electron stays trapped in the dot due to the presence of the AlGaAs
barrier. Since the hole tunneling time is strongly field dependent, the rate at which
this charging process takes place will increase at higher electric field applied to the dot.
Nevertheless, even for small charging rates, a number of electrons will accumulate in the
dot if left unperturbed for the integration time of the experiment (∼300s). This will lead
to luminescence of the negatively charged excitonic states X− , 2X− and X2− . In this case
neutral excitonic states (X0 , 2X0 ) cannot be observed, since the dot is charged with a very
high probability, even though charging rates are rather small. For higher order charge
states (X3− ,X4− , . . . ) the resident electrons occupy the p-shell of the quantum dot, where
the electron tunneling time through the barrier is much shorter. As a result luminescence
from highly charged states is weak and the charging process is self limiting. Further
support to this assignment of the luminescence lines is given by a good agreement of
the observed energy splitting in figure 4.4 with the typical renormalization energies
between different charge states observed in quantum dots [War00; Fin01d] (see section
2.3.3) and the time evolution of these states. The line identification will be discussed in
more detail in section 4.2.2.
If, as described above, a reset pulse is introduced into each measurement cycle the
electrons periodically tunnel out of the quantum dot leaving it empty. The emission
from the uncharged states are then restored by the reset pulse, providing that the optical
charging rate remains much smaller than the repetition frequency frep of the reset pulse.
If the charging rate exceeds frep , as is the case for high electric fields in figure 4.4, the
dot will charge up and the charged exciton transitions again become visible. Thus, from
the data presented in figure 4.4b it can be deduced that an illumination time of 1 µs
and an excitation power of P=5 W/cm2 is sufficient to charge the dot with 1 electron (2
electrons) on average at a field of Fread =25 kV/cm (40kV/cm). This conclusion directly
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Figure 4.5. a Schematic representation of the pulse sequence, Vreset is changed during
the experiment.b Photoluminescence spectra as a function of emitted photon energy for
reset fields ranging from Freset =10 kV/cm to Freset =175 kV/cm. c Relative luminescence
intensities of the charge neutral (X0 +2X0 , squares), singly charged (X− +2X− , circles) and
the doubly charged (X2− , triangles) excitonic states. For electric fields Freset >90 kV/cm
electron tunneling is fast and the neutral charge states can be observed.
follows from the dominance of the X− (X2− ) spectral line in this range of electric field.
Closer inspection of the plot in figure 4.4b shows that the singly negatively charged lines
(X− , 2X− ) persist, even for very small electric fields. This observation is attributed to
a weak optical charging effect combined with electrostatic charging from the n-doped
back contact that plays a role at low electric fields. Two of the three regimes of device
operation described above can be directly identified in the plot in figure 4.4b. For
fields Fread < 20 kV/cm optical charging of the quantum dot is strongly suppressed
within the readout time used to record the data presented in figure 4.4. In contrast,
for fields Fread > 20 kV/cm optical charging takes place since the hole tunneling times
become comparable to the radiative recombination lifetime of the exciton. Finally, for
Fread >55 kV/cm, fast hole tunneling prevents radiative recombination completely, such
that luminescence can no longer be detected.
To further investigate the electron tunneling escape during the reset pulse a series
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of photoluminescence measurements were performed as a function of the reset voltage Vreset whilst keeping Vread fixed at 0.8 V (Fread =7 kV/cm) in the readout regime.
Again the laser was turned off during the reset pulse, such that optical charging and
luminescence occurs only during the readout phase of the measurement. The results
of these measurements are presented in figure 4.5. Figure 4.5b shows luminescence
spectra recorded with reset fields Freset ranging from 14 to 170 kV/cm. In figure 4.5c the
combined emission intensity of the uncharged (X0 + 2X0 ), singly charged (X− + 2X− )
and doubly charged (X2− ) transitions is plotted as a fraction of the total luminescence
yield. The total intensity distributed over the various emission lines remains constant
over the entire measurement range, demonstrating that all relevant transitions were
considered in the analysis.
The neutral charge states, shown in figure 4.5c, dominate in the high field region
(Freset >90 kV/cm), whilst the doubly charged exciton is strongest in the low field region
(Freset <60 kV/cm). At an electric field Freset =78 kV/cm a transition is observed where
the singly charged states (X− + 2X− in figure 4.5c) show a maximum in their intensity.
The observed behavior is consistent with electric field dependent electron tunneling
during the reset pulse as expected. The emission from charged excitonic states is only
observed over a field range where the electron tunneling time is longer than the 400 ns
duration of the applied reset pulse. It is only in this region that charge accumulation can
occur over several measurement cycles. On the other hand when the electron tunneling
time is shortened, due to the application of high electric fields, the optically induced
charge will be removed by each reset pulse and emission from the neutral charge states
is restored. A doubly charged dot is more likely to lose a charge at a fixed value of
electric field, because of the interparticle Coulomb repulsion, leaving the dot in a singly
charged configuration [War97]. This simple consideration accounts for the earlier onset
of the intensity decrease for the X2− compared to the singly charged states observed in
figure 4.5c and leads to an intermediate increase of the intensity of those states with its
maximum at Freset =78 kV/cm. The saturation value of 0.25, in the high field region for
X− , can be attributed to remaining charging events occurring during the readout time
∆tread =1 µs and electrostatic charging from the backcontact of the sample. Nevertheless,
the stability of the relative intensities for Freset >100 kV/cm shows that in this electric
field regime the quantum dot is indeed uncharged at the beginning of each measurement
cycle.

4.2.2 Readout Regime
Up to now it has been shown that optically induced charge accumulation can occur
in the quantum dot under certain conditions and a reset of the dot to a neutral state
is possible via the introduction of a reset voltage pulse (section 4.2.1). To detect the
charge state of the quantum dot via time-gated photoluminescence, two prerequisites
must be fulfilled. Firstly, the excitonic states and transition energies connected with the
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Figure 4.6. Typical luminescence spectra from several different single quantum dots (QD1QD5) in the storage sample. The renormalization energies of the emission lines with respect
to the X0 emission match literature values [War00; Fin01d], supporting the line assignment.
charge state of the dot must be well characterized. Secondly, the process of creating
photoluminescence should not disturb the charge state of the quantum dot. In the
following these two issues will be specifically addressed, starting with the identification
of the excitonic transitions.

Charge State Identification

A set of typical time-gated photoluminescence spectra of several single quantum dots
recorded through different apertures is shown in figure 4.6. The x-axis of these spectra
was shifted to align the X0 emission energy and emphasize the energetic shift of the
charged emission lines. Even though the X0 emission is varying from 1346.6 meV for
QD1 to 1323.4 for QD5, due to inhomogeneous variation of the quantum dot physical
and optical properties, a characteristic triplet emission is observed in all four photolumi-
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nescence traces about 2-4 meV below the X0 transition. In figure 4.6 the individual lines
are labeled and identified by examining the dependence of the photoluminescence on
Fread and Freset . Here, lines with the same electric field dependence have been assigned
to identical charge states of the dot (0e, 1e, 2e). This assignment is further supported by
a match with the expected energetic shift: a shift of 3-5meV is theoretically expected for
the energy difference between X0 and X− and an additional 0.4 meV (4.2 meV) between
the X− and X2a − (X2b− ) with the triplet (singlet) final state [War00; Fin01d; Fin01c]. As
already discussed in section 2.3.3, the intensity ratio of triplet and singlet is found to be
7:1. In the time-resolved studies presented in the following the X2b− intensity is usually
below the detection resolution and will, therefore, be neglected in future analysis. The
charge neutral bi-excitonic transition 2X0 is only visible for QD1, but here the expected
energy renormalization from 2X0 to 2X− of 0.9 meV [Fin01d] is reproduced very well in
the measurements.
As discussed previously in section 2.3.3, additional information for the identification
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of the emission lines is expected from the excitation power dependence of the photoluminescence intensity. Such a measurement is shown in figure 4.7a on QD3 for power
densities ranging from 0.4 kW/cm2 to 27 kW/cm2 . The peak area of the luminescence
peaks have been fitted with Lorentzians and is plotted against the excitation power
in panels b to e of the figure. As in section 2.3.3, the power-law behavior has been
fitted with the relation I = A · Pm . At very high powers a weak peak can be detected
in the luminescence where the 2X0 is expected, but the intensity is too low to verify
the biexcitonic power dependence. The neutral biexcitonic luminescence intensity is
low, since at low powers the formation of a biexcitonic state by simultaneous capture of
two excitons is unlikely, while at high powers optical charging is very efficient and the
charge neutral luminescence states are strongly suppressed.
As expected, a nearly linear power-law behavior is detected for the single excitonic
lines, with exponents m=0.84±0.01, 0.91±0.02 and 1.04±0.02 for the X0 , X− and X2−
emission respectively. Surprisingly, the charged bi-excitonic emission, where an exponent of m=2 is expected, behaves also linearly. This could arise from a modification of
the Poissonian capture statistics by the charge in the quantum dot. If a dot is negatively
charged it is unlikely to capture an additional electron from the continuum favoring
instead additional holes. Consequently, the probabilities to capture an electron or an hole
are different, modifying the capture statistics and, therefore, also the power dependence
of the excitonic emission line.
In the high power regime, an indication for optical charging is observed. While the
X0 intensity decreases above 8 W/cm2 , a reduction of the luminescence from singly
charged states (X− , 2X− ) is only observed for P>14 W/cm2 . Simultaneously, a superlinear increase of the intensity is detected above P>14 W/cm2 for the doubly charged
emission X2− . The increase of power density leads to more efficient optical charging,
which first suppresses the formation of charge neutral states in favor of singly charged
states for power densities between 8 and 14 W/cm2 . Above 14 W/cm2 the formation of
doubly charged states via optical charging becomes more and more likely, leading to the
super-linear increase of the X2− intensity. Such unintended charging dynamics during
the readout phase of the measurements will be discussed in detail in section 4.2.2.
With the identification of the excitonic emission lines, the average charge state of the
dot can now be deduced from the intensity of the emission. In the following, the combined intensities of X0 + 2X0 , X− + 2X− as well as the X2− intensity will be considered as a
measure for the average charge occupancy of the dot with 0e, 1e or 2e, respectively.

