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Zusammenfassung

Gegenstand der vorliegenden Arbeit ist die Untersuchung der optischen Eigenschaften von
selbstorganisierten InAs/GaAs und InP/GaP Quantenpunkten unter externem, hydrostatischem
Druck. Zu diesem Zweck wurden druckabhingige Photolumineszenzexperimente mittels einer
Diamantstempel-Zelle durchgefiihrt.

Die Emission der hier untersuchten InAs/GaAs Probe weist eine multimodale spektrale
Verteilung auf. Dies ist auf die Existenz von Quantenpunktsubensembles zuriickzufiihren, deren
mittlere Grofle sich um vollstindige Monolagen InAs unterscheidet. Neun einzelne Emission-
speaks konnen, basierend auf strukturellen Untersuchungen, der Emission von Quantenpunk-
tensembles mit ein bis neun Monolagen Hohe zugeordnet werden. Die Druckkoeffizienten der
Emissionspeaks liegen im Bereich von 65 fiir die kleinsten, bis 110 meV/GPa fiir die gréten
Quantenpunkte. Berechnungen der Druckabhingigkeit des Verzerrungsfeldes von Quanten-
punkten mittels einer atomistischen Methode ergeben, dass der Druckkoeffizient der InAs Band-
kante stark reduziert wird, wenn InAs in GaAs eingebettet ist. Unter Beriicksichtigung von
confinement Effekten im Rahmen der envelope function approximation ergeben sich theoretis-
che Druckkoeffizienten in guter qualitativer Ubereinstimmung mit dem Experiment. Weitere
Details der Bandstruktur werden gewonnen aus der Analyse der Energien, bei denen die gebun-
denen Elektronenzustinde die X-Punkt Zustinde in der Barriere kreuzen, was von einer starken
Abnahme der Emissionsintensitét begleitet wird. Auf diese Weise kann die Energie der Locher
der verschieden groflen Quantenpunkte bestimmt und durch Anpassung an gerechnete confine-
ment-Energien ein Valenzbandoffset von 290 + 10 meV ermittelt werden.

Im InP/GaP Materialsystem konnte erst kiirzlich selbstorganisiertes Quantenpunktwachs-
tum realisiert werden. Bedingt durch die grofie Gitterfehlanpassung der beiden Materialien
verschiebt die hohe, interne Verzerrung die I'-Punkt Bandliicke in die N#he der indirekten
Bandliicke von GaP. Ungeklirt blieb bislang die Frage, ob die Emission bei 1.92 eV direkt im
reziproken und realen Raum erfolgt. Mittels der Druckexperimente konnte in dieser Arbeit aber
der direkte Charakter der Rekombination nachgewiesen werden. Bei Umgebungsdruck liegt die
I'-Punkt Leitungsbandzustandsenergie in den Quantenpunkten nur 10 meV unterhalb der des
X-Punkt Zustandes von InP. Begleitet von einer Blauverschiebung der Emission erfolgt daher
schon bei einem geringen Druck von etwa 0.2 GPa ein I'-X crossover, welches sich in einer
abrupten Abnahme der Lumineszenzintensitit niederschldgt. Bei weiterer Erhdhung des Drucks
sinkt die Emissionsenergie leicht ab, wie es typischerweise fiir eine indirekte X—I" Rekombina-
tion zu erwarten ist, und bei einem Druck von 1.2 GPa kreuzt der X-Zustand in den Quanten-
punkten den des wetting layer, wodurch die Lumineszenz zum Erliegen kommt. Die Emission
aus den gebundenen Quantenpunktzustinden weist maximale Intensitit bei einer Temperatur
von 70 K auf. Das Maximum verschiebt sich zu tieferen Temperaturen mit steigendem Druck.
Dieses Verhalten kann mit Hilfe eines Systems von Ratengleichungen erkldrt werden unter der
Annahme, dass die photogenerierten Ladungstriager aufgrund der geringen Quantenpunktdichte
iber den wetting layer in die Quantenpunkte gelangen. Bei tiefen Temperaturen lokalisieren die
Ladungstrdger an Fluktuationen im wetting layer und erlangen erst durch steigende Temperatur
wieder ausreichende Mobilitit. Zeitaufgeloste Messungen belegen, dass die Emission aus dem
wetting layer von nicht-radiativen Prozessen dominiert ist, welche bei steigendem Druck durch
den Wegfall des Rekombinationskanals durch die Quantenpunkte an Gewicht verlieren.



Abstract

In this work the optical properties of self-assembled InAs/GaAs and InP/GaP quantum dots un-
der high hydrostatic pressure have been invesigated by means of pholuminescence experiments
in a diamond anvil pressure cell.

The particular growth conditions used for the fabrication of the InAs/GaAs sample lead to a
multimodal distribution of the quantum dot sizes, which in turn, gives rise to a characteristic
emission profile, displaying up to nine clearly separable peaks attributed to the ground-state
emission from each quantum dot subensemble of different size. Structural analysis revealed
that their size differs in entire monolayer steps. The measured pressure coefficients for each
subensemble show a linear dependence on their zero pressure emission energy ranging from
65 meV/GPa for the largest dots to 110 meV/GPa for the smallest ones. Pressure dependent
strain simulations based on an atomistic valence force field yield that the pressure coefficient of
the InAs band-gap is strongly reduced when InAs is embedded in a GaAs matrix. Taking into
account confinement effects within the envelope function approximation, the caclulated pressure
coefficients are in good agreement with the experimental findings. Further information about the
electronic structure of the quantum dots is found by analyzing the energy at which the confined
electron states cross the X-conduction band states of the barrier, which is identified by a sudden
quenching of the emission intensity. In this way, it is possible to determine the valence band
offsets for the heavy holes corresponding to different dot sizes. By fitting these energies using
the calculated confinement energies of the heavy holes, a valence band offset of 290 + 10 meV
for the strained InAs/GaAs quantum dot heterointerface was be obtained.

In the InP/GaP material system self assembled growth of quantum dots has been demonstrated
only recently bringing up the question whether the observed emission has direct character in
both real and reciprocal space. The large lattice mismatch of about 7.7 % is responsible for
the shift of the I"-point conduction band energy of InP close to the indirect band gap of GaP,
which could possibly lead to a type-II confinement resulting in a poor luminescence intensity.
The measured pressure dependence of the emission energies and intensities yield, that the main
emission peaked at 1.92eV at ambient pressure is indeed due to a direct optical recombination
processes in real and reciprocal space. At low pressures of about 0.2 GPa, the crossover in the
quantum dot with the X,, state of InP occurs, leading to a sudden decrease of the luminescence
intensity. This is confirmed by the long decay times of the QD emission obtained from time-
resolved PL measurements. The QD emission quenches when the X, state in the dots crosses
the X-level confined to the wetting layer at a pressure of about 1.2 GPa and the transition is
becoming indirect in both reciprocal and real space. The emission from the quantum dot bound
states displays maximal intensity at a temperature of 70 K. This maximum, however, shifts to
lower temperatures with increasing pressure. This behavior could be explained by setting up a
system of rate equations representing the most important carrier transfer processes. The model
implies that due to the low quantum dot density in the InP/GaP system, most of the photoex-
cited carriers reach the quantum dots through the wetting layer. At low temperatures the carriers
localize due to monolayer-size fluctuations in the wetting layer, regaining mobility as the tem-
perature rises. This carrier transfer model is further confirmed by the results of time-resolved
photoluminescence, which demonstrate that the decay of the wetting layer emission is governed
by non-radiative processes at ambient pressure, which are continuously decreasing in weight as
a consequence of the loss of the escape channel through the quantum dots induced by the rising
pressure.



List of publications

F. Hatami, L. Schrottke, J.W. Tomm, V. Talalaev, C. Kristukat, A.R. Goni, W.T. Masselink,
Optical properties and carrier dynamics of InP quantum dots embedded in GaP, Proceedings of
the SPIE - The International Society for Optical Engineering 5352, 77-89 (2004)

C. Kristukat, M. Dworzak, AR. Goni, P. Zimmer, F. Hatami, S. Dressler, A. Hoffmann, WT.
Masselink, C. Thomsen, Recombination Dynamics in Self-assembled InP/GaP Quantum Dots

Under High Pressure, Physica Status Solidi B-basic Research 241, 3263 (2004)

C. Kiristukat, A.R. Goiii, F. Hatami, S. Dressler, W.T. Masselink, C. Thomsen, High-pressure
photoluminescence study of the electronic structure of InP/GaP quantum dots, Physica Status
Solidi B-basic Research 235, 412 (2003)

F. Hatami, W. T. Masselink, L. Schrottke, J. W. Tomm, V. Talalaev, C. Kristukat, and A. R. Goiii,
InP quantum dots embedded in GaP: Optical properties and carrier dynamics, Physical Review
B 67, 85306 (2003)

AR. Goni, C. Kristukat, F. Hatami, S. Dressler, WT. Masselink, C. Thomsen, Electronic Struc-
ture of Self-assembled InP/GaP Quantum Dots from High-pressure Photoluminescence, Physi-
cal Review B 67, 075306 (2003)



Contents

1. Introduction

4. Results and Discussion

4.1. InAs/GaAs quantum dots

4.2.

4.1.1.
4.1.2.
4.1.3.

InP/GaP quantum dots

4.2.1.

Low temperature photoluminescence . . . . .
Strain simulations . . . . .. ... ... ...

Conclusion . . . . . . ... .. ... .....

Band structure from high pressure experiments

2. Experimental
2.1. Pressure techniques . . . . ... ... ... ......
2.1.1. The diamond anvilcell . . . . .. .. ... ..
2.1.2. in-situ pressure determination . . . . . .. ..
2.1.3. Low temperature pressure techniques . . . . .
2.2. Spectroscopic techniques . . . . . ... ... .....
2.2.1. Photoluminescence spectroscopy . . . . . . . .
2.2.2. Time-resolved photoluminescence (TRPL) . .
3. Theory
3.1. Formation and properties of self-assembled quantumdots . . . . . .. ... ..
3.2. Band structure of semiconductors . . . . ... .. ..
3.2.1. The k- p theory and the effective mass. . . . .
3.2.2. Envelope function description for heterostructures . . . . . ... ...
3.2.3. Effects of strain on the band structure . . . . .
324, Summary . . . .. ...
3.3. Strain modelling in heterostructures . . . . . . . . ..
3.3.1. Continuummodel . ... ...........
3.3.2. Atomisticdescription . . . . .. ... .. ...

11
11
11
12
13
14
14
14

16
16
17
21
25
27
31
32
32
34

38
39
39

55
56
56



Contents Contents

4.2.2. Temperature dependence . . . . . . . . . .. .. ... 60
4.23. Carrierdynamics . . . . . . . . ... oL 63
424, Conclusion . . . . . . . . . . ... e e 70
5. Summary 71
A. VFF calculations 74
B. Expansion of the cubic bond-stretching potential 76
C. Useful information for pressure experiments 78



1. Introduction

Systematic studies of changes in the physical properties of semiconductors under high hydro-
static pressure have contributed significantly to the understanding of these materials at atmo-
spheric pressure. The early pressure devices used in the 1950s were limited to considerably low
pressures (< 3 GPa), but due to their design, every experiment formerly carried out at atmo-
spheric pressure could be repeated at high pressures. The separation of the pressure chamber
from the pressure generating stage, connected by a strong tube system, allowed for the place-
ment of the sample chamber in a cryostat or between the poles of a magnet and electric con-
tacting could easily be realized. The main interests of the earliest experiments was to determine
the change of the fundamental band gap with pressure. By means of electric conductivity mea-
surements under high pressure it was first observed, for example, that silicon and germanium
had a different band structure. The intrinsic carrier density is directly related to the band gap
and the observation was that in Ge the band gap was increasing with pressure, whereas in Si
it was decreasing [1]. Experiments under uniaxial stress have been also very useful in estab-
lishing the details of the band structure because state degeneracy is lifted due to the symmetry
reduction occurring in the semiconductor crystals stressed under non-hydrostatic conditions. For
instance, the two-fold degeneracy of the topmost valence band at the I'-point can be lifted and
the properties of the light- and heavy holes may be studied separately.