Charging Dynamics During the Readout

With the successful identification of the emission lines, the second prerequisite for
reliable charge readout will be considered in the following. It is important that the
process of pumping electron-hole pairs and generating photoluminescence does not
change the charge state of the dot. In this respect it must be assured that electrons and
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holes are captured simultaneously in the quantum dot (geminative capture) and not
separately as electrons and holes (non-geminative capture). Capture of single electrons,
on the one hand, would increase the number of charges in the dot by one, while single
hole capture on the other hand can lead to a decrease of the electron number in the dot
due to radiative recombination. Obviously, this type of process destroys the fidelity of
the spin readout process described in section 4.1 that converts spin information to a
charge occupancy of the dot.
To investigate the influence of energy relaxation on the simultaneous capture of electrons and holes a series of photoluminescence measurements, shown in figure 4.8, have
been performed. To characterize this non-geminative carrier capture the excitation laser
energy has been chosen below (Eex =1390 meV, figure 4.8b), in the center (Eex =1400 meV,
figure 4.8c) and above (Eex =1410 meV, figure 4.8d) the wetting layer continuum states.
After excitation at an energy above the wetting layer states, where the energy difference
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to the quantum dot states is large, the highly charged excitonic states (Xn− ,X2− ) are
clearly visible. The charge neutral emission of the X0 , on the other hand, is not detectable.
This is an indication for efficient charging of the quantum dot by capture of optically
generated electrons during the readout phase, while associated optically generated holes
escape via tunneling to the Schottky contact. As the excitation energy is decreased, as in
the case of figure 4.8c, the tunneling time of the optically generated holes is lengthened,
since absorption takes place in confined wetting layer states. The suppression of hole
tunneling results in a smaller number of unpaired electrons and, therefore, less optical
charging of the quantum dot. This effect can be directly observed in the photoluminescence spectra in figure 4.8c. Here, the intensity of the highly charged states (Xn− ,X2− )
decreased strongly, while the singly charged (X− ,2X− ) and charge neutral (X0 ) emission
lines gain intensity. This effect is enhanced even further for lower excitation energies
(figure 4.8b), but simultaneously the total emission intensity detected decreases due to
the inefficient excitation of the quantum dot. As a trade-off between low optical charging
rates and efficient quantum dot excitation, an excitation energy of Eex =1390 meV, as
shown in figure 4.8b, was chosen for the following experiments.
The investigations presented above are a first qualitative insight on the charging
dynamics of a quantum dot biased in the readout regime and its dependence on the
excitation energy. In the following, a more quantitative study of the processes altering
the charge state of the dot will be discussed.
As long as electrons and holes are captured pair wise and radiative recombination
occurs, the desired luminescence is created without changing the dot charge occupation.
Non geminative carrier capture and hole tunneling escape are the dominant mechanisms
leading to a change in the charge occupation of the dot. Tunneling escape of electrons
through the barrier can be neglected, since in the studied electric field regime tunneling
times on the order of seconds are expected. The time-resolved measurements presented
in section 4.3.4 confirm these expectations. Furthermore, no indication of significant
photo-activated escape has been found in experiments using additional illumination
below the quantum dot band-gap.
The pulse sequence used for the time-resolved experiments presented in the following
is schematically depicted in figure 4.9a. It starts with a 400 ns long reset pulse, where
a strong electric field Ereset =170 kV/cm (Vreset =-1.5 V) is applied to ensure the dot is
empty at the beginning of each cycle. Then, the bias voltage is changed such that an
electric field Fread is applied across the quantum dot. When the applied voltage bias
is stable after 0.5·∆tread , the quantum dot is illuminated with laser light of the energy
Eex =1390 meV for a time ∆tread with a power density Pread . In figure 4.9a the parameters
of interest are indicated: the illumination time ∆tread , the power density Pread and the
readout voltage Vread with the associated electric field Fread .
Typical time-gated photoluminescence spectra as a function of ∆tread , Pread and Fread
are shown in figure 4.9b, to d, respectively, where the integration time of the experiment
was adjusted in such a way to keep the total luminescence intensity approximately
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constant. The spectra show just a cross section of the available parameter space, but
the main trends immediately become apparent. The parameter with the widest tuning
range is the illumination time presented in figure 4.9b. Technical limitations fix a lower
limit of 0.3 µs, while there is no limitation of the maximum illumination length. In
the spectra presented in figure 4.9b ∆tread is varied from 1 µs to 1500 µs, showing a
clear increase of the intensity of the singly and doubly charged exciton emission with
increasing ∆tread until the charge neutral emission is no longer visible at ∆tread =1500 µs.
Secondly, the photon flux on the sample can be changed with the power density incident
on the sample. The results of these measurements are presented in figure 4.9b. The
maximum power density available is far above the Pread presented in figure 4.9b, but
already in the power range presented (1<Pread <10 W/cm2 ) significant optical charging
effects can be observed. The charged excitonic emission is dominant at Pread =10 W/cm2 .
The last parameter investigated is the electric field Fread applied across the quantum dot
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during the readout phase of the experiment. The limit in the forward bias direction of
the diode has been set to Fread =3.5 kV/cm. This prevents a disturbance of the photoluminescence signal by a drift current flowing through the diode structure. On the high
field side, electric fields more than Fread >100 kV/cm are easily achievable. However,
already for Fread >25 kV/cm a substantial reduction of the photoluminescence signal is
observed due to carrier tunneling. Therefore, studies concentrated on the field range
3.5 kV/cm<Fread <21 kV/cm. In the spectra presented in figure 4.9d, the Stark shift of
the emission lines is observed towards lower energies for increased electric fields. In
addition, charging of the dot becomes more effective with increasing electric fields.
After this overview a more detailed analysis of the charging behavior as a function
of the discussed parameters shall be given. A more convenient method to present this
measurement for analysis is to plot the relative intensities of the emission intensity
of the uncharged (X0 + 2X0 ), singly (X− + 2X− ) and doubly charged (X2− ) transitions
as a fraction of the total luminescence yield. A set of measurements is presented in
such a way is plotted in figure 4.10 as a function of ∆tread . The timing of the pulse
sequence presented in figure 4.9a is chosen such that for a given integration time
tint the time where luminescence is generated is always 0.5·tint , even when ∆tread is
varied. The upper row of panels in figure 4.10 a - c shows measurements performed
for Fread is 7 kV/cm, 14 kV/cm and 21 kV/cm at low optical excitation power density
Pread =1 W/cm2 , respectively. Similarly, the lower row of panels (figure 4.10d-f) shows
the same data recorded at a much higher readout power Pread = 15 W/cm2 . The readout
time ∆tread is plotted on a logarithmic scale and spans the range from 700 ns to 1 ms.
The sum of the intensities of the charge neutral states (X0 + 2X0 ), singly charged states
(X− + 2X− ) and the doubly charged (X2− ) exciton emission is plotted as circles, squares
and triangles, respectively.
The discussion will start with figure 4.10b, in the center of the upper row of panels. For
small ∆tread , the uncharged states X0 +2X0 dominate, but decrease in intensity with increasing illumination time due to capture of optically generated electrons. Consequently, the
singly charged states (X− + 2X− ) exhibit an anti-correlated behavior, when compared to
(X0 + 2X0 ) over the first 100 µs. In the range from ∆tread = 100 µs to 1 ms the signal from
singly charged states again decreases, whilst the doubly charged states gain intensity.
This illustrates the time dynamics of sequentially adding electrons to the quantum dot
monitored for this excitation power and electric field in real time. For short illumination
times, charge build up is unlikely and the X0 +2X0 intensity dominates as seen above. As
∆tread increases there is more time to charge up the dot with electrons and, consequently,
the average electron occupancy in the dot increases. At ∆tread =64 µs the data suggests a
single electron occupies the quantum dot on average. If ∆tread increases further, a second
electron is added to the dot, leading to an increase of the doubly charged states, and an
anti-correlated reduction of singly charged transitions.
As discussed above, the number of excess electrons is increased when electric field
induced hole tunneling escape is more efficient. Therefore, the charging characteristics
should shift towards shorter timescales as the electric field is increased during the
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illumination time. Precisely this behavior can be seen in figure 4.10c for an increased
electric field of Fread =21 kV/cm. Here, the emission intensity from singly charged states
(X− + 2X− ) dominates the luminescence already for short illumination times ∆tread <1 µs
and the X−2 intensity is strongest for ∆tread > 25 µs. In contrast to the situation, where
Fread =21 kV/cm is applied (figure 4.10c), the charging dynamics of the quantum dot
slow down as the electric field is reduced and the device is operated closer to flat-band
as shown by figure 4.10a. Under such conditions the dot is, on average, uncharged, even
for illumination times as long as 1 ms.
As discussed above, an enhanced charging rate is also expected when number of
incident photons during the readout cycle is increased with the optical power. This
expectation is confirmed by the measurements performed at higher power. These results
are presented in figure 4.10d-f, where a clear shift of the evolution of neutral, singly
and doubly charged transitions towards shorter times occurs when the readout power
density is increased from 1 W/cm2 to 15 W/cm2 .
A 3-level rate equation can be used to quantitatively describe this data and extract the
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Figure 4.11. Schematic representation of the three levels used N0 , N1 , N2 in the rate
equation analysis of the optical charging.
1e and 2e optical charging rates (Γch1 and Γch2 ) and their dependence on optical power
Pread and static electric field Fread . Again, the combined intensity of the X0 and 2X0 lines
are a measure of the fraction of the time when the dot is uncharged, while the combined
intensity of singly (X− + 2X− ) and the intensity of doubly charged state X2− reflect the
probability to find a dot with 1e or 2e, respectively. Within this framework the three
level system, depicted schematically in figure 4.11 is set up. The three levels N0 , N1 , N2
represent generically the uncharged, singly charged and doubly charged dot. Higher
charged levels are not taken into account, as no indication for such higher order charged
states was observed in the measurements. Different charging rates are assumed for the
addition of the first (Γch1 ) and second (Γch2 ) electron since hole tunneling and charge
capture dynamics change in a negatively charged dot due to the Coulomb interaction
between the charges. Charge loss due to hole capture is included with rates Γloss1 and
Γloss2 for the first and the second electron respectively. In the framework of this model,
the time dependent rate equations describing the charging dynamics have the form:
∂N0 (t)
= − N0 (t) · Γch1 + N1 (t) · Γloss1
∂t
∂N1 (t)
= N0 (t) · Γch1 + N1 (t) · (−Γch2 − Γloss1 ) + N2 (t) · Γloss2
∂t
∂N2 (t)
= N1 (t) · Γch2 − N2 (t) · Γloss2
∂t

(4.1)
(4.2)
(4.3)

To ensure that the functions N0,1,2 (t) reflect charge occupancy probabilities, they are
normalized such that N0 (t)+N1 (t)+N2 (t)=1 for all t. Since the luminescence
R is integrated
1
over the readout time ∆tread , the fit function has the form I (t) = ∆t
Nn (t)dt, where
read
n ∈ [0,1,2] and the integration is performed from 0 to ∆tread . The model was fitted to the
measurements using a genetic algorithm [Mit96] and the standard error was calculated
for these fits [Pre86].
As can be seen from figure 4.10 this simple model fits the data well using a single set of
fit parameters (Γch1 , Γch2 , Γloss1 , Γloss2 ) for the time evolution of all three charge states. The
extracted charging rates are summarized in figure 4.12a (Γch1 ) and in figure 4.12b (Γch2 )
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Figure 4.12. Charging rates Γch1 (a) and Γch2 (b) as a function of power density for different
applied electric fields. The charging rates increase linearly with incident power for all electric
fields investigated.c Charging rates Γch1 (squares) and Γch2 (circles) as function of applied
field normalized for incident power density. The rates vary exponentially with the applied
electric field since the charging mechanism is governed by hole tunneling.
as a function of readout power for the electric fields investigated. As expected, both Γch1
and Γch2 increase linearly with power for all measured electric fields. Hence, for each
value of the applied electric field the 1e and 2e charging rates normalized to the incident
power Pread can be calculated. The result of this analysis is presented in figure 4.12c.
These results clearly demonstrate that charging is significantly more effective for the
first optically generated electron than the second. This finding is attributed on the one
hand to a suppressed capture probability of an electron in a dot charged already with
electrons and, on the other hand to a reduced hole tunneling rate due to the attractive
Coulomb interaction with the stored charge.
The decrease of the normalized charging rates varies exponentially with decreasing
electric field as expected, reflecting the field dependent tunneling probability of the hole
resulting in the excess electron population (see section 2.3.4). In contrast to the charging
rates, the fitted loss rates Γloss1 and Γloss2 are typically ∼10 times smaller, reflecting
the strongly reduced probability to capture a single hole. This originates from the
non-equilibrium charge distribution arising from faster hole tunneling. Moreover, for
charge readout the charging rates Γch1 and Γch2 , although small, are identified as the
fastest process limiting long readout times. To illustrate the implications of these results
the fidelity of a charge occupancy measurement is calculated. Such a measurement is
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conducted, for example, by switching the device to a regime where Γch1 and Γch2 are
very low, and using the relative photoluminescence yield of X− and X2− to probe the
charge status of the dot. To estimate the fidelity a criteria for the charge occupancy is
set; if X2− is the dominant emission line then the dot occupancy is assumed to be 2e,
whereas if X− dominates it is declared to be 1e. The rates are fixed to Γloss1 = Γch2 =
1000 s−1 , values easily achievable for low illumination powers and low electric fields,
as shown above. The readout time is chosen to be 100 µs. Under these conditions a
fidelity of more than 0.95 to correctly deduce the 1e or the 2e charge state is calculated
from the simple model. This fidelity can be increased further by choosing either a lower
excitation power or a shorter readout time ∆tread , respectively. The experimental results
indicate that electrical charging of the dots from the back contact is not negligible, since
even for very short illumination ∆tread <1 µs and low power the fraction of emission
from singly (doubly) charged states cannot be reduced below 0.2 (0.05). Therefore, initial
values N1 (0)=0.2 (N2 (0)=0.05) were used in the model. In future experiments charging
from the back contact could be reduced by increasing the separation of the quantum
dots from the n-doped layer.

4.2.3 Charging Regime
In the optical charging regime the electric field is set such that electrons are intentionally
added to the quantum dot via optical excitation. Optical charging experiments have
been performed to characterize this field regime the results of which are presented in
figure 4.13. The modified pulse sequence used for this experiment is schematically
depicted in figure 4.13a. It includes a charging phase before readout, where an electric
field Fcharge is applied, while the laser is turned on for 500 ns. In contrast to the more
elaborate experiments presented later in section 4.3 and 4.4, the first characterization
of optical charging presented here is done by excitation in the wetting layer, using the
same laser source in the charging phase as well as the readout phase of the experiment.
Control measurements with the readout laser pulse turned Off have proven that no
luminescence is generated during the charging phase of the experiment.
In figure 4.13b typical luminescence spectra from the electric field region, where a
charge accumulation is observed is plotted (grey line, Fcharge =45 kV/cm) together with
the emission from an uncharged dot (black line, Fcharge =100 kV/cm). A systematic
study of the charging behavior is presented in figure 4.13c. The relative intensity of
the charge neutral (X0 + 2X0 , circles), singly charged (X− + 2X− , squares) and doubly
charged (X2− , triangles) excitonic emission is plotted against the electric field in the
charging phase Fcharge . A clear increase of the charged excitonic transitions is observed
in electric field region 20<Fcharge <75 kV/cm, accompanied by a anti-correlated decrease
of the uncharged emission intensity. The dashed lines mark the electric fields, where the
spectra in figure 4.13b are recorded.
For successful charge generation and storage in the dot two conditions must be
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Figure 4.13. a Pulse sequence used for the investigation of the charging regime. A charging
step is introduced before readout. b Typical luminescence spectra of a charged (grey) and
uncharged (black) quantum dot. c Relative intensity of the charge neutral (X0 + 2X0 , circles),
singly charged (X− + 2X− , squares) and doubly charged (X2− , triangles) emission intensity.
In the range of 10<Fcharge <75 kV/cm optical charging and storage is possible, leading to a
dominance of the charged emission intensity.

fulfilled: firstly, fast hole tunneling must occur to suppress radiative recombination
and to collect excess electrons in the wetting layer around the quantum dot. Secondly,
the timescale of electron tunneling through the barrier must be much longer than the
storage time, which is 500 ns in the case of the experiments presented in figure 4.13. The
onset of charged excitonic emission is observed for Fcharge ∼=20 kV/cm.
A comparison with the tunneling data collected by photocurrent studies on samples
without barrier can be made (see section 2.3.4), if it is assumed that the hole tunneling
times do not change with the introduction of the AlGaAs barrier below the dot. Here,
first observations of photocurrent peaks can be made at ∼20 kV/cm indicating that at
this field the slower carrier escape is faster than radiative recombination. The lifetime
extracted from the saturation photocurrent is 400 ps at F=27 kV/cm and, indeed, on
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the order of the radiative lifetime [Kre05c]. The observed electric field values match
well, therefore it can be concluded that hole tunneling after relaxation to the s-shell of
the quantum dot in competition with radiative recombination of electron-hole pairs
governs the onset of the observed optical charging. On the high field side, no charge
storage is observed for Fcharge >75 kV/cm. Since the storage time is comparable to
the duration of the reset pulse discussed in section 4.2.1, this maximum Fcharge can be
compared with the systematic study of Freset . In figure 4.5 fast electron tunneling was
observed for Freset >65 kV/cm, which is in good agreement with the maximum field
Fcharge where charge accumulation can be observed. The process of optical charging is
self-limited since a sufficient accumulation of charges will lead to Coulomb interactions
which shorten the electron tunneling time and suppress hole tunneling escape. For this
reason, only a weak fraction of around 0.2 of luminescence from the doubly charged
X2− and no indication of higher charged states is observed.
The electric field region where successful charging of the quantum dot can be performed spans a wide range 20<Fcharge <65 kV/cm. The lower limit is given by the hole
tunneling time, while the upper limit is a consequence of the electron tunneling through
the barrier given the desired storage time. The upper limit could even be increased by
changing the AlGaAs barrier thickness in the sample design. Nevertheless, the charging
and storage properties of the investigated sample were found to be sufficient for the
purposes of spin measurements, which will be presented below in section 4.4.