From these early measurements of the pressure dependence of the three principal conduc-
tion band minima, first on Ge and Si and later on many III-V compounds, an empirical rule
emerged [2]: The pressure coefficient of the direct gap at the I'-point is in the range of 100-
150 meV/GPa, that of the L — —I" indirect gap is nearly 50 meV/GPa and that of the X — —I"
indirect gap is between -10 and -20 meV/GPa. This rule is still useful nowadays but the amount
and quality of experimental data [3] and ab-initio calculations [4] allow for a refinement of
the empirical rule concerning the impact of lattice constant, atomic number and ionicity on the
pressure dependence of the gaps.

The development of the the diamond anvil cell was a major breakthrough in the area of high
pressure physics, expanding the available pressure range to some 100 GPa, though its application
is mostly limited to optical experiments. The extension of the available pressure range made the

observation of certain effects possible, which are not sufficiently nonlinear to be observable at



CHAPTER 1. INTRODUCTION

low pressures, like the coupling to higher band extrema in the zinc-blende system.

Applied to semiconductor heterostructures, high pressure photoluminescence experiments can
be used to obtain the band offset across the heterointerface, which is an important parameter for
device applications, and which is not or only indirect accessible with other methods. However,
this technique is limited to some special systems, where the X-band of the barrier drops below
the confined state when applying pressure, resulting in a transfer of the photogenerated electrons
to the barrier and, thus, producing a significant drop in the luminescence intensity. The photon
energy at which the intensity decreases is just the indirect gap of the barrier at that pressure minus
the valence band offset (VBO), corrected by the quantum confinement of the holes. In this way,
the VBO may be determined directly with meV precision from the experiment without the need
of a fit to some model. Another application is the study of I'-X band mixing effects which
are expected to be larger in nanostructures because of the sharp potential discontinuities and
confinement effects. The coupling depends on the interaction potential and the energy separation
between the states. The latter can be tuned knowing the effect of pressure on the bands, thus,
allowing for a convenient test of the theory. In a similar way, pressure can be a significant
parameter for resonant tunnelling experiments of electrons in superlattices.

Quantum dots have become a field of intense study in semiconductor physics in the last decade
due to their peculiar optical and electrical properties which are very promising for potential
applications in optoelectronics. Among the different fabrication methods, the self-assembled
growth which is based on the driving force of the built-in strain induced by a lattice mismatch
of the constituent materials, is the most commonly used. As a general strain pattern can be
decomposed into hydrostatic and uniaxial components, the effects of the internal strain on the
confined states in a quantum dot can be analyzed, if previous knowledge of the effects of hy-
drostatic and uniaxial pressure on the bands is available from pressure experiments. Due to its
three-dimensional nature, the strain field of a quantum dot is a complex matter compared to that
of strained quantum wells. The determination of the strain distribution by means of atomistic
valence-force field models or continuum mechanics is therefore crucial in order to calculate the
energy levels and wave functions.

In this work, high pressure photoluminescence experiments on self-assembled quantum dots
have been carried out. In addition, strain simulations as a function of external pressure have

been performed in order to interpret the experimental results. The work is structured as follows:

* In chapter 2 I will describe the pressure techniques utilizing the diamond anvil cell for

experiments at liquid He temperatures and I will sketch the experimental setups used.

* Chapter 3 will describe the formation and properties of self-assembled quantum dots and
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address the necessary theoretical background to describe the band structure of semicon-

ductors and understand the effects of quantum confinement and strain.

In chapter 4 I will present the results from photoluminescence experiments on InAs/GaAs
and InP/GaP quantum dots under high pressure. For the former system the experimental
findings will be discussed in comparison with pressure-dependent strain-field modelling.
For the InP/GaP system I will demonstrate the power of high pressure experiments to
unravel the band lineups and for the discussion of the carrier dynamics exploiting the
temperature dependence of the emission and the results from time-resolved photolumi-

nescence under high hydrostatic pressure.

10



2. Experimental

In this chapter I will describe the techniques to create high hydrostatic pressure up to 10 GPa
and how to measure the applied pressure in-situ and I will sketch the setups used for photolumi-

nescence (PL) and time resolved photoluminescence (TRPL) measurements.

2.1. Pressure techniques

One of the pioneers in high pressure technique was P.W.Bridgman who was awarded the nobel
prize in 1946. He introduced the concept of the anvil cell which is widely used nowadays.
Hydrostatic pressure is created through the deformation of some sealing material with a hole in
it serving as pressure chamber which is placed between two pistons. Bridgman used tungsten
carbid which is very hard but opaque and thus does not allow optical measurements. Important
milestones on the way to the diamond anvil cell were the introduction of diamonds as anvil
material[5], the use of a sealing material between the diamonds[6] and the application of the

ruby fluoresence method for pressure determination[7].

2.1.1. The diamond anvil cell

moving piston diamonds

levers

diamonds

<+— thread

sample

b) ruby chip

Figure 2.1: Sketch of the diamond anvil cell. On the left side the lever mechanism which moves
the upper piston is shown. The end points of the levers are driven by two threads. When using
the cell in a cryostat two long rods connect the threads with a gear outside the cryostat. The right

hand side shows an illustration of the two diamonds and the gasket.
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2.1. PRESSURE TECHNIQUES CHAPTER 2. EXPERIMENTAL

The diamond anvil cell (DAC) is a device particularly suited to perform optical measurement
under high hydrostatic pressure. The basic principle of a DAC is quite simple. The sample
volume is defined inside a 200-300 um hole drilled into a metal gasket which will closed on
top and bottom by the flat parallel faces of two diamond anvils (2.1b). The sample is subjected
to pressure when the two diamonds are pushed together decreasing the chamber volume while
slightly deforming the gasket. Depending on the needed pressure range and sample volume
different cells have been built and most of them comprise a movable piston which holds one of
the diamonds and some kind of lever mechanism to apply the pressing force. The cell used in the
experiments (see fig.2.1a) presented here was designed by Syassen and Holzapfel[8] and allows
for measurements up to 16 GPa. Due to the large aperture angle of 36° it is suitable even for
Raman experiments.

The gasket is made out of a nickel-chromium alloy referred to as Inconel X-750' which is
chosen for its mechanical strength and hardness. The fabrication process of the raw gaskets -
small discs of 8 mm in diameter and 250 um in thickness - induces strain in the material which
has to be released to regain its natural hardness. Therefore they have to run through a tempering
procedure which is described in (ANHANG). The discs are then pressed with the diamonds
creating a faceted indention of about 100 um thickness and 400 um diameter. This cold forming
step represents an additional hardening. Finally, a hole of 200-300 tm in diameter is drilled
into its center. This hole is the actual sample chamber which will be loaded with the sample
whose dimensions must not exceed 100x100x50 um? and a small ruby chip for the pressure
determination.

Various organic liquids and condensed gases have been used as pressure medium to assure
hydrostatic conditions in the sample chamber. “He is often chosen for low temperature mea-
surements due to its nearly hydrostatic behaviour up to 60 GPa[9] and its suprafluid state below
2.2 K which simplifies the filling of the cell. For room temperature applications a 16:3:1 mixture
of methanol, ethanol and water is used.

A review of common high pressure techniques can be found in [10].

2.1.2. in-situ pressure determination

The pressure in the anvil cell is determined in situ via the pressure dependent shift of the ruby
fluorescence. For that purpose a small chip of ruby is placed besides the sample inside the
pressure chamber. Ruby is Cr’T-doped Al,O3 (Sapphire) and shows a well known strong red
fluorescence. The crystal symmetry of Ruby is rhombohedral, the Cr>* ions and their six first

neighbours form a distorted oactahedron whose symmetry is C3[11]. The resulting crystal field

Uhttp://www.magellanmetals.com/inconel _X750.htm
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2.1. PRESSURE TECHNIQUES CHAPTER 2. EXPERIMENTAL

leads to a splitting of the degenerated energy levels of the 3d electrons of Cr’* giving rise to
the two strong fluorescent transitions denoted R1 and R2 with energies Eg; = 14418 cm ™! and
Egy = 14447 cm~'. Applying external pressure decreases the interatomic length and therefor
rises the crystal field. The level splitting increases resulting in in net reduction of the R1 and

R2 transitions. The dependence of the ruby fluorescence on hydrostatic pressure has been deter-

mined up to 80 GPa[9] and follows
Sl
1+ —— 1], 2.1
{ ( T @D

where A = 1904 GPa and B = 7.665 GPa, Ay and A are the wavelength of the R1 at ambient and

applied pressure respectively. As small chips of ruby might be strained internally the values for

A
P~

Ao may differ for each chip representing an error source for the pressure determination.

For a precise determination the dependence on temperature has to been taken into
account. The pressure coefficients A and B are independent of temperature in good
approximation[12][13] whereas the energy of the R1 and R2 lines shift with temperature. At
low temperatures only the low energy R1 line is visible. The temperature dependence of the R1

line is best described by a two-phonon Raman-process model[14], which yields:

4 e/ 3
vR(T)—vR(O):a<T>/O A 2.2)

e e —1

where v(T) is the energy of the R; band at temperature 7' and ambient pressure and v(0) that at
0 K. The parameters ® and & have been determined by fitting equation (2.2) to a comprehensive
set of experimental data as ® = 760K and o0 = 419cm™1[15].

All pressure readings in this work have been calculated using equations (2.1) and (2.2). The
energies of the ruby lines were determined by fitting the calibrated spectra with two voigt profiles
which accounts for the convolution of the lorentian line shape with the spectrometer response.

The 692.47 nm neon line has been used for calibration.

2.1.3. Low temperature pressure techniques

When using the DAC at low temperatures with “He as pressure medium it cannot be sealed
outside the cryostat, fact that complicates the loading of the cell. Thus, the DAC has to be loaded
with the sample and a ruby chip, the diamonds however must not close the sample chamber
comletely. The cell is placed into the cryostat and is immersed in fluid “He which is being
pumped to keep it in the superfluid state below 2.19 K. Under this condition “*He easily enters into
the cell, filling it comletely and the DAC can be sealed by carefully aproaching the diamonds.

As “He instantly crytallises when subjected to pressure at 2K the cell has to be heated well

13



2.2. SPECTROSCOPIC TECHNIQUES CHAPTER 2. EXPERIMENTAL

above the melting point to relax non-hydrostatic strain. When cooling down again into the solid
phase it is assumed that the pressure on the sample is mostly hydrostatic. The same applies if
the pressure is about to be changed. It is crucial to reach a point in phase space well above the
melting line such that He is liquid during the pressure change (see section C for the *He melting
curve). Allowing the cell to relax for some minutes usually alters the pressure until it reaches its

final value.

2.2. Spectroscopic techniques

2.2.1. Photoluminescence spectroscopy

All photoluminescence spectra in this work have been recorded using a single 0.85 m Czerny-
Turner spectrometer with a grating of 600 lines/mm. The grating is blazed for a wavelength of
1.6 um so that, depending on the sample, measurements were performed in first to third order.
Detection of the dispersed signal occurred with a liquid-nitrogen cooled germanium diode for the
near infrared region and a gallium arsenide photomultiplier for the visible range. For excitation
the 514 nm line of an argon laser and the 441 nm line of an helium-cadmium laser were used.
The ruby spectra for the pressure determination were taken in 2nd order with a slit width of

70 um at both slits which gives a spectral resolution of about 0.3 A.

2.2.2. Time-resolved photoluminescence (TRPL)

To study the temporal evolution of photoluminescence processes both excitation and detection
has to occur faster than the typical decay times involved, i.e. with a temporal resolution in the

sub-nanosecond range.

Excitation system The creation of ps laser pulses is achieved using a Nd:YAG pumped dye
laser. The Nd:YAG laser creates 100 ps long pulses through active mode locking at A=1064 nm
with a repetition rate of 76 MHz. The light passes a frequency doubling crystal and is mixed
again with the Oth harmonic to obtain the triple frequency at 355 nm which is used to pump
the dye (Coumarin102, 462-497 nm). The resonator length of both lasers are equal so that the
excitation in the dye occurs synchronous with the total resonator circulation time of one dye
laser pulse. Without further action taken the minimal length of the dye laser pulse is about 5 ps.
A so called pulse picker allows for throttling the pulse repetition rate. It consists of a acoustical-
optical modulator which dumps a selectable number of pulses before letting one pulse to pass
through the output mirror. This is necessary to allow the photoluminescence to decay completely

before the next excitation pulse reaches the sample.