4.2.4 Summary
The first characterizations presented in this chapter showed that the investigated sample
design exhibits the properties desired for the single spin detection scheme proposed in
section 4.1. A reliable reset of the quantum dot to a charge neutral state was possible with
a 400 ns long voltage pulse with electric fields Freset >100 kV/cm. At low electric fields
Fread <20 kV/cm, the charge state of the quantum dot can be detected with time-gated
photoluminescence, since the charge state is mapped on the energetic position of the
emission lines. More importantly, unintentional charging of the dot can be strongly
suppressed under flat-band conditions and weak illumination, and made high fidelity
readout phases of more than 100 µs possible. And, finally, the tunneling properties of
the charge carriers from the quantum dot allowed optical charging of the dot in a wide
electric field regime spanning 20<Fcharge <65 kV/cm. While optical charging was up to
now only performed via unspecific absorption in wetting layer continuum states, the
results presented in this section form a good basis for the more elaborate experiments
presented in the next sections, where specific charging via p-shell absorption (section 4.3)
and even spin dependent optical charging via s-shell (section 4.4) will be demonstrated.
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4.3 Charge Storage With Resonant Excitation
The characterization of single dot charge storage samples, presented in the last section
has shown promising properties for the use of this sample design for optical charging and
spin related experiments. Nevertheless, selective optical charging or even initialization
of electrons with defined spin orientations is not possible under such conditions. In this
section, studies of optical charging via the discrete p-shell of the quantum dot will be
presented. To detect the storage of a single electron wetting layer excitation generates
loss rates that are simply too large. Resonant charging of the quantum dot could not
be detected using this technique. Therefore, it is mandatory to modify also the charge
detection and use p-shell absorption in the readout phase of the experiment as well.

4.3.1 Setup Modifications
Before discussing the experimental findings, the technical changes made to the experimental setup in order to excite a quantum dot resonantly, will be discussed. Since the
confinement potential of quantum dots and, therefore, the optical transition energies can
vary widely from one to the next, tunable laser sources are needed to match the laser
energy to the absorption lines of a single quantum dot. For the experiments presented
here, two separate tunable external cavity Littman-Metcalf diode lasers with pig-tailed
single mode fiber connection were available to replace the Titanium-Sapphire laser used
previously. The tuning range of the two lasers covers 890-940 nm and 930-980 nm giving
access to a wide range of excitation wavelengths, while the overlapping wavelength
regions allow two-color experiments on the same quantum dot.
The laser light is filtered and modulated in a free-space optical setup, which is schematically shown in figure 4.14, before it is coupled to a single mode fiber leading to the
micro-photoluminescence setup. To improve the suppression of sideband emission, a
prism based laser filter with a half width of ∼4 nm is installed separately in each beam
path. Without filters no photoluminescence excitation studies are possible since the
laser sideband intensities are much brighter than the dot luminescence. Acousto-optic
modulators are used to create light pulses with defined delay and width. The rise time
of these modulators is on the order of ∼100 ns and the on/off ratio of the transmitted
intensity is approximately 103 . Both lasers were coupled to a 50:50 single mode fused
fiber (Thorlabs), allowing to guide both colors to the setup via one single mode fiber and
use the standard micro-photoluminescence setup for two-color experiments. The timing
and duration of the modulation is controlled by two Agilent 81104A pulse generators,
triggered by a HP 8116A pulse generator which sets the repetition frequency of the
experiment. In addition, an Agilent 33250A arbitrary function generator supplies time
varying voltage sequences to the contacts of the sample and is also triggered by this clock
signal. This setup is very versatile when it comes to the application of electrical and
optical pulses to the sample on timescales varying from 300 ns to several milliseconds,
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Figure 4.14. Schematic representation of the setup of the tunable laser sources. The external
cavity Littman-Metcalf diode lasers are pig-tailed coupled to a single mode fiber, which is
connected to a free space optical setup. Here, a laser filter with 4 nm bandwidth reduces
the sideband emission and an acousto-optical modulator with on/off ratio of 103 allows the
creation of light pulses with defined delay and duration. The light is coupled to a fused fiber,
were it is mixed with the emission from a second setup, constructed analogous. The laser
emission can be tuned from 890-940 nm and 930-980 nm, respectively.
allowing a wide range of different pulse schemes.

4.3.2 p-shell Resonant Readout
Photoluminescence excitation studies have been performed to characterize the absorption properties of the single quantum dot between the s-shell energy level and the
wetting layer states. As discussed earlier (see section 2.3.3), in such experiments the
excitation laser energy is varied while the emission of the s-shell excitonic transitions are
monitored. Again, a time-gated approach similar to the experiments described in 4.2.1
was used, where periodically a reset pulse is applied across the sample to avoid long
term charge accumulation. The time-gated photoluminescence excitation measurement
is presented in figure 4.15. In figure 4.15a typical photoluminescence spectra are plotted,
for emission from a charge neutral (X0 ) and singly charged (2X− , X− ) quantum dot.
Figure 4.15b and c show the peak area of the X0 emission and the combined 2X− + X−
excitonic emission, respectively, as a function of the excitation energy. The emission
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Figure 4.15. a Typical photoluminescence excitation spectra of a charge neutral and a singly
charged quantum dot. b Charge neutral (X0 ) and singly charged (2X− + X− ) emission (c)
as a function of excitation energy. Clear resonances are observed were the orbital quantized
p-shell states are expected. Charged emission is found typically ∼1 meV below the charge
neutral emission, which is indicated by the arrows.

intensity was corrected for the background counts resulting from reflected laser light.
A higher electric field of Fread =23 kV/cm (X0 :Fread =15 kV/cm) was applied to record
the charged excitonic emission in figure 4.15b. This leads to unspecific optical charging
via two photon absorption or 0D-2D cross transitions [Vas02; Oul03]. The tuning range
of the excitation laser used in this experiment is limited on the low energy side by
the poor stray light rejection of the single spectrometer below 1340 meV leading to
an increased background noise level. Absorption lines above Eex =1360 meV were not
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considered since only discrete absorption states from the orbital levels of the quantum
dot are of interest. These states are typically 15 to 30 meV to higher energies compared
to the s-shell transition energy Edet (X0 )=1323 meV. A set of four resonances between
1343<Eexc <1345.5 meV, marked with the dashed vertical lines, are identified as absorption lines of the quantum dot. These are attributed to the p-shell of the quantum dot,
since the observed energy separation of 20 meV to 23 meV matches the expected s-p
level splitting well (see section 2.2 and 2.3.3). Two more distinct absorption resonances
are detected at Eex =1355 meV and Eex =1360 meV, which might arise from higher orbital
states, like the d-shell, or bound transitions in thickness fluctuations of the wetting layer
in the vicinity of the studied quantum dot. In the photoluminescence excitation spectra
detecting the singly charged transitions an equal number of resonances is observed,
marked with the dotted lines. These absorption resonances are usually shifted to lower
energies, as indicated by the arrows. The observed shift is typically on the order of
1-2 meV, much larger than the Stark shift introduced by the electric field change of
∆Fread =8 kV/cm and could arise from a Coulomb related renormalization of the absorption resonances. This is of importance for the readout of the charge state of the
quantum dot, since the renormalization of the absorption energies does not allow to
read the intensity of the uncharged emission and the charged emission simultaneously
and a direct comparison of the emission intensity is no longer possible. Furthermore, no
photoluminescence emission of X2− or higher charged excitonic states has been detected
after resonant excitation, limiting charge detection to a single electron. The reason for
the absence of luminescence of highly charged states is not clear, but higher number
of charges in the dot can change absorption energies and tunneling properties of the
quantum dot quite significantly.
Notably, singly charged absorption resonances that overlap with the absorption of
different uncharged p-shell show much brighter luminescence. In this case the dot can
be optically charged very efficiently, while at the same excitation energy luminescence
can be generated via pumping the charged absorption line.
The absorption lines can be tuned via the electric field induced quantum confined
Stark effect to make sequential detection of the X0 and the singly charged states X− and
2X− within the same measurement cycle possible. While the energy of the external cavity
lasers can only be changed on a timescale of seconds, a change of the applied electric field
across the quantum dot can be performed within 100 ns. Unfortunately, the available
tuning range is limited, since the electric field where reliable charge readout can be
performed is limited to Fread <25 kV/cm. Still, at an excitation energy of Eex =1343 meV
resonances leading to the luminescence of X0 and X− excitonic emission are separated
by only 0.1 meV.
A photoluminescence excitation-type experiment, where electric field tuning is used is
shown in figure 4.16. The excitation energy of the laser is fixed to Eex =1343 meV and the
time-gated photoluminescence is recorded as a function of the applied electric field Fread .
When the p-shell absorption line is tuned into resonance with the excitation laser via the
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Figure 4.16. Photoluminescence excitation type measurement with electric field tuning for
an uncharged (a) and a singly charged (b) dot. The readout resonances occur at different
fields Fread,2 and Fread,1 , marked with an arrow on the x-axis, for X0 and X− luminescence
respectively.

Stark effect a distinct increase in the luminescence intensity is observed. In figure 4.16a
such an increase is observed at an electric field of 18 kV/cm for the X0 emission. Also
visible is weak luminescence from the biexciton 2X0 at Fread =22 kV/cm and the singly
charged exciton X− at Fread =23 kV/cm, which are observable due to unspecific charging
of the dot during the readout period. With intentional optical charging, which will
be discussed in section 4.3.3, the relative intensity of the luminescence lines can be
changed. In figure 4.16b, where photoluminescence excitation was performed on a
previously charged dot, the dominance of the X− emission can be clearly observed. The
energy difference of 0.1 meV between the absorption resonances observed in figure 4.15
translates here into an electric field difference of 5 kV/cm.
To detect both the X0 and X− emission the readout phase can be split into two. First the
electric field is tuned to Fread,1 =23 kV/cm for a certain amount of time, where the charged
exciton is detected, followed by a period tuned to Fread,2 to detect the X0 . The order is
chosen to minimize perturbations of the readout due to charging of the empty dot in
the X0 readout phase, which would lead to higher intensities in a subsequent X− readout.
The extra effort invested for readout via p-shell excitation should pay off with an
increased fidelity of charge readout. As discussed in section 4.2.2, a change of quantum
dot charge state during the readout phase can be induced by capture of single electrons or
holes. In the case of p-shell excitation, the charge carriers are created in the confinement
of the quantum dot, which makes carrier escape and therefore non-geminative energy
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relaxation less likely. Time-resolved measurements similar to those presented in section
4.2.2 were performed, to characterize the unintended charging dynamics in the readout
phase. In figure 4.17 the measurements performed with p-shell excitation (a and b) are
directly compared to the time-resolved studies after wetting layer excitation (c and d)
presented previously (see figure 4.10). For the p-shell excitation the laser was set to
Eex =1343 meV, resulting in the clear luminescence resonances presented in figure 4.16.
Under these conditions luminescence of the X0 (X− ) is detected, when the electric field
during the readout phase is set to Fread,2 =18 kV/cm (Fread,1 =23 kV/cm). Figure 4.17 c
and d are taken from earlier studies on a different quantum dot presented in figure 4.10
and were done with an excitation energy Eex =1390 meV at the low energy side of the
wetting layer and an applied electric field of Fread =14 kV/cm. Again, measurements for
low excitation power density (a Pex =5 W/cm2 ,c Pex =1 W/cm2 ) and increased excitation
power density (b Pex =50 W/cm2 ,d Pex =15 W/cm2 ) are presented. These power values
are not directly comparable, since absorption in the wetting layer is more effective than
in the orbital excited states of a quantum dot. Nevertheless, to allow comparison the
power density has been chosen such that the luminescence yield is approximately equal.
The analysis of the data in the case of p-shell excitation is not as straight forward as
for wetting layer excitation. Since the luminescence intensities of the different excitonic
states cannot be directly compared, the X0 and X− luminescence intensities have been
scaled to give a constant sum over the whole range measured and the relative intensities
have been calculated.
The initial focus of the discussion will be on the experiments performed with p-shell
excitation before continuing with the comparison with data recorded after wetting
layer excitation. For low excitation power (figure 4.17a, Pread =5 W/cm2 ) a constant
X0 emission is observed up to ∆tread =100 µs. Only for readout times ∆tread >100 µs
significant optical charging can be detected by the increase of the X− emission. Similar
to the results presented in section 4.10, this onset is shifted towards shorter readout
times, when the readout power density is increased, as shown in figure 4.17b. In this
case, an increase of the power by a factor of 10 leads to a reduction of ∆tread to 10 µs. The
observation of unintended optical charging can be quantified by calculating the charging
rates with the model developed in section 4.2.2. The solid lines represent fits to the data,
based on this rate equation model. The extracted charging rates are Γch1 =1000±80 s−1
and Γch1 =15000±1200 s−1 for low and high excitation power, respectively. The linear
behavior on the excitation power is nicely reproduced by these fits. Again, the loss rates
are found to be about one order of magnitude smaller than the charging rates. Since no
indication of charging with a second electron has been found in the experiments, Γch2 can
be neglected in the model. Notably, the best fit to the data presented in figure 4.17a,b is
achieved with an initial population N1 (0)=0.05, significantly less than the value N1 (0)=0.2
found for the measurements presented in section 4.2.2. Different quantum dots have
been studied for these measurements resulting in different charging properties, since the
electric field where charging from the back-contact becomes efficient depends strongly
on the dots confinement potential (see section 2.3.3).
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Figure 4.17. Time-resolved characterization of unintended charging for p-shell excitation
(a,b ) and wetting layer excitation (c,d ). The relative intensity of charge neutral (circles),
singly charged (squares) and doubly charged (triangles) states is plotted as a function of
readout time ∆tread on a logarithmic scale. Investigations have been performed for the low
(a,c ) and high (b,d ) power regime. Full lines represent fits according to the model developed
in section 4.2.2. Charging and loss rates have found to be ∼100 times smaller for p-shell
excitation.