14



2.2. SPECTROSCOPIC TECHNIQUES CHAPTER 2. EXPERIMENTAL

Coherent Antares 76-s
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Figure 2.2: Setup for time resolved photoluminescence measurements. G: grating, M: mirror,

MCP: multichannel plate, SHG: second harmonic generation, THG: third harmonic generation

Detection system In addition to an ordinary photoluminescence setup, a fast detector, in this
case, a multichannel plate (MCP) has to be used. It permits single photon counting in conjunc-
tion with a suitable data acquisition stage. As shown in figure 2.2, a second monochromator
has been installed in reverse sense to account for the different optical paths depending on wave-
length. This configuration corresponds to a double monochromator in subtractive mode but with
the intermediate slit used as output slit and the output slit open. A beam splitter directs part of
the excitation pulses to a photodiode which is needed to trigger the measurement, i.e. for tempo-
ral resolution. The excitation intensity is set such that per pulse only one single photon emitted
from the sample reaches the detector and a single event is registered. The time difference to the
trigger event is the actual measurement. A time-to-amplitude converter (TAC) prepares the time
difference information to be processed by a multichannel analyser (MCA) which sorts all events
into different channels according to their amplitudes. Thus, to be able to record a single decay
process a large number of excitations have to occur. The measured decay corresponds to the

overall response of the setup convoluted with the actual signal of the sample:
—+oco

s(t) = / e(t — 1)r(7)dx, 2.3)
being s(¢) the measured signal, r(¢) the system response function and e(z) the emission dynam-
ics. To be able to extract the information about the decay, the system response has to be measured
first by recording directly the laser diffusely reflected at some object near the sample. The time
constants of the decay processes are determined by fitting a model with a variable number of
decaying and rising components to the data. Instead of deconvoluting the measured signal by
the system response, the model itself is convoluted with the system response before fitting it to

the data.
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3. Theory

3.1. Formation and properties of self-assembled quantum dots

A semiconductor structure is thought to be low-dimensional, if the motion of the carriers is
confined in at least one direction within a spatial extent comparable to the carrier de-Broglie
wavelength. In that direction the carrier momentum is quantized with an energy spectrum de-
termined by the discrete solutions of the Schrodinger equation, the eigenenergies. This can be
achieved, e.g. by growing a sequence of different materials which differ in the band-gap energy.
These so called semiconductor heterostructures are classified according to the dimensionality of
the confinement into quantum wells (QW, 2D), quantum wires (QWR, 1D) and quantum dots
(QD, 0D). As a consequence of the reduced dimensionality the density of states of the confined
carriers changes accordingly, being quasi-continuous for bulk semiconductors and §-function
like for quantum dots. Thus, thermal broadening of the carrier distribution can be avoided in
QDs, if the level splitting is larger than the thermal energy kgT'. In fact, cathodoluminescence
measurements on single quantum dots reveal linewidths in the peV range independent of tem-
perature [16].

The fabrication of nanometer-sized quantum dots using electron beam lithography and wet
chemical etching of quantum wells has been demonstrated down to a size of 20nm [17]. A
completely different growth method is the so called self-organized growth which can be ob-
served upon epitaxial deposition of highly strained semiconductors one on top of the other. The
first reports on the strain-driven formation of islands dealt with InAs/GaAs superlattices Gold-
stein et al. [18]. After this discovery, this growth technique has been applied to many different
systems of elemental semiconductors and III-V and II-VI compounds using both metalorganic
chemical vapor deposition (MOCVD) and molecular beam epitaxy (MBE) [19-26]. Depending
on the growth conditions and materials several growth modes have been observed. The samples
studied in this work are grown in the Stranski-Krastanov mode [27], which starts with the two-
dimensional growth of a compressively strained epitaxial layer, the wetting layer, up to a critical
thickness. It then proceeds three dimensional by forming isolated islands on the thin wetting
layer, since in that way the system lowers its energy by relaxing strain. According to Shchukin

et al. [28] a stable configuration of an ensemble of strained islands for a given total volume with
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an optimum equilibrium size does exists. The energy of such an array is given by
E= AEvol + AEfacets + AEedges + Eedges + Einler; (3 1)

where the first three terms correspond to elastic relaxation energy related to the volume (E < 0),
the facets (E <> 0,~ L~!) and the edges (E < 0,~ —L~2InL) of the islands and the latter
two terms are a short-range edge energy (E > 0,~ L~2) and an island-island interaction energy
(E>0,~ L*%). Negative energies represent the energy gain due to island formation, whereas
positive ones correspond to the energy cost of surface and edge formation and repulsive island-
island interactions. All terms but the volume elastic relaxation energy depend on a normalized
island size L and the interplay of the concurrent terms finally leads to a size for which the total
energy is minimized. The energetically favored shape of an island was found to be that of
pyramid with {110} facets.

In real quantum dots, the shape, size and composition depend on many parameters of the
growth process, like temperature, growth rates, growth interruption times before capping, etc. In
fact, structural analysis methods reveal that the shape of the quantum dots in the samples studied
in this work is that of a truncated pyramid [29, 30], being much larger in the {001} plane than
in the [001] direction. Besides, usually a broad distribution of the structural parameters exists.
This results in an inhomogeneous broadening of the fundamental emission line, which depends
heavily on size, composition and shape of the quantum dots. So the intrinsic very small linewidth
of a single quantum dot cannot be observed in standard photoluminescence experiments, which
usually probe a huge number of quantum dots at the same time. Typically, the PL spectrum of
quantum dot samples exhibits a width (FWHM) of 20 to 100 meV. If the average size is rather
large, monolayer size fluctuations have a smaller impact on the confinement energy resulting in
a considerably narrower energy spectrum [31]. Thus we can expect that for one material system
the lowest spectral widths can be found in those samples, which have in average large dots thus

emitting at lower energies.