When comparing the time-resolved data recorded after p-shell excitation (figure 4.17a,b)
with the curves taken after wetting layer excitation (figure 4.17c,d) it becomes apparent
that unintended optical charging is more effective in the later case. The dominance of
charged emission in figure 4.17c,d is observed at much shorter readout times, which
arises from much large charging rates Γch1 =9±1.3 104 s−1 and Γch1 =2±1 106 s−1 for the
low and high power case, respectively. In conclusion, switching from wetting layer
excitation to a resonant excitation in the quantum dot p-shell reduces the unintended
charging and charge loss rates by two orders of magnitude. Even though technically
more challenging, this improved readout scheme will be used for all investigations
presented in the following.
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4.3.3 p-shell Resonant Charging
In section 4.2.3 first charging experiments have been presented, where the quantum
dot has been optically charged via wetting layer absorption. Charging experiments
aim at the reliable preparation of a quantum dot with a precisely defined number of
electrons, which was not possible after wetting layer excitation. This section will deal
with optical charging of the single quantum dot via absorption in its p-shell. Whilst a
defined sequential charging of the quantum dot with two electrons and spin dependent
measurements were not achieved using this method, the investigations allowed refining
the experimental methods. As a result, it was possible to prepare a single electron in the
quantum dot and perform time-resolved measurements of the tunneling escape of this
electron from the dot.
The charging regime of the electric field Fcharge applied during the charging phase of
the experiment has been characterized in section 4.2.3 for charging via excitation in the
wetting layer. It was found that the electric field regime where efficient optical charging
is possible is limited by the electron and hole tunneling properties. For electric fields
Fcharge >20 kV/cm, the tunneling escape of the hole is fast enough to prevent radiative
recombination leaving a single electron in the quantum dot after optical excitation. At
higher electric fields the tunneling time of the electron through the barrier becomes
shorter and the storage time decreases. A second prerequisite must be fulfilled when
optical charging of the quantum dot is performed via absorption in its p-shell: the
excitation laser during the charging phase must be tuned into resonance with the p-shell
absorption line of the quantum dot.
Charging experiments have been performed, to find these resonances. The pulse
sequence of such an experiment is shown in figure 4.18a. Similar to the measurements
performed earlier (see section4.2.3) it consists of reset, charging and readout phase. The
readout out is done via p-shell excitation as discussed in the previous section. The
second tunable laser is introduced to perform the charging which is labeled laser I in
the schematic in figure 4.18a. This laser is tuned to Eex1 =1343 meV and generates a light
pulse turned on only during the charging phase of the experiment.
Figure 4.18b shows the relative intensity of the X0 and X− emission during the readout
phase of the experiment, when the electric field applied during the charging phase is
changed. For electric fields above 120 kV/cm and below 20 kV/cm mainly X0 luminescence is observed, since the electric field does not match the charging conditions
discussed in section 4.2.3. In the mid field regime (25 < Fcharge < 120 kV/cm) an increase
of the X− luminescence is detected at distinct electric field values accompanied by an
anti-correlated decrease of the X0 intensity. The only parameter varied here is Fcharge
during the charging phase of the experiment, where no luminescence is generated. Therefore, the anti-correlated resonances in the X0 /X− intensities observed in the readout
phase of the measurement can be attributed to a change in the electron occupancy of
the dot during the charging phase due to optical charging. As shown in figure 4.18b
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Figure 4.18. a Pulse sequence used for resonant charging experiments. During the charging
phase a optical from a different laser (laser I) is used to charge the quantum dot before readout
is conducted with laser II.b Charging of the quantum dot, observed by an increase of the X−
intensity, can be achieved through discrete p-shell states of the quantum dot.

by full lines the data can be fitted with a set of four Lorentzian lines. Each resonance is
marked with arrows on the electric field axis. Providing that absorption does not take
place in the p-shell of the quantum dot, no charging occurs and mainly X0 emission is
observed. As soon as the p-shell absorption lines are tuned by the electric field into
resonance with the charging laser, an electron-hole pair is created in the p-shell of the
dot. The hole will tunnel out of the dot due to the electric field, while the electron is
trapped by the AlGaAs barrier and relaxes to the s-shell. Since the electron is stable in
the dot, negatively charged excitons will be formed during the readout phase of the
measurement and the X− luminescence becomes stronger. The Lorentzian line-shape
of the resonances in figure 4.18b reflects the shape of the p-shell absorption lines. The
resonances are broadened at higher electric fields, since the tunneling time of the hole
becomes faster at high fields (see section 2.3.4).
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Power Dependence

A more detailed analysis of the linewidth and the hole tunneling time can be made,
when the measurement is performed as a function of the charging laser energy. The
accuracy of such a measurement decreases due to power fluctuations while tuning the
laser. On the other hand, the data can be directly interpreted, since the conversion of
electric field to energy via the Stark effect is not necessary. Figure 4.19 and figure 4.20
show such measurements as a function of charging power density Pcharge and applied
electric field Fcharge .
Figure 4.19a shows charging measurements with a fixed electric field Fcharge =71 kV/cm
at charging power densities ranging from Pcharge =0.03 to 1 W/cm2 . The energy of laser I
was tuned from Eex1 =1341.5 to 1346.5 meV to cover a region where three adjacent
absorption lines can be identified with the sharp increase of the X− luminescence. A
clear increase of the absorption linewidth is observed as the power density incident on
the sample is increased. By fitting the absorption lines with a set of three Lorentzian,
peak area A and linewidth γ can be extracted as a function of power. To improve the
quality of these fits it was assumed, that the peak area is equal for all three absorption
lines. The resulting values for A and γ are summarized in figure 4.19b and c. With
increasing pump-power density Pcharge the detected peak area increases until it saturates
for high power densities. This increase in area mainly results from an increase of the
linewidth from γ=0.3 to 1.0 meV.
The observed increase of γ can be explained by power broadening, where absorption
in the center of the line saturates while further increase is observed at the slopes of
the peak. Even though broadened, the lineshape stays Lorentzian. The peak area and
linewidth show a characteristic behavior as a function of power (adapted from:[Stu04]):



Pcharge
(4.4)
A = Asat 1 − exp −
Psat
s
Pcharge
(4.5)
γ = γnat 1 +
Psat
Here, Psat is the saturation pump power, Asat is the peak area saturation value and γnat
is the natural linewidth without power broadening. Equation (4.4) can be fitted with
high accuracy to the extracted peak areas, which is shown as a solid line in figure 4.19b.
The saturation pump power density is found to be Psat =0.25±0.03 W/cm2 , which
corresponds to ∼104 photons incident on the aperture per charging cycle.
The variation in the linewidth extracted from the data is larger, therefore, a reliable fit
for γnat is not possible. Instead, the power dependence of the linewidth has been plotted
for Psat =0.25 W/cm2 and a natural linewidth of γnat =30,40 and 50 µeV in figure 4.19c
showing the range of possible γnat .
Below power densities of Pcharge <0.1 W/cm2 the peak area increases linearly with
the power and the peak linewidth is close to the natural linewidth γnat . With excitation
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Figure 4.19. a Power density dependence of charging measurements showing the X−
intensity as a function of charging laser energy. The charging peaks have been fitted with
Lorentzian lines (solid grey lines). b Peak area of the charging peaks as a function of Pcharge .
The saturation behavior can be fitted (solid line) to extract Psat =0.25 W/cm2 . c Linewidth of
the charging peaks as a function of Pcharge . Power-broadening is observed for high power
densities. As a reference the dependence is plotted for natural linewidths γnat =30,40,50 µeV.
in this power regime the hole tunneling times can be directly extracted from γ.

Electric Field Dependence

A systematic study of the charging peaks as a function of the applied electric field Fcharge
is presented in figure 4.20. Typical measurements of the charging peaks for electric
fields Fcharge =43, 57, 78 kV/cm are presented in figure 4.20a. Again, the peaks have
been fitted with Lorentzians (solid grey lines) with the assumption that all three peaks
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Figure 4.20. a Electric field Fcharge dependence of charging measurements showing the
X− intensity as a function of charging laser energy. The charging peaks have been fitted
with Lorentzian lines (solid grey lines). The resonances Stark shift when the electric field
is changed. b Center position of the charging peaks as a function of Fcharge . The shift can
be fitted with a quadratic behavior typical for the quantum confined Stark effect. c Hole
tunneling times as a function of Fcharge , extracted from the charging peak linewidth.

have equal area. The energetic position of the absorption lines, plotted in figure 4.20b,
shifts quadratically to lower energies due to the quantum confined Stark effect as
the electric field is increased (see section 2.3.3). In addition, the resonances found by
photoluminescence excitation measurements (figure 4.18) at F=18 kV/cm are plotted,
which fit well to the trend of the peak positions. The Stark shift has been fitted with the
following relation and the results are displayed as solid lines in figure 4.20b.
2
E = E0 + pFcharge + βFcharge

(4.6)

As discussed in section 2.3.3, p is the intrinsic dipole moment and β is the polarizability
[Fry00b]. The fitted values can be found in table 4.1. The dipole moment p is found to
be smaller than values reported for absorption in the s-shell of a quantum dot [Fry00b].
The electron-hole separation r = p/e is calculated to be on the order of 1-2 Å.
The fitted linewidth of the charging peaks yields more information about the hole
tunneling dynamics. As discussed in section 2.3.4 the lifetime of the exciton can be
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Peak
1
2
3

p (10−29 Cm)
2.6±0.8
1.4±0.8
2.7±1.0

2

β (10−35 Cm
V )
1.3±0.3
1.6±0.3
1.6±0.5

Table 4.1. Permanent dipole moment p and polarizability β extracted from the Stark shift of
the charging peaks.
estimated with:
∆τ · ∆E ≥ h.

(4.7)

The lifetimes calculated with the fitted linewidth are plotted on a logarithmic scale as a
function of Fcharge in figure 4.20c. An exponential change of the lifetime from ∼5 to 18 ps
is observed in the electric field range between 43<Fcharge <78 kV/cm. This electric
field behavior indicates that the dominant relaxation process limiting the lifetime of
the exciton is the hole tunneling time to the Schottky contact. No strong electric field
dependence is expected for an energy relaxation process, which also takes place on
ps-timescales [Hei97]. It can, therefore, be concluded that hole tunneling is faster than
the energy relaxation of the exciton. Further support for this conclusion is given by a
comparison of the measured tunneling times with those of the s-shell. Tunneling from
the much better confined s-shell has been shown to be on the order of the radiative
recombination time (τrad =0.8 ns [Kre05c]) at an electric field of F=20 kV/cm (see 4.2.3).
If the data presented in figure 4.20c is extrapolated to 20 kV/cm hole tunneling times
of ∼40 ps are expected. This is about a factor of 20 faster than the value expected for
tunneling from the s-shell.
The data presented in this section shows that controlled charging of a single quantum
dot with a single electron can be done very efficiently by optical absorption in energetically sharp confined states. The next step in the context of a single spin detection
scheme would be the controlled addition of a second electron. Even with excitation
in the p-shell of the quantum dot concepts for a spin to charge conversion step can be
developed. When an electron with defined spin orientation is added to the p-shell a
singlet or triplet configuration is formed depending on the spin of the resident electron.
In singlet configuration the optically created electron will relax fast to the s-shell, where
tunneling to the contacts is suppressed. In triplet configuration such a relaxation is
not possible, and for a well chosen electric field the additional electron can tunnel out
of the dot. In this way a spin to charge conversion should be feasible for charging
via the p-shell. Unfortunately, sequential charging of the quantum dot with a second
electron via the p-shell could not be realized experimentally and the reasons for this
are still unclear. Still, the presented selective charging method allowed to judge the
possibilities of charge detection in time-resolved experiments with long storage times
and to investigate the tunneling properties of the electron through the barrier, which
will be discussed in the next section.
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4.3.4 Time-Resolved Tunneling Escape
An application of the charging and readout techniques discussed up to now shall be
presented to conclude the section on optical charging and readout via p-shell absorption
lines. The tunneling escape of a single electron from the quantum dot is directly measured demonstrating the feasibility of time-resolved measurements with long storage
times in the microsecond range.
The resolved measurements were conducted using the pulse sequence shown in figure 4.21. It consists of four measurement phases depicted in figure 4.21: reset, charging,
charge storage and charge readout. Each measurement cycle begins with a 400 ns duration reset pulse (figure 4.21a), for which the electric field (|F|=170 kV/cm see section
4.2.1) applied across the quantum dot is chosen such that the electron tunneling time is
much faster than 400 ns. As discussed before, this step ensures that the quantum dot
is initially uncharged and no cumulative charging effects can take place over several
cycles of the experiment. In the next step (figure 4.21b), selective optical charging as
discussed above is performed. The sample is illuminated for 300 ns with laser light that
is energetically tuned to the p-shell absorption transition at Eex =1343 meV, while an
electric field of Fcharge =68 kV/cm is applied across the quantum dot. After generation the
charge is stored in the dot for a time ∆t that can be extended over several microseconds,
as schematically depicted in figure 4.21c. During the storage phase a low electric field of
Fstore =25 kV/cm is applied, so that tunneling escape of electrons does not occur within
the storage time ∆t=4 µs. A strong electric field Ftunnel ≥133 kV/cm is introduced for a
time ∆ttunnel , to investigate the time evolution of the electron tunneling, where ∆ttunnel
can be increased up to 4 µs. Finally, the charge state of the dot is tested, by time-gated
photoluminescence, following the readout techniques discussed in section 4.3.2. An
optical pulse with a power density of Pread =10 W/cm2 with a length of 1 µs was chosen,
making sure that the charge state is not altered during readout.
The result of such an experiment is shown in figure 4.22. The fraction of the total
luminescence intensity arising from X− is plotted as a function of ∆ttunnel for the electric
fields Ftunnel =133, 140, 147, and 154 kV/cm. The curves show a clear mono-exponential
decay from the initial value of 0.50 towards 0.05, as the time ∆ttunnel is increased. Since
the X− intensity directly reflects the probability that the quantum dot is charged with an
electron, the decay presented in figure 4.22 reflects the electric field induced tunneling
escape of the electron through the AlGaAs barrier. The extracted tunneling times, shown
in figure 4.22b support this interpretation, since the values are comparable with expected
values. Furthermore, the behavior as a function of electric field is exponential, as
expected for tunneling escape from quantum dots (see section 2.3.4). If the tunneling time
is extrapolated to electric fields practicable for storage experiments (Fstore = 30 kV/cm)
the electron reaches a few seconds.
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Figure 4.21. Schematic representation of the pulse sequence used in the charge storage
experiments. The phases of the experiment are: a reset, b selective optical charging, c electron
storage, d charge readout via time gated photoluminescence. During the storage phase
tunneling escape of electrons can be induced by the application of high electric fields.
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Figure 4.22. a Time evolution of the X− intensity for several tunneling fields Ftunnel .
Tunneling escape of the electron leads to an exponential decrease of the observed X− intensity.
b Extracted electron tunneling times as a function of Ftunnel .
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4.3.5 Summary
Employing resonant excitation of the quantum dot in its orbital quantized states brings
several advantages for charge storage experiments, even though experimentally more
challenging. In the readout phase unintended charging rates and loss rates were suppressed by a factor of 100. Only this improvement in readout fidelity allowed detection
of the storage of a single electron in the quantum dot. Moreover, in the charging phase
of such experiments, selective optical charging via discrete absorption states becomes
possible due to excitation in the quantum dots p-shell. The power density and electric
field dependences showed that optical charging can be very effective with less than
104 photons applied on the aperture to initialize a single electron in the quantum dot.
Furthermore, time-resolved experiments were performed to investigate the tunneling
escape of a single electron from the quantum dot. These investigations showed that storage of a charge over timescales up to seconds should be possible. Finally, it was shown
that time-resolved measurements with storage times on the order of microseconds are
feasible with high detection accuracy. In spin related experiments such long timescales
are of importance to investigate the relaxation and dephasing mechanisms.
While initialization, storage and readout of electrons in a single quantum dot could be
successfully demonstrated, the spin degree of freedom does not yet play a role in these
experiments. The missing link is a reliable spin to charge conversion. By introducing a
second electron with a sequential charging step, the Pauli blockade and the spin selection
rules make it possible to map the spin orientation of the resident electron to the charge
occupancy of the dot. Such concepts were not yet successful using p-shell excitation.
Therefore, more elaborate experiments, where the excitation leading to charging is
performed directly in the s-shell of the quantum dot have to be performed. This will be
the focus of the next section.

4.4 Single Dot Spin Measurements
A crucial step in the measurement scheme presented in section 4.1 that has not been
addressed so far is the spin to charge conversion. Here, spin conditional absorption,
followed by fast hole tunneling leads to an occupation of the quantum dot with one or
two electrons depending on the spin orientation of the resident electron. When exciting
the quantum dot in its p-shell, such a conversion could not be reliably done, therefore
the experimental methods were modified to allow charging of the quantum dot via
absorption in its s-shell. The increased technical effort has been rewarded by reliable
spin detection on a single quantum dot. This will be the focus of this section, starting
with a discussion of the necessary alterations of the setup. Afterwards the investigation
of sequential charging of the dot with one or two electrons are presented. Finally, spin
initialization and relaxation of a single electron measured on a single quantum dot will
be presented.
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Figure 4.23. Schematic representation of the pulse scheme used in single spin storage
experiments. Laser I is used for spin initialization and spin to charge conversion, while laser
II is used for charge readout.

4.4.1 s-shell Resonant Charging
The pulse sequence presented in the spin readout proposal (section 4.1) has been adapted
to meet the experimental possibilities. The modified sequence is depicted in figure 4.23.
As in experiments presented earlier, the pulse sequence starts with a reset pulse to
avoid cumulative effects over several cycles of the experiment. Then a charging step is
implemented, where a single electron with defined spin orientation is selectively added
to the quantum dot via s-shell resonant excitation using laser I. This is followed by a
storage phase for a time ∆t, where the quantum dot is not illuminated and external
perturbations of the electron spin states are minimized. After storage, a second charging
step is performed. Here, addition of a second electron is only possible for anti-parallel
spin alignment of the newly added electron with the resident electron, leading to the
spin to charge conversion. The absorption energy of the quantum dot is shifted in the
second charging step due to Coulomb repulsion. Nevertheless, a single charging laser
(laser I in figure 4.23) can be used for this experiment since the quantum dot absorption
can be sufficiently tuned with the quantum confined Stark effect to bring both absorptions into resonance with the same laser energy. Finally, the charge state of the dot is
determined by time-gated luminescence after excitation in the p-shell with laser II, as
already demonstrated in the experiment presented in the last section.
The modified setup is depicted in a simplified schematic in figure 4.24. The light
of laser I and laser II is filtered to supress the laser sideband emission and modulated
according to the presented scheme, before it is mixed in a single mode fused fiber and
guided to the sample.
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Figure 4.24. Simplified schematic representation of the setup used for the single dot spin
storage experiments. A set of three acousto-optical modulators is needed to reach sufficient
light suppression for the laser resonant with the s-shell. The spectrometer is replaced by three
10 nm band-pass filters to increase the luminescence yield.

A technical problem arises when trying to excite the quantum dot resonantly in its
s-shell while detecting the s-shell luminescence, since the reflected laser intensity is
much brighter than the luminescence. This makes the use of multi channel charge
coupled devices (CCD) for detection difficult, since the laser reflection would outshine
the luminescence and the intense laser light could damage the device. A solution is
the use of a gate-able single photon counter. Since the charging and readout phase are
temporarily separated, the detector can be gated on only to detect the luminescence.
This is not possible with charge coupled devices.
The number of acousto-optical modulators in the beam path of laser I has been in-
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Figure 4.25. a Single dot luminescence spectra after wetting layer excitation. The attribution of the lines has been discussed in 4.2. b Photoluminescence excitation spectra after
p-shell excitation as a function of the applied electric field. Only the singly charged emission
is detected at F=16 kV/cm. The spectral information is, therefore, not important and a
spectrometer can be replaced by 10 nm band-pass filters.

creased to three to reduce the intensity of the reflected light from this laser during the
readout phase. The arrangement is schematically depicted in figure 4.24. With this setup,
a suppression of 9 orders of magnitudes is achieved when the laser is blocked by the
modulators, which reduces the intensity of the reflected laser I light below the detection
limit.
Since a single channel detector is used for the following experiments, spectral characterization of the emission lines is quite time consuming. Nevertheless, it must be
secured that the luminescence can be unambiguously attributed to a certain charge state
of the quantum dot. Here, the p-shell resonant excitation during the readout can be used
to an advantage, since the p-shell absorption is sensitive to the charge state of the dot
(see section 4.3). Figure 4.25 shows a photoluminescence excitation-type spectrum following p-shell excitation (figure 4.25b) and a luminescence spectrum after wetting layer
excitation for reference (figure 4.25a). The identification of the excitonic emission lines
in figure 4.25a follows the analysis presented in section 4.2. Measurements performed
with an applied magnetic field of B=12 T in Faraday configuration are shown, since the
main results presented later were performed at this field. Even though the excitation
energy has to be adjusted when the magnetic field is changed due to the diamagnetic
shift of the p-shell, the main conclusions can be transferred to other magnetic fields.
The Zeeman-splitting of the luminescence lines cannot be resolved in this measurement
given the spectral resolution of the monochromator.
In figure 4.25b the quantum dot absorption is tuned via the applied electric field,
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while the luminescence from the s-shell is detected with a multichannel detector. A
single absorption resonance is detected at Fread =15 kV/cm leading to the luminescence
of the X− and the 2X− excitonic states. These states can be identified by the energetic
comparison with the photoluminescence spectra shown in figure 4.25a. Furthermore, in a
large electric field regime 5<Fread <21 kV/cm no luminescence from charge neutral (X0 ,
2X0 ) or doubly charged (X2− ) emission is detected. The spectral information is no longer
needed, since under these conditions (Eex2 =1341 meV, Fread =15 kV/cm ) only singly
charged states luminescence. This allows to replace the spectrometer by a set of three
10 nm band-pass filters centered at 1320 meV, as schematically depicted in figure 4.24,
which leads to a factor ∼10 improvement in detected intensity. It has been found that
three 10-nm wide band-pass filter suppress the reflection of laser II sufficiently, while the
signal loss due to the filters is still acceptable at the quantum dot emission wavelength.

4.4.2 Sequential Electron Charging
The method described above allows exclusively the detection of the presence of a single
electron in the quantum dot. The charge state of the dot is, therefore, deduced from
the signal change of the singly charged emission. This allows the characterization
of the resonant conditions for the sequential addition of charges to the quantum dot.
First measurements have been performed with an applied magnetic field of B=10 T
in Faraday geometry. A charging measurement example using the pulse sequence
presented in figure 4.23 is shown in figure 4.26. Laser I is fixed to an excitation energy of
Eex1 =1318.4 meV with a power density of Pex1 =0.3 W/cm2 . The readout is performed
with time-gated luminescence as described in section 4.3.
The squares in figure 4.26 show the singly charged luminescence as a function of the
first charging field Fch1 . For high electric fields, where no charge storage is expected (see
section 4.2) a background of Ibg =1.8 kcts is detected in an integration time of 120 s. This
background arises from the remaining reflection of laser II and detection of the laboratory
background light, which could not be reduced to zero even though care was taken to
cover the optical path and eliminate remaining light sources. As the charging field is
reduced, a distinct resonance is detected at Fch1 =99 kV/cm, with a maximum intensity
of I p =3.3 kcts/120 s. At this field the neutral quantum dot absorption energy has been
tuned into resonance with the excitation laser energy and charging of the quantum dot
with exactly one electron increases the luminescence intensity of the singly charged
emission (X− + 2X− ). The resonance can be fitted with a Lorentzian line, reflecting the
s-shell absorption spectrum of the charge neutral quantum dot. The addition of a second
electron to the dot at this electric field is not possible, since the Coulomb interaction
shifts the s-shell state by 3-5 meV to lower energies (see section 2.3.3 and 4.2).
Nevertheless, by using a different charging field Fch2 sequential charging with a
second electron can be achieved. The circles in figure 4.26 shows a measurement as a
function of Fch2 to find this resonance condition. The quantum dot is previously charged
with a single electron by setting Fch1 =99 kV/cm, while the second charging field Fch2
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Figure 4.26. Demonstration of sequential charging with two electrons in a single quantum
dot. The detected X− intensity increases, when Fch1 tunes the charge neutral absorption in
resonance with laser I and the first electron is optically added to the dot. After addition of the
first electron a second electron can be added by tuning Fch2 . A pronounced dip of the X−
intensity is observed when the second electron is added.
is varied. At Fch2 <80 kV/cm a signal of 3.3 kcts/120 s is detected corresponding to
the signal of a singly charged quantum dot. When Fch2 is changed to 70 kV/cm the
intensity of the singly charged emission drops to 2.0 kcts/120 s recovering again for
Fch2 <65 kV/cm. Again, the lineshape of this resonance is Lorentzian and has been
fitted with the solid line shown in figure 4.26.
Since the dip has the form of a quantum dot absorption line, it is attributed to a
resonance between the singly charged quantum dot with the excitation laser, which
leads to the addition of a second electron to the dot. Consequently, the singly charged
emission drops since the absorption properties in the p-shell changed due the Coulomb
interaction and the doubly charged quantum dot can no longer be excited by the chosen
readout laser energy Eex2 =1343 meV.
The relative amplitude of the second charging dip in comparison to the first charging
peak intensity reveals information on the charging efficiency. In resonance the second
charging step reduces the X− intensity to 23% of the first charging peak amplitude. It
can be deduced that in 77% of the measurement cycles where the first charging was
successful a second charging event occurred. By increasing the optical power or the
length of the second charging laser pulse this value can be improved. In the presented studies, the laser pulses (Pex1 =0.3 W/cm2 for 500 ns for both charging steps) were
chosen such, to avoid power broadening effects and minimize the pulse length to the
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Figure 4.27. Measurement of first charging peak (a) and second charging dips (b) for
different excitation energies via detecting the X− luminescence as a function of the electric
field Fch1 and Fch2 , respectively. The electric field where charging occurs can be controlled by
changing the excitation energy.
technically feasible limit. Second charging efficiencies larger than 60% have routinely
been achieved in experiments, where a single charging pulse corresponds to only ∼104
photons incident on the aperture.