3.2. Band structure of semiconductors

In order to calculate the band structure or dispersion curve for electrons in a crystal, i.e. the
function E(k), where k is the electron wave vector, several simplifications are necessary. The
first approximation is to separate the electrons into core and valence electrons. The former
are those in the completely filled shells, whereas the latter form the orbitals of the outmost
incompletely filled shells, e.g. the 3s? and 3p? electrons for silicon. They are responsible for the

chemical bond. The four valence electrons are arranged in four equally hybridized sp> orbitals
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directed towards the corners of a regular tetrahedron. As the core electrons are strongly bound
and localized around the nuclei they can be treated as one unit together with the nuclei forming
an ion core. The next approximation is the Born-Oppenheimer or adiabatic approximation which
takes into account the fact that the ions are much heavier than the electrons and therefore they
move much slower. Electrons can respond to ionic motion almost instantaneously so that the ions
are stationary from the electron point of view. The remaining Hamiltonian for crystal electrons
is

o2 Z;e?
ri— Roj|

(3.2)

H. — Z pz2 + l Z _
© T 2m; 205 73— T i
The three terms are the kinetic energy of the electrons, the electron-electron and electron-ion
interaction between electrons at r; and ions at their frozen lattice positions R; with indices
i and j, respectively. The letters Z, e and m denote the atomic number, electron charge and
mass, respectively, and p is the electron momentum operator. This Hamiltonian is still far from
being solvable for a crystal which typically contains about 10?* valence electrons/cm?. The next
step is to use the Hartree or mean-field approximation which assumes that each electron moves
in the average field created by all other electrons and ions. Thus the one electron Schrédinger
equations are identical for each electron and given by
2
Hov(r) = (2 4V(n)) wlr) = Ewy(r), 63)

2m

where V(7) is a periodic potential for a crystal, which incorporates all electronic interactions.
The solutions of this one-electron Hamiltonian are plane waves times an envelope function, a so

called Bloch function, which has the periodicity of the lattice:

ik

l//nk,(’r') =¢ "'unk,(r) E = Enk (34)

The index 7 is the band index which distinguishes among the many independent eigenfunctions
existing for a given k. The allowed k vectors are determined by the boundary conditions of
macroscopic periodicity. It can be shown that the volume that each state occupies in reciprocal
space is inversely proportional to the total crystal volume considered and, thus, the number of
possible k-points grows with the size of the crystal. In a macroscopic size crystal the allowed
values of k form a quasi continuum. The corresponding eigenvalues E, (k) represent the actual
band structure. Only at high symmetry points of the Brillouin zone, particularly the I"-point, the
Bloch functions are known explicitly because their symmetry can be easily analyzed by applying
the symmetry operations of the crystal point group. Four I"-point Bloch functions are of special
interest since their linear combinations form the wavefunctions of the topmost valence band and

lowest conduction band. The functions are labelled |S), |X),|Y) and |Z), and they transform in
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the same way as the atomic s, py, py, p; functions under the symmetry operations of the crystal
point group.

The projection of E, (k) onto the first Brillouin zone, i.e. subtracting integer multiples of
the reciprocal lattice vector K such that k is within the first zone, is called the reduced zone
scheme. It is commonly used to display band structures along high symmetry directions. This
kind of illustration is not only chosen due to its compactness, it also accounts for the fact that k is
conserved for transitions between two states k and k — nkK, where n is an integer, is represented
by a vertical transition in the reduced zone scheme. The Brillouin zone for the cubic face-

centered diamond or zinc-blende lattice is shown in Fig. 3.1. The center of the Brillouin zone

Figure 3.1: The Brillouin
zone of the fcc diamond

lattice

is denoted by I'. The high-symmetry directions [100],[110] and [111] of the fcc lattice and the
group of points on the line between them and the zone center I" are denoted by X, K and L
and A, X and A, respectively. We see from Fig. 3.1 that there are six equivalent X and eight
equivalent L. and K points, respectively, thus, degeneracy is to be expected.

The main problem when calculating the band structure is to find a suitable potential V (7)
for which the solution of the Schrodinger equation (3.3) is feasible. The wavefunction strongly
depends on its position and will have an atomiclike oscillatory character near the atom core and
a plane-wave like between two atoms. Hence, one idea is to divide the wavefunction spatially
into a smooth part (the pseudo-wave function) and an oscillatory part, as it is hopeless to ap-
proximate the wave function by a few plane waves everywhere in space. These oscillations are a
manifestation of the high electronic kinetic energy within the core, which provides an effective
repulsion for the electrons. Accordingly, the strong ionic potential is replaced by a weaker ef-
fective potential, the pseudopotential. There are several methods to compute the wavefunctions
using pseudopotentials. Among them self-consistent ab-initio methods are the most elaborated
and nowadays widely used. In contrast to empirical methods, the ab-initio calculations do not
depend on experimental input, i.e the pseudopotential is constructed by calculating the complete
atom shell including the core levels.

Many features of the band structure depend upon the symmetry of the electron orbitals which,

in turn, depend themselves on the crystal symmetry. Symmetry is usually discussed using the
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Figure 3.2: The band structure of a) GaP and b) GaAs calculated by using nonlocal pseudopo-
tentials [32]. The spin-orbit interaction is considered to be very small in GaP and was therefore

neglected.

methods of group theory. The point group of the diamond and zinc-blende lattice are denoted
Oy, and Ty, respectively. Figure 3.2a) shows the band structure of GaP calculated with nonlocal
empirical pseudopotentials. The irreducible representations of the band structure are indicated
at the extrema. The orbital character of I7 and I35 are pure |s) and |p), respectively. Thus at the
top of the valence band there are three degenerate |p) bands and the lowest conduction band is
a pure |s) state. Away from the I" points the bands have mixed character. The wavefunctions
are denoted p-like (|y|* ~ sin? r) and s-like (|y|? ~ cos? r) according to their position in relation
to the lattice points. An s-like type wavefunction does not vanish at the ion whereas the prob-
ability density of the p-like type is zero at the lattice points. That will be of importance for the
consideration of the effects of pressure on the band structure.