Sequential Charging Properties

After this first demonstration of sequential charging of a single quantum dot with two
electrons, the charging properties will be studied more systematic way. Figure 4.27a
shows measurements of the first charging peak as a function of the charging field Fch1
for excitation energies Eex1 varying from 1318.4 meV to 1323.3 meV. Each measurement
shows a distinct resonance that has been fitted with a Lorentzian line. The extracted
peak positions, widths and amplitudes are plotted in figure 4.28 as squares.
To measure and compare the second charging dips (presented in figure 4.27b) it was
ensured that the quantum dot is previously charged with a single electron with equal
probability, having a fixed I p =1.55 kcts/60 s for the singly charged state. Again, distinct
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Figure 4.28. Analysis of the charging measurements presented in figure 4.27. a Peak
(squares) and dip (circles) center electric field as a function of the excitation energy. A
linear stark shift of the s-shell absorption lines is detected. b Charging peak (squares) and
dip (circles) amplitude as a function of the electric field. Efficient charging is possible for
60< Fch1,2 <95 kV/cm. c Linewidth of charging peak (squares) and dips (circles) as a
function of the electric field. The linewidth is not limited by the hole tunneling time, but
broadened by the Zeeman splitting and voltage fluctuations.
second charging dips were observed, which were fitted with Lorentzian lines. The
extracted parameters are shown in figure 4.28 as circles.
Figure 4.28a shows the resonant electric fields of first charging peaks (squares) and
second charging dips (circles) as a function of excitation energy. Due to the quantum
confined Stark effect, the peak position changes as a function of the excitation energy.
Since the electric fields are large, a linear dependence is observed, where a shift of
∼7.8±0.2 kV/cm per millielectronvolt is observed for both first and second charging
resonance. An energetic shift ∆E=4.1 meV from first to second charging can be extracted
from the data. This value matches well with the expected Coulomb renormalization
energy of ∆E=3-5 meV between the X0 and X− optical transition, discussed in section
2.3.3 and 4.2.2.
Furthermore, the data shows that the electric field regime where efficient optical
charging can take place must at least span ∆F=32 kV/cm to perform the first and second
charging step with the same excitation laser energy.
The electric field regime of efficient charging can be characterized with the electric field
dependence of the peak and dip amplitude shown in figure 4.28b. The peak amplitude
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has been normalized to the integration time of the experiment to make a comparison of
peaks and dips possible.
On the high electric field side charge storage is limited by electron tunneling during
the charging step of the experiment. In the presented data, a reduction of the first
charging peak amplitude is observed for electric fields Fch1 >95 kV/cm. The electric
field Fch1 is applied for 500 ns, which allows a comparison with the characterization of
the reset pulse given in section 4.2. Electron tunneling faster than 400 ns and, therefore,
a successful reset was achieved for electric fields larger than 90 kV/cm, which fits well
to the electric field behavior observed in figure 4.28b.
As discussed earlier in sections 4.2 and 4.3 charging is limited by hole tunneling in
competition with radiative recombination on the low electric field side. In the previous
charging experiments using wetting layer and p-shell excitation, efficient optical charging, that is hole tunneling faster than the radiative recombination time of τ ∼1 ns
[Kre05c] has been observed for Fch >25 kV/cm and 35 kV/cm, respectively. For s-shell
excitation the threshold of increasing dip amplitude and, therefore efficient optical
charging, is shifted above 50 kV/cm. In the previous measurements (see section 4.2
and 4.3) hole tunneling occurs before energy relaxation, where the tunneling barrier is
smaller and hole tunneling is fast. In the case of s-shell excitation the potential barrier is
approximately 20 meV larger and the tunneling process slows down, which has to be
compensated by the application of higher electric fields (see section 2.3.4). Furthermore,
the amplitude of the second charging dip is smaller than for the first charging peak in
the region between 60 kV/cm and 75 kV/cm where both can be observed. A possible
reason for this observation is the reduced hole tunneling time in the presence of an extra
electron during the second charging step. The charging is less effective and, therefore,
the amplitude is reduced.
From the linewidth of the charging resonances the hole tunneling time can be calculated, similar to the analysis presented in section 2.3.4. The linewidth is extracted from the
fits and converted to energy by using the energy dependence shown in figure 4.28a. At
electric fields larger than 100 kV/cm the luminescence intensity decreases abruptly for
the measurements performed at Eex1 =1318.4 and 1319.1 meV. This is attributed to charge
loss during the storage phase due to electron tunneling through the barrier. Consequently, no X− luminescence is detectable for high fields, even though the absorption
line is in resonance with laser I. As a result, the data point at Fch1 =99 kV/cm does not
resemble the true linewidth of the absorption but is artificially narrowed, which explains
the sudden change observed in figure 4.28b and c.
The linewidth of both first charging peak and second charging dip decreases with the
electric field. A calculation of the hole tunneling times leads to values of the order of a
few picoseconds. This is much faster than the radiative recombination time and does
not limit the charging process. On the other hand, the broadening of the resonances
due to the unresolved Zeeman splitting of the absorption lines at B=10 T has not been
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included. Furthermore, the accuracy of the applied voltage pulse is on the order of
some millivolts. The Stark effect converts a variation of 1 mV (0.07 kV/cm) in applied
voltage to an energy shift of ∼10 µeV, which can broaden the observed linewidth during
charging and reduce the charging probability.

Demonstration of Spin Blockade

The successful sequential charging experiments presented above were performed using
linearly polarized excitation light. The spin degree of freedom of the created charges,
which has been neglected up to now, can be addressed by the use of circularly polarized light, as previously discussed in section 2.2 and 3.3.2. Due to restrictions in the
optical setup, the helicity of the excitation polarization cannot be independently set for
laser I and laser II. Since the p-shell resonance used for readout preferentially absorbs
σ+ polarized light only this helicity of the circular polarization is used in experiments.
The charging experiments have been repeated using circularly polarized excitation to
test the influence of spin selective excitation. The singly charged luminescence intensity
for circularly polarized excitation is presented in figure 4.29 as circles. In addition,
the previous measurement using linearly polarized light (figure 4.26) is included in
figure 4.29 and presented as squares. The luminescence intensity I is plotted as relative
intensity r, normalized to the amplitude of the first charging peak:
r( F) =

Ip − I ( F)
,
I p − Ibg

(4.8)

where I p is the maximum luminescence intensity of the first charging peak and Ibg is the
background intensity. This presentation is of advantage, since the absorption strength
for linearly and circularly polarized excitation is different in the readout step of the
experiment. Finally, the first charging peaks and the second charging dips were fitted
with Lorentzian peaks, shown as solid lines in figure 4.29.
Since only one of the excitonic Zeeman branches is addressed with the circularly
polarized excitation a shift of the peak center by half the Zeeman splitting is expected.
The accuracy of this measurement is around 2 kV/cm, which translates to an energy
shift of ∆E=250 µeV. Consequently, the Zeeman splitting ∆E=gex µ B B is smaller than
500 µeV, which allows to deduce an excitonic g-factor of | gex | ∼0.8 or smaller.
A more pronounced effect of the polarization is observed in the second electron
charging dynamics. Whilst for linear polarization a relative dip amplitude of r=0.77 is
detected, this value reduces to r=0.28 when using circularly polarized light of the same
helicity as in the first charging step. This is a clear indication of Pauli blockade [Pet05]
in the absorption of the second charging pulse. A photon tuned to the X− absorption
can only be absorbed by the quantum dot when the optically created electron in the

4.4. Single Dot Spin Measurements

155

Excitation Polarization:
Linear
Circular
R e la tiv e In te n s ity

-0.2

B=10 T

0.0
0.2

0.28

0.4
0.6
0.8

0.77

1.0
90 100 110
Fch1(kV/cm)

60 70 80
Fch2(kV/cm)

Figure 4.29. Charging measurements for linearly (squares) and circularly (circles) polarized
excitation. A reduction of second charging efficiency is observed for circularly polarized
excitation due to Pauli-blocking of the absorption.

conduction band has an anti-parallel spin orientation to the resident electron. In the case
of linear excitation, both spin orientations are created with equal probability. Therefore,
the condition of anti-parallel spin orientation can be fulfilled and second charging is
efficient leading to a dip amplitude of 0.77. As discussed above, this value is only limited
by the charging efficiency of the second charging pulse.
Circularly polarized excitation addresses only one of the two Zeeman levels, which
results in the creation of electrons with a specific spin orientation in the first charging
step. Since the helicity of the circularly polarization is the same during the second
charging step, the same s-shell Zeeman level is addressed by the excitation laser light.
Thus, the polarization selection rules allow only the creation of electrons with spin
parallel to the spin orientation already present in the quantum dot. Since this situation
is Pauli forbidden, no absorption takes place and the amplitude of the second charging
dip is strongly reduced.
In the experiments the observed blockade is not perfect since, on the one hand, the circular polarization created by the optical setup is not perfect and, on the other hand, spin
relaxation is on the timescale of several microseconds changes the spin of the resident
electron during the storage time of ∆t=0.8 µs. The spin relaxation will be investigated in
more detail in section 4.4.4.
The spin blockade experiment presented in figure 4.29 already demonstrates successful
spin to charge conversion, which in principle allows to investigate the spin dynamics
of a single electron in a single dot. However, to fully test the spin readout scheme it
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is desirable to control the spin orientation of the first and the second added electron
independently. The experimental effort to switch the polarization of the excitation
laser in a time faster than 1 µs or guide two differently polarized excitation beams
to the sample is large. A much more elegant and reliable solution is to control the
spin orientation of the created electron by matching the excitation laser to only one
of the two excitonic Zeeman branches. At a magnetic field of B=10 T, as used for the
investigations in this section, the Zeeman branches cannot yet be resolved. In the next
section measurements at a magnetic field of B=12 T will be discussed, where the Zeeman
branches are well separated and, therefore, allow spin addressing by energy selection
using linearly polarized light.

4.4.3 Spin Initialization in a Single Quantum Dot
A charging measurement using linearly polarized excitation with an applied magnetic
field of B=12 T in Faraday configuration is shown in figure 4.30. In figure 4.30a the X−
intensity is plotted as a function of the first charging field Fch1 for different energies of
the charging laser Eex1 =1318.7, 1319.2, 1319.6 meV. Each measurement shows charging
via the two Zeeman branches of the charge neutral absorption in the quantum dot and
has been fitted with two Lorentzian lines represented as solid lines, which are shown in
figure 4.30a. The observed center electric fields are plotted as a function of the excitation
energy in figure 4.30b. The Stark shift of the absorption line is not affected by the
change of magnetic field, therefore the same linear dependence is observed as in the
measurement presented in figure 4.28 with a change of 1 meV for an applied field of
∼8 kV/cm. The Zeeman splitting of the absorption lines ∆EZ = gex µ B B=0.4 meV can be
directly deduced from the plot in figure 4.30b. From this energy splitting at a magnetic
field of B=12 T the excitonic g-factor is determined as | gex |=0.57. Due to the nature of the
Stark effect, the energetically higher excitonic Zeeman level is found at larger electric
fields for fixed excitation energy.
In addition, the measurements of the relaxation dynamics, presented later in section
4.4.4, allow identifying the spin orientation of the optically created electron. Figure 4.31
illustrates the configuration of the electron and hole Zeeman splitting found in the
investigated quantum dot. The lower energy optical transition leads to the creation
of a spin down electron in upper Zeeman level, while the higher energetic transition
creates a spin up electron in the lower Zeeman level. Therefore, the electronic g-factor
must be negative, while the hole g-factor has the opposite sign and a larger value. These
assumptions are in accordance with the calculations presented in section 2.3.5, where
only negative electron g-factors were calculated, while the magnitude of the hole g-factor
can be larger and take positive values. In summary, absorption in the lower (upper)
uZ
excitonic Zeeman level at a charging field FlZ
ch1 (Fch1 ) will lead to the creation of a spin
down (up) electron. The spin orientation of the created electron can be chosen with the
applied electric field during the charging steps of the experiment.
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Figure 4.30. a Charging peaks at B=12 T for Eex =1318.7, 1319.2 and 1319.6 meV, fitted
with two Lorentzian lines (solid lines). The Zeeman splitting can be clearly resolved.
b Analysis of the peak position of the lower (squares) and upper (circles) Zeeman level
absorption as a function of excitation energy. A linear Stark shift is detected and a Zeeman
splitting of ∆EZ =0.4 meV can be extracted. c Tunneling times calculated from the linewidth
of the fitted charging peaks for the upper (circles) and lower (squares) Zeeman splitting.
Short hole tunneling times on the order of picoseconds ensure efficient charging.

In contrast to the measurement presented in figure 4.27, the Zeeman splitting can now
be resolved and a more accurate estimation of the hole tunneling time can be deduced
from the linewidth of the charging peaks, according to the analysis presented in section
2.3.4. The calculated hole tunneling times are presented in figure 4.30c. The typical electric field behavior is observed, with shorter tunneling times detected at higher electric
fields. Furthermore, the values are much smaller than the radiative recombination time
[Kre05c], securing efficient charging. On the other hand, longer tunneling times are
extracted than in the case of charging via the p-shell (see section 4.3), since the s-shell is
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Figure 4.31. Schematic representation of the Zeeman splitting in the investigated quantum
dot. The electron g-factor is negative, while the hole g-factor has the opposite sign and
its absolute value is larger. Excitation of the lower (upper) excitonic Zeeman level leads,
therefore, to creation of spin down (up) electron.
much better confined. The increased barrier height suppresses the hole tunneling escape.
The spin blockade effect in the second charging phase, which was in first principle already shown in figure 4.29, can be demonstrated much clearer when using spin selection
via the electric field. A charging measurement performed with linearly polarized light
at B=12 T is presented in figure 4.32. The first charging peak shows the Zeeman split
uZ
absorption of the uncharged quantum dot at FlZ
ch1 =88 kV/cm and Fch1 =91 kV/cm for spin
down and spin up generation, respectively. The amplitude of the first charging peaks
uZ
IlZ
p and I p are not equal, which results from a non-ideal linearly polarized excitation,
addressing the upper Zeeman level with slightly higher effective power.
The second charging dip, presented in figure 4.32b, has been recorded after initializing the first electron with spin down at FlZ
ch1 =88 kV/cm (squares) and with spin up at
uZ
Fch1 =91 kV/cm (circles). The amplitude is again shown as relative intensity r as defined
in equation (4.8). The Zeeman splitting of the optical X− absorption is observable in the
uZ
two X− intensity dips centered at FlZ
ch2 =56 kV/cm and Fch2 =59 kV/cm with an amplitude
of rlZ and ruZ , respectively.
The spin blockade effect manifests itself in the difference between rlZ and ruZ . If the
first charging field Fch1 is set to 88 kV/cm where predominantly spin down electrons
are created, a second spin down creation measured by rlZ =0.18 is strongly suppressed
while ruZ =0.51 is clearly observable. The opposite is observed, in the case of spin up
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Figure 4.32. Charging measurements at B=12 T for first a and second b charging step.
uZ
Excitation FlZ
ch1 =88 kV/cm and Fch1 =91 kV/cm leads to creation of a spin down and spin up
electron, respectively. The second charging dip can only be observed, when first and second
charging occur in different Zeeman levels, which demonstrates the spin blockade clearly.

excitation at FuZ
ch1 =91 kV/cm. Here, rlZ =0.56 while ruZ is reduced to 0.15. In both cases,
spin selective excitation leads to a weak co-polarized absorption, while absorption via
the counter-polarized Zeeman level is strong and charging of the dot with a second
electron can occur.
The amplitude of the dips rlZ and ruZ is, therefore, a measure for the number of
times a spin up (down) is detected during the repetition of the experiment. Note, when
pumping a certain Zeeman level the detected spin orientation is anti-parallel to the
optically created spin orientation, since r measures a successful charging event. The
fraction f↓ (f↑ ) a spin down (up) is detected during the integration time of the experiment
can be deduced from ruZ (rlZ ) normalized to the charging efficiency during the second
charging step, which is given by rlZ + ruZ :
rlZ
rlZ + ruZ
ruZ
f↓ =
.
rlZ + ruZ
f↑ =

(4.9)

The efficiency with which a desired spin orientation is created during the first charging

160

Chapter 4. Single Dot Spin Storage

step is characterized by the initial degree of polarization:
ρinit = f ↑ − f ↓ =

rlZ − ruZ
.
rlZ + ruZ

(4.10)

Voltage Selective Spin Initialization

Only one Zeeman level should be excited to initialize the electron spin with a high
fidelity. In the presented measurements the splitting of the Zeeman lines is on the order
of the linewidth, which leads to a reduction of the observed degree of polarization.
The influence of the absorption line overlap, which is limiting ρinit , has been studied
by measuring the degree polarization as a function of Fch1 , which is presented in figure 4.33a. The measurement has been performed with a storage time of ∆t=0.8 µs.
To compensate for relaxation effects ρinit has been extrapolated to ∆t=0 by using the
relaxation dynamics found in the time-resolved measurements, which will be presented in section 4.4.4. For reference, the intensity of the first charging peak is plotted in
figure 4.33b.
The initial degree of polarization reaches a maximum value of |ρinit | ∼0.6 at the
uZ
charging fields FlZ
ch1 =88 kV/cm and Fch1 =91 kV/cm coinciding with the peak positions
of the absorption lines. Between these electric fields, where the charging peaks overlap,
a sharp transition from negative to positive values is observed. To the high and low
field side of the first charging resonances, the degree of polarization decreases to zero.
Here, the accuracy of the measurement gets worse, since the signal decreases due to the
reduced charging efficiency far away from the absorption line.
When assuming that the degree of polarization is only limited by the selectivity of
− IlZ
the excitation, the expected ρinit ( Fch1 ) can be calculated with ρ = IIuZ
, where IuZ (IlZ )
uZ + IlZ
is the intensity of the fitted Lorentzian lines of the upper (lower) Zeeman level. The
result is plotted as solid line in figure 4.33a. A good agreement with the measured data
is observed in the region of effective charging between 86<Fch1 <93 kV/cm. For lower
electric fields a much smaller linewidth of the charging resonance must be assumed to
achieve a better match to the experimental data. Most likely the assumption of a Lorentzian absorption line does not hold in this respect. Instead, an asymmetric absorption
line shape must be considered, since the line should be broadened towards the high
electric field side due to faster hole tunneling. Nevertheless, the data strongly suggests
that the achieved initial degree of polarization is only limited by the overlap of the two
Zeeman split absorption lines. Consequently, in quantum dots with a larger excitonic
g-factor the fidelity of spin initialization could be much larger allowing also experiments
at lower magnetic fields.

rinit

4.4. Single Dot Spin Measurements

0.6 a
0.4
0.2
0.0
-0.2
-0.4
-0.6
7

b

6
5
4

-

X In te n s ity
( k c ts /1 2 0 s )

161

3
75

lZ
Fch
ch1
1

80

uZ
Fch
ch1
1

85
90
95
Electric Field (kV/cm)

100

Figure 4.33. a Measured degree of polarization of the initialized electron spin as a function
of first charging field Fch1 . b First charging peak for reference. The full line in a represents
the expected degree of polarization calculated from the fitted Lorentzian lines. The maximum
degree of polarization is only limited by the selective addressing of the individual Zeeman
levels.

4.4.4 Spin Dynamics in a Single Quantum Dot
The spin dynamics can be investigated, since effective ways to initialize and measure
the spin orientation of an electron in a single quantum dot have been established. Here,
a first proof of the feasibility of such measurements shall be given by measuring the
time-resolved spin relaxation in a single quantum dot at magnetic field of B=12 T for
different temperatures T=2, 10, 20 K.
The pulse scheme presented in figure 4.23 accommodates a storage phase, where a
single electron is localized in the quantum dot, while shielded from external perturbations such as coupling to the back-contact or optical creation of carrier in the quantum
dot and its vicinity. The length of this storage phase ∆t can be varied arbitrarily by
changing the delay between the first and the second laser and the voltage pulse used for
charging. Due to the switching speed of the acousto-optical modulators, these pulses
must be at least 500 ns long, which limits the time resolution of the measurement. By optimizing the modulators used in the experiment a better time resolution can be achieved.
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Figure 4.34. Second charging dips for a storage time ∆t=0.8 (squares), 2.3 (circles) and
6.8 µs (triangles). The charging dip at FlZ
ch2 =56 kV/cm is recovered as the spin blockade is
lifted due to thermal relaxation.

The upper limit of the storage time is given by the signal yield of the measurement. Since
the readout time is constant when the period of one measurement cycle is increased,
the total signal decreases proportional to the repetition frequency. Up to now, reliable
measurements were demonstrated with repetition rates smaller than 25 kHz, resulting
in a maximum storage time of 40 µs.
The temporal evolution of the second charging dip after initialization of an electron
with spin down is presented in figure 4.34 for ∆t=0.8 µs (squares), 2.3 µs (circles) and
6.8 µs (triangles). Again, the Zeeman split absorption lines of the singly charged quanuZ
tum dot are clearly visible at FlZ
ch2 =56 kV/cm and Fch2 =59 kV/cm for the addition of a
spin up or down electron, respectively.
For short storage times ∆t=0.8 µs the dominance of the dip at FuZ
ch2 is detected, showing
the successful initialization of the electron with spin down. As the storage time is increauZ
lZ
sed, the intensity IuZ
d at Fch2 increases accompanied by an anti-correlated decrease of Id
at FlZ
ch2 . This indicates that only at long storage times an electron with spin down can
again be added to the quantum dot because there is a chance that the resident electron
flipped its spin during the storage time ∆t=6.8 µs due to thermal relaxation.
More detailed studies of the time dynamics have been performed to characterize
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Figure 4.35. Time-resolved evolution of the relative dip amplitude rlZ (squares) and ruZ
(circles) for initialization of spin down (a) and spin up (b). Relaxation towards thermal
equilibrium is observed. The charging efficiency rlZ +ruZ stays constant for all storage times.
the timescale T1 of this thermal relaxation. Recording the full second charging dip, as
presented in figure 4.34 is quite time consuming. Fortunately, it is sufficient to record the
uZ
lZ
uZ
intensities I p ,IlZ
d , Id at the three electric fields F p ,Fch2 and Fch2 as indicated in figure 4.34
to characterize the time evolution. In addition the background intensity Ibg is determined by detuning the charging laser from the resonances and performing the same
measurement where no charging of the dot takes place. The relative dip amplitude can
the then be calculated to be rlZ,uZ = I p − IdlZ,uZ /( I p − Ibg ).
By using this method rlZ (squares) and ruZ (circles) have been measured as a function
of the storage time ∆t, presented in figure 4.35a and b, for initialization of spin down
and spin up, respectively. The temperature was set to T=10 K. Note, that the charging
efficiency rlZ +ruZ , plotted as triangles in figure 4.35, stays constant for all storage times
∆t and does not depend on the orientation of spin initialization.
The interpretation of the data is analogous to the analysis of ensemble spin storage,
which is presented in 3.3.3. Here, no spin ensemble is investigated, but the intensities of
single dot spin storage are averaged over many thousand measurement cycles.
For short storage times, a dominance of the spin orientation chosen for initialization
is observed. As the storage time is increased the system evolves towards thermal
equilibrium. As discussed in section 3.3.3, this evolution can be described by a mono-
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exponential decay:
rlZ,uZ (t) =

equ
(rlZ,uZ (0) − rlZ,uZ ) exp



t  equ
−
+rlZ,uZ
T1

(4.11)

All four traces of figure 4.35 are fitted simultaneously, where the parameters have
been constraint to ensure that the constant charging efficiency is correctly reproduced by
the fit. A single time constant, the spin relaxation time T1 =3.4±0.8 µs, is extracted from
the data. This value is in good agreement with the lifetime measurements performed on
quantum dot ensembles, where T1 =12±4 µs was found (see section 3.3.3), suggesting
that, as previously identified, the relaxation probed originates from spin-orbit coupling
mediated by single phonon scattering. [Los98; Kha01; Woo02].
The energetic state of the Zeeman level occupied by the electron spin can be deduced
from the dominant spin state in thermal equilibrium. For storage times much longer
than T1 , the energetically lower Zeeman level of the electron states, which according to
the negative sign of the g-factor is connected with the spin up electron, is more likely to
be occupied. Note, that the initialization of a spin up electron is achieved via pumping
the upper excitonic Zeeman level but will occupy the lower electronic Zeeman level. A
significant difference in occupation of the two levels can be detected, as long as the
thermal energy Eth = k B T is smaller than the Zeeman energy EZ = ge µ B B. In figure 4.35
the higher population is observed for rlZ , which justifies the attribution of spin up
detection at this charging resonance.
To support the verification of the spin relaxation mechanism time-resolved measurements of the single spin dynamics were repeated at additional lattice temperatures
T=2 K and 20 K. Figure 4.36 shows all three measurements for spin down (a,c,e) and spin
up initialization (b,d,f). As expected, the relaxation slows down for lower temperatures.
Furthermore, a larger degree of polarization in thermal equilibrium is detected, for lower
temperatures. As before, the traces are fitted with equation (4.11) which is presented as
solid lines in figure 4.36.
The lifetime values extracted from the fits are plotted on a double-logarithmic plot in
figure 4.37a. A power-law behavior with an exponent m=-0.8±0.1 can be fitted to the
temperature dependence of the spin lifetime. This value is in good agreement with the
inverse temperature dependence expected for phonon assisted spin relaxation mediated
by spin-orbit coupling ([Kha01], see also section 3.3.4). The main result found with the
ensemble spin measurements presented in section 3.3 has, therefore, been confirmed.
In addition, the fits allow to determine the degree of polarization at ∆t=0 (ρinit ) and at
thermal equilibrium (ρequ ) for large storage times. The initial degree of polarization is
temperature independent with |ρinit | ∼0.6-0.7 (figure 4.37b) and is limited by the Zeeman
splitting overlap (see section 4.4.3). The equilibrium spin distribution, on the other hand,
is strongly temperature dependent (figure 4.37c). The Boltzmann distribution can be
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(c,d ) and T=20 K (e,f ). Relaxation slows down for lower temperatures.
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Figure 4.37. Analysis of the data presented in figure 4.36. a Spin lifetimes plotted on
a double logarithmic scale as a function of temperature. A power-law behavior with m=0.8±0.1 is found. b Initial degree of polarization ρinit as a function of temperature. c
Equilibrium degree of polarization ρequ as a function of temperature. The spin distribution
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used to describe this behavior, as discussed in section 3.3.3:
equ

f↑

=

1
1 + exp (− EEz )
th

equ

f↓

=

1
1 + exp (+ EEz )
th

equ

ρequ = f ↑

equ

− f↓ ,

(4.12)

with the Zeeman splitting Ez = ge µ B B and the thermal energy Eth = k B T. The only
free parameter in this relation is the electron g-factor ge , which allows in principle to
determine the magnitude of |ge |. The presented temperature studies consist only of
three points and no measurement has been performed in the region of T=5 K, where
the equilibrium spin distribution is most sensitive to temperature changes. For this
reason, the g-factor cannot be reliably determined from the measurements. Instead, the
temperature dependence of ρequ has been calculated for a range of g-factors between 0.6
and 1.2 and is presented as full lines in figure 4.37c. The observed dependence overlaps
nicely with the temperature dependence expected for the range of electron g-factors
predicted by the calculations presented in section 2.3.5.
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4.4.5 Summary
The proposed scheme to detect the spin orientation of an electron and observe spin dynamics on microsecond timescales in single self-assembled quantum dots was successfully
applied. Optical initialization of a single electron spin with a degree of polarization
limited only by the overlap of the Zeeman lines was demonstrated. In the future, much
larger degrees of polarization than the observed ρinit =0.6 can be achieved, when a
quantum dot with larger excitonic g-factor is investigated.
The feasibility of time-resolved measurements was demonstrated, where long storage
times exceeding 40 µs still yielded reliable results. This leaves room to investigate
the spin coherence properties on microsecond timescales. The measured lifetimes and
their temperature dependence fit well to the previously determined spin relaxation
mechanism caused by spin-orbit mixing and single phonon scattering.
In conclusion, the presented spin readout scheme forms a versatile tool to investigate
the spin properties of charge carriers in single self-assembled quantum dots.