The degeneracy of the valence band is partly lifted by the spin-orbit (SO) interaction. The
Hamiltonian for the spin-orbit interaction is given by

Hso= 13— (VV xp)-0 (3.5)

where the components of ¢ are the Pauli spin matrices. If one considers for simplicity a spherical
potential V the Hamiltonian can be written as

h 1dv

where L is the orbital angular momentum operator, S is the spin angular momentum operator

and A = (dV /dr)/2m>c*r. Expressed in terms of the total angular moment .J, the expectation
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value of L - S is

(L-S) = %(J2—L2—SZ)
2
_ %(j(j—l—l)—l(l—i—l)—s(s—l—l)), (3.7)

using J2 = L?>+ 8% +2L-S. The |p) bands at the top of the valence bands have [ = 1 and thus
j= % or % resultingin L-S = —h>or L- S = +§, respectively. This means that the states are
split by an amount Ag proportional to %hz, the double degenerate j = % state moving up by Ay /3
and the single j = % state moving down by 2A¢/3. The j = % state remains degenerated at k = 0
but splits when leaving the I'-point except when going along the cube axis. The magnitude of
the splitting is comparable to that of the constituent atoms. The effect scales with the atomic
number and therefore cannot be ignored for heavy elements. In binary compounds the anion
contribution to the split-off energy is weighted more, reflecting its larger influence on the |p)
valence bands. In GaAs Ap ~ 0.34eV and thus the spin-orbit interaction has to be included in
the unperturbed Hamiltonian, whereas e.g. in GaP (Ap = 0.08eV) and it is commonly ignored.

The inclusion of the spin in the Hamiltonian requires that the symmetry group of the crystal
is expanded by symmetry operations of spin wavefunctions. These expanded groups are known
as double groups. Figure 3.2b) shows the calculated band structure of GaAs where, in contrast
to GaP, the spin-orbit coupling has been considered and the band extrema are denoted by the
irreducible representation of the double group. Their relation to the point group is given in
table 3.1.

Ta |60 x| xi4x L | Ls |
TaxD | I | G+I§ | Xo+X7 | Xo+X7 | Lo+ La+Ls | L |

Table 3.1: Decomposition of the irreducible representations of the T4 point group into their

double group representations.

3.2.1. The k- p theory and the effective mass

The methods for the global description of the band dispersion, like e.g. the pseudopotential
method, rarely provide explicit expressions for common quantities such as effective masses and
wavefunctions. Often is also sufficient to have knowledge about the band structure over a small
range of k around the band extrema. The k- p method [33] is a local description of the band
structure which provides simple analytical expressions for high symmetry points of the Brillouin

zone. However, the band structure over the entire Brillouin zone can be extrapolated from the
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zone center energies and optical matrix elements. These inputs can be obtained from the tran-
sition energies and oscillator strengths measured by optical experiments. The k- p method is
derived from the one-electron Schrodinger equation (3.3) by assuming that the solutions are the

Bloch waves of Eq. (3.4). The resulting Schrédinger equation reads

2 272
<§n+hif9+i$;+v>uﬁﬁ:EmWh (3.8)

neglecting for the moment the spin-orbit coupling. Obviously at k = 0 (3.8) reduces to

»
<2m + V> Uno = Enottng. 3.9
The solutions of (3.9) form a complete and orthonormal set of basis functions. If once E,g
and up,o are known then the terms including k in (3.8) can be treated as perturbations using
degenerate or nondegenerate perturbation theory. This of course works best for small values of
k. To extrapolate over the complete Brillouin zone more energy gaps and matrix elements will
be needed. The simplest application of the k - p theory is the calculation of band structure of
the lowest non-degenerate conduction band, when the spin-orbit interaction is neglected. The
eigenvalues E,i can be expanded to second order in £ in terms of the unperturbed energies E,o
by treating the terms involving k as perturbations. Assuming that the band structure has an
extremum at k = 0 the linear terms in k vanishes.

WP4+k? R (10| K - P|ttmo) |

+— )

E k= E,,+
" "o 2my my mn Eno — Emo

(3.10)

It is conventional to express the energy for small k in terms of the so called effective mass m* of

the band:
h2k?
Enk:En0+2m*a (3.11)
where

=—+
m* my m%kz mn Eno — Enmo

11 2 y [(ttnolke - platmo) > (3.12)

This shows that the effective mass is governed by two factors: The squared strength of the
matrix element between the Bloch functions of the band of interest and those at all other £k = 0
gaps and the sign and the magnitude of the I'-point band gaps. It can be shown by symmetry
considerations that the conduction band wavefunction of a zinc-blende semiconductor, which
has I1 (Is with spin-orbit coupling) symmetry can couple only to wavefunctions with I'is (I3)
symmetry via the k- p term. That means that the effective mass of the conduction band will
mostly be determined by the coupling to the next nearest band with I'{5 (I's) symmetry, which is

the top valence band. Thus for the conduction band Eq. (3.12) simplifies to

1 1 Lolk-plGs > 1 2P
7:7HMATSM%4+7i (3.13)
m. mg Eomgk my  myEo
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electrons \J,mj) | ¥ E(k=0)
3, %3) iISTl) |0

lightholes | [3,%:4) | — /312 1)+ | (x£i7) 11) | ~Eq
heavy holes |3,43) %\(XiiY) 1) —Ey
split-off holes | [4,+1) \/% 1Z 1) & | (XEiY) 11) | —Eo—4q

Table 3.2: The eight wavefunctions used in the Kane model.

The matrix element P is constant for most group-1V, III-V and II-VI semiconductors, with
2P? /mgy ~ 20eV and the results obtained from Eq. (3.13) are in very good agreement with ex-
perimental data.

This simple solution has several shortcomings which are not negligible when calculating the
valence band structure. And improved method to solve the k - p Schrédinger equation including
spin-orbit coupling was proposed by Kane [34]. Within the Kane model, the terms involving k
are treated exactly for a limited set of bands which are energetically close (I¢,I7,Ig), while the
coupling to the other bands is treated within second order perturbation theory. It is desirable to
have a basis in which the spin-orbit coupling term is already diagonal which means that J and
its projection J, are good quantum numbers. In that basis, the eight band edge wavefunctions
are linear combinations of the elementary Bloch functions |S T1),|X T1),|Y T1), |1Z T]) (see
table 3.2). The solution are the eigenvalues of an 8 x 8 matrix [35]. The eigenenergies depend
on three parameters: The bandgap Ey, the spin-orbit coupling energy A and the interband matrix

element P. If A (k) denotes the energy deviation from the parabolic dispersion

nk?
the eigenvalues read as
Ak) = —E, (3.15)
A(k)(A(k)+Eo)(A(k)+Eg+Ay) = Hk*P (l(k:) +Eo+ 2?") : (3.16)

If we take k || J || z the solutions can be classified according to m;: Egs. (3.15) and (3.16)
correspond to m; = £3/2,m; = 41/2 states, respectively. We notice that the dispersion relations
are isotropic as A (k) depends only on k*. The effective mass of the m = :t% state coincides
with the free electron mass therefore denoted heavy. This is due to the lack of k,p, coupling
between Fgﬁ/ *and I (S|p-|X +iY) = 0 in the unperturbed Hamiltonian. The m; = 1 states,
however, are associated with light particles (I electrons, Ig light holes, I7 holes) since their

mass is considerably lighter than mg. It is common to treat a filled valence band with one
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electron missing as an empty band containing one hole. Like this, the curvature of the valence
bands and thus their effective masses are positive too. The I7 band is commonly called split-off
band due to its energetic separation from light and heavy holes.