5

Summary
This thesis focuses on the investigation of spin dynamics of electrons and holes in selfassembled quantum dots and the development of methods to detect the spin in a single
quantum dot with optical techniques. The results obtained in this thesis encourage
further studies, since the spin of both electrons and holes in quantum dots exhibit long
lifetimes on the order of milliseconds. Furthermore, it has been demonstrated that
time-resolved spin measurements can be performed on a single quantum dot. This could
form the basis for more detailed studies of electron and hole spin dynamics on single
quantum dots, where the electronic structure can be characterized more accurately and
inhomogeneous effects are minimized.
The ensemble spin storage technique, presented in chapter 3, was applied to investigate the electron spin relaxation with the following results:
• Electron charge storage and readout is feasible in ensemble storage structures with
charge lifetimes far longer than 1 ms.
• The spin orientation can be optically initialized in ensembles with a degree of
polarization exceeding ρ >0.5 for resonant excitation and with reduced degree for
charging via the excited states of the quantum dot.
• Time-resolved readout of the spin orientation in the ensemble can be done with
storage times up to 30 ms, which allows to measure the spin relaxation directly.
• The electron spin lifetime has been measured as a function of magnetic field, lattice
temperature and s-shell transition energy of the quantum dot. The longest spin
lifetime found is T1 =20 ms at B=4 T and T=1 K.

170

Chapter 5. Summary

• A strong magnetic field dependence T1 ∝ B−5 has been observed for low temperatures of T=1 K. This dependence weakens as the temperature is increased.
• The temperature dependence has been determined with T1 ∝ T −1 .
• Smaller quantum dots with larger optical transition energies exhibit longer spin
relaxation times.
• The characteristic dependence on magnetic field and temperature leads to the
identification of the spin relaxation mechanism. Relaxation is governed by spinorbit coupling and mediated by single phonon scattering.
• The broad g-factor distribution in ensembles makes electron spin resonance experiments using this measurement technique challenging. A reduction of the
inhomogeneity of the g-factor or an increase in signal to noise ratio is necessary to
continue investigations.
Based on the same storage technique the experimental methods were modified to
investigate hole spin relaxation in quantum dot ensembles, which was presented in
section 3.4 :
• Successful hole spin storage was demonstrated, where low initial degrees of
polarization of only ρ=0.1 were observed.
• Measurements of the spin lifetime as a function of magnetic field and lattice
temperature have shown spin relaxation on the same timescales as for electrons.
The maximum value found was T1h =270 µs at B=1.5 T and T=8 K.
• The observed magnetic field and temperature dependence is in accordance with
the behavior predicted for relaxation via spin-orbit coupling and single phonon
scattering.
To investigate single quantum dots new experimental methods had to be developed
which were proposed in chapter 4. A first characterization of the sample structure,
presented in section 4.2, showed the following properties:
• A reset of the device relying on fast electron tunneling escape can be implemented
with high electric fields F>100 kV/cm.
• The charge state of a single quantum dot can be determined with time gated
luminescence, since the charged excitonic complexes have unique transition energies. Furthermore, for low excitation power P∼1 µW/cm2 and electric fields
F<20 kV/cm the charge state is not disturbed during time gated photoluminescence up to 100 µs.
• An electric field regime suitable for charging the quantum dot optically has been
found with 20<Fch <65 kV/cm.
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In a next step, discussed in section 4.3, resonant excitation in the p-shell of the quantum dot was employed to extend the characterization leading to these results:
• The unintended charging and charge loss rates during readout can be decreased
by a factor of 100 by excitation in the p-shell. On the other hand, p-shell excitation
only allows observing one charge state at a time.
• The quantum dot can be selectively charged via optical excitation of its p-shell.
• The tunneling escape of a single optically initialized electron has been determined.
This shows the feasibility of reliable charge detection in time-resolved measurements. Extrapolated to reasonable storage fields F=20 kV/cm the tunneling time
of the electron exceeds seconds.
Finally, with the introduction of s-shell resonant excitation the spin measurement
scheme could be demonstrated in section 4.4:
• Sequential charging of a single quantum dot with one or two electrons is possible
via s-shell excitation.
• The spin of the optically created electron can be determined with polarization
of the excitation light or by individually addressing the Zeeman levels. In the
latter case, the initial degree of polarization is only limited by the selectivity of the
excitation.
• Charging with the second electron is spin dependent, showing a clear Pauli blockade for spin creation parallel to the resident spin.
• The spin orientation of the resident electron can be determined by the efficiency of
the second charging step, allowing also time dependent measurements of spin dynamics. Experiments with storage times exceeding ∆t=40 µs have been successfully
performed.
• The electron spin relaxation in a single quantum dot has been measured as a
function of temperature at B=12 T. The results are in agreement with the previously
determined relaxation mechanism.

6

Future Work
With the successful demonstration of spin readout in a single quantum dot, a variety
of experiments can be envisioned to continue the investigation of spin dynamics in
self-assembled quantum dots. The presented technique has the unique advantage that it
includes a storage phase, which is completely separated from the measurement phase.
Therefore, external perturbations of the spin can be minimized. Furthermore, in contrast
to the other optical techniques used in the literature and presented in the introduction
(chapter 1), this storage phase can be extended far into the microsecond regime, while
reliable measurements can still be performed.

Echo-Type Experiments

These properties are ideal for the investigation of spin coherence using manipulation
techniques like microwave radiation or picosecond optical pulses. While manipulation
of the spin can be performed very fast, especially with optical pulses, it is nevertheless
mandatory to study and optimize the coherence of a single spin.
To fully understand the decoherence processes, which are expected to take place on a
timescale of several microseconds, T2 has to be measured with echo-type experiments.
As an example a Carr-Purcell echo type experiment [Car54] is depicted in figure 6.1.
After initialization, in the storage phase of the experiment, a coherent precession of the
spins is induced by applying a π2 microwave pulse. As depicted in figure 6.1, this leads
to a rotation of the spin orientation in the x-direction perpendicular to the externally
applied magnetic field. Due to fluctuations of the external magnetic field the precession
frequency will vary in each measurement cycle and the spin orientation dephases. In
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Figure 6.1. Schematic representation of a Carr-Purcell echo pulse sequence. After spin
initialization a π2 pulse is applied, leading to a precession of the spin and dephasing due to
inhomogeneous external magnetic fields. After evolution for a time ∆t a π-rotation induces
rephasing of the spin after a second delay with length ∆t. A second π2 projects the rephased
spins to a pure state, where readout can be performed. Incoherently scattered spins (dashed
arrow) do not rephase, and do not contribute to the spin signal, allowing to measure the
coherence time T2 .
addition, incoherent scattering events can take place, which is depicted with the dashed
arrow in figure 6.1. After a time ∆t a microwave pulse is applied, which leads to a
π-rotation around the x-axis of the rotating frame of reference. As long as the external
magnetic field fluctuations are on a timescale much slower than ∆t, which is the case for
the time varying magnetic field created by the surrounding nuclei, the rotation will lead
to a rephasing of the spin orientation. All spins which evolution is coherent within the
storage period will then point in the same direction. Subsequently, a second π2 pulse can
be used to rotate the spins back in a direction parallel to the external applied magnetic
field, where spin readout can be performed. The resulting signal is the spin echo signal
[Car54]. Incoherent scattering events prevent the full rephasing of the spin orientation,
which leads to a reduced echo signal. By applying this technique, spin dephasing due
to slow magnetic field variations can be eliminated, while the incoherent processes
can be characterized with the timescale T2 on which the echo signal decreases. This
measurement technique requires the total storage phase to be at least on the order of
2T2 , which underpins the necessity of long storage times.

Single Hole Spin Dynamics

Since the coherence time of electrons is most likely limited by the interaction to nuclear
spins [Pet05; Kop06; Now07], alternative candidates must be considered. In section
3.4 the use of heavy holes in quantum dots has already been proposed, since here
the hyperfine coupling is strongly suppressed due to the p-like symmetry of the hole
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Figure 6.2. Schematic representation of a sample band-structure suitable for storage of holes.
In analogy to the electron storage device it can be operated in three electric field regimes. a
The luminescence regime at low electric fields. b Electron tunneling at moderate electric
fields leads to optical charging.c The reset regime, where hole tunneling to the back contact is
fast.
wavefunction [Kla06]. The newly developed spin measurement technique could be
easily transferred for the storage of holes. As depicted in figure 6.2 a p-doped Schottky
diode structure could provide all the properties needed for reset (figure 6.2a), charging
(figure 6.2b) and readout (figure 6.2c) as depicted in figure 6.2. The charge storage
measurements presented in section 3.4 showed that hole tunneling escape through the
barrier is faster than for electrons. This can be compensated by increasing the barrier
thickness. The positively charged excitonic transitions also exhibit very distinct emission
energies [Edi05], which makes charge detection by time gated photoluminescence feasible. The investigation of single hole spin storage could shed more light on the reasons
behind the small initial degree of polarization ρ=0.1 observed in the presented ensemble
measurements (see section 3.4).
For the investigation of coherence properties of holes conventional spin resonance
techniques are not suitable, since the valence bands states do not couple to the magnetic
field of the microwave radiation. Nevertheless, alternating electric fields can induce
a heavy hole spin rotation via the spin-orbit coupling [Bul07]. Microwave antennas
providing strong in-plane electric fields can be designed, as already demonstrated in
experiments performed on electrons in electrostatically confined quantum dots [Now07].

Spin Coupling in Quantum Dot Molecules

Finally, the coupling between two spins can be investigated by using stacked quantum dot structures. Quantum dot molecules, consisting of two vertically stacked selfassembled quantum dots have been successfully grown and investigated in the Walter
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Schottky Institut [Kre05a; Kre05b]. An anticrossing of the direct and indirect excitonic
transitions was observed, when the electron levels of the stacked quantum dots are
tuned into resonance with the electric field.
When combining these structures with an asymmetric tunneling barrier below the
molecule, a system of two quantum dots with electrically tunable coupling can be investigated. Such a device is schematically depicted in figure 6.3. The right quantum
dot, closer to the Schottky contact, is intentionally grown larger. This ensures, on the
one hand, that the optical transition energies of the two quantum dots are different,
so they can be individually addressed. On the other hand, the electric field, where
the electron levels of the right and the left dot are aligned is shifted. Consequently,
tunnel-coupling for a single electron in the molecule occurs in field regimes accessible
with n-doped Schottky diode structures. For the molecule investigated in [Kre05a] this
situation is found at an electric field of 8.7 kV/cm. At this electric field, the addition
of a second electron to the molecule will lead to a separation of the charges in both
quantum dots, due to the repulsive Coulomb interaction. Only when this interaction is
compensated with the electric field both electrons can occupy the same quantum dot. In
the experiments presented in [Kre05a], where the quantum dot separation is 10 nm, the
Coulomb repulsion is overcome for fields below 3 kV/cm, leading to an occupation of
two electrons in the right quantum dot. If the same Coulomb energy of EC =6 meV is
assumed for the left dot, an electric field of 15 kV/cm should be sufficient to load both
electrons in the left quantum dot. The electric field regime where Coulomb blockade is
observed can be adjusted by controlling the relative energy levels of the two quantum
dots. When the confinement of the right dot is weakened further the Coulomb blockade
regime will be shifted to higher electric fields.
The spin-blockade regime in such a molecule should be even more pronounced than
the Coulomb blockade. Two electrons with parallel spin orientation cannot occupy the
s-shell of the same quantum dot. If an electron with spin parallel to the resident electron
should be added to a quantum dot, the s to p-shell splitting, which is on the order of
10-30 meV must be overcome. Consequently, the electric field range were spin blockade
is observed is much larger on the order of 10-30 kV/cm around the degeneracy point
F=8.7 kV/cm for a dot separation of 10 nm. This effect can be used to perform spin
dependent measurements in analogy to the experiments performed in [Pet05], where
the singlet/triplet relaxation in an electro static quantum dot molecule was observed
and coherent manipulation of the two electron spin state was achieved.
These experiments could be transferred to self-assembled quantum dot molecules
using optical charging and readout.
The readout, presented schematically in figure 6.3a, is performed at low electric fields
F∼10 kV/cm to suppress unintentional charging. Here, the device can be operated
in the spin blockade to convert the two electron spin state to a charge configuration.
Furthermore, the difference in quantum dot shape can be exploited. The s-shell optical
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Figure 6.3. Schematic representation of a storage device including a quantum dot molecule.
The quantum dots are intentionally grown in different size to achieve distinguishable optical
transition energies. a At low electric fields charge readout can be performed in analogy to the
single dot storage devices. The difference in emission energies allows reading each quantum
dot independently. b Molecule storage device biased in the charging regime. Hole tunneling
is faster than the radiative recombination time. Selective charging of each dot is not possible
since tunneling from the right to the left dot is fast. Nevertheless, an initialization of a singlet
two electron state is possible in the right dot.

transitions are well separated, such that the charge state of each dot can be individually
determined. The p-shell absorption of both dots also differs, which allows to selectively
excite only one of the two quantum dots for readout. Still, in most experiments it will
be sufficient to read the charge state of only one of the quantum dots, so the number of
tunable laser sources needed for such experiments does not necessarily increase.
For optical charging (figure 6.3b) two conditions must be fulfilled, as discussed in section 4: Firstly, hole tunneling must be faster than radiative recombination and, secondly,
electron tunneling escape occurs on a timescale larger than the storage time. For the left
quantum dot these conditions can be directly transferred from the single dot investigations. As discussed in section 4.4, the electric field regime between 50<Fch <100 kV/cm
allows charge initialization and storage. The situation is more complicated for the right
dot. While fast hole escape is easily achieved, the tunneling escape of the electron
to the left quantum dot is fast, since Fch is much larger than the limit of Coulomb or
spin-blockade. Nevertheless, the initialization of a singlet state in the left quantum dot
should always be possible with the sequential charging technique presented in section
4.4.
The techniques presented in this thesis gave a first insight in the spin dynamics
of electrons and holes in self-assembled quantum dots. This section has hopefully
shown, that the new developed technique to measure spins in single self-assembled
quantum dots could provide the basis for a wide range of interesting experiments
on the coherence of single electrons or holes and on the coupling of electron spins in
more complex structures. While the goal of creating a device capable of running an

quantum algorithm is still in the far future, essential progress has been made to show
that spins in self-assembled quantum dots, manipulated and measured with optical
techniques are still a promising candidate. In addition, the understanding of spin physics
in semiconductor nanostructures has been extended and might provide the knowledge
necessary to advance microelectronics to smaller dimensions in the nanometer scale and
in the direction of spintronic applications.
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