At the band edges (k = 0) the resulting effective masses are

mo 2P2 (2 1
AU D 3.17
mr 3my (Eo E0+Ao) ( )
M _ (3.18)
mrgﬂ/z
4p?
UL (3.19)
m_+i1 3myEg
N
my 2P2
BA A [ — 3.20
mr; 3m() (E() + Ao) ( )

This model yields for the light particles effective masses which agree very well with experiments
and it reflects the band nonparabolicity of these bands, i.e. the effective mass becomes larger
when the energy increases. The nonparabolicity is pronounced for semiconductors where the
band gap and the spin-orbit coupling is small. Instead of using Eq. (3.16) we can write the
dispersion relation in the more explanatory form as a function of the energy-dependent effective

mass:
nk*

- 2m(A)’

where m(A) has to be obtained from Egs. (3.15-3.17) like demonstrated in Ref. [35]. Figure 3.3

(3.21)

1.0

0.5

0.0

-0.5

\/Eo

-1.0

|

Figure 3.3: The light particle energy A (k) as
-1.5

/

. 272
a function of x = =% for GaAs. A nega-
2ml—6 Ey

-2.0 ‘ ‘
-1.0 -0.5 0.0 0.5 1.0

tive x corresponds to an evanescent state.

shows the dispersion of the light particles calculated for GaAs from eq. (3.16). Due to the ap-
proximations made the dispersion relations for all states considered are isotropic. Actually a
noticeably band warping does exist in the valence band of typical semiconductors. This results
from k - p interactions with remote bands. When considering the next higher conduction band
within second order perturbation theory one obtains an exact expression for the two Iy degener-

ate valence band states which have the form of warped spheres[36] and which reveal a reduced
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mass even at the band edge:
Ery (k) = AR? & B3 + CP (kK2 + kK2 + K2K2))2 (3.22)

The parameters A, B and C are related to the momentum matrix element P and the energy gaps

and are given in [36].

3.2.2. Envelope function description for heterostructures

Up to now we have only discussed the band-structure properties of bulk crystals. However
to describe semiconductor heterostructures which are matter of this work, it is necessary to
consider the effects of a varying potential which occurs when the crystal is made of a sequence
of dissimilar materials but which crystallize in the same structure. Despite the fact that due to
the power of modern computers band structure calculations using microscopic methods like the
pseudopotential one are feasible even for unit cells containing up to millions of atoms, the so
called envelope function approximation (EFA) still has some advantages due to its simplicity
and versatility. Like the k- p theory for bulk semiconductors the envelope function description
is a way to obtain analytical results for the electronic states in a heterostructure and provides an
insight to the physical origin of the numerical results. Its validity is restricted to the vicinity of
the high-symmetry points in the host Brillouin zone.

Heterostructures are classified according to the sign of the band offsets at the interfaces. A
type-I heterostructure is given if the potential is confining in the same material for both electrons

and holes, whereas in type-1I only one type of carrier is spatially constricted (see Fig. 3.4). In

Ec (2) : [ 1 y
Ea Figure 3.4: Conduction and valence
- | Es band profiles motivating the classifica-
v v tion of heterostructures made of two
B (2 v 1 materials A and B with dissimilar band
type I type 11 gaps.

the EFA the interfaces are considered to be ideally abrupt. This assumption is not unrealistic
since modern technology allows for the fabrication of atomically flat interfaces which represent
the physical limit. However, in some material systems an inevitable and uncontrolled interdif-
fusion between both materials might occur, which smoothes the interfaces. These effects are
not covered by the standard EFA. In fact the EFA results resemble the solutions of the finite

square quantum well, where the different effective masses in both materials and their energy
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dependence is taken into account. The resulting heterostructure wavefunction ¥(7) is a sum of
the products of rapidly varying functions u(r) which are periodic with the crystal periodicity of
each material and a slowly varying envelope function x (7). At the interface the envelope func-
tion is required to change continuously differentiable. As the relevant electronic states involved
in the construction of the heterostructure one are close to the band extrema of the respective ma-
terial, it is sufficient to take into consideration only the Ig, I7, I's edge states. In the following,
we consider the case of heterointerfaces perpendicular to the crystal z direction which typically
corresponds to the [001] growth direction of the semiconductor quantum well or superlattice. In
addition to the empirical parameters in the bulk band structure calculation (Eg‘ ’B, PAB, Ag ’B),
we need to know the band lineups of the A and B materials at the interfaces. Since the band
gaps are known, a single band offset remains undetermined, say the valence band offset V),. It is
possible using microscopic ab-initio theories to predict V), or to directly measure V), with suit-
able experiments, like high pressure absorption or deep level transient spectroscopy. However,
the uncertainty of both methods is large and this issue has been subject of many publications in
the last two decades. I will not go into details of the solution procedure of the heterostructure
Hamiltonian but briefly describe solutions for the heterostructure states parallel to the confine-
ment direction. The heavy hole levels are the solutions of a Daniel-Duke Hamiltonian, whereas
the light particles are obtained by solving a Kane-type Hamiltonian. The latter reduces to the
former in the limit of large band gaps and spin-orbit coupling energies, i.e. when the band

nonparabolicity vanishes.

Heavy hole states The Daniel-Duke model of a heterostructure is the simplest one and works
well for the heavy hole levels at k; = 0. It assumes that the heterostructure envelope function
is built from host quantum states which belong to a single parabolic band. This is true if the
coupling to remote bands is neglected which also implies that the effective mass does not depend

on energy. The eigenenergies g, result from the numerical solution of two implicit equations:

kaL kaL
tan - = 1 cotan—2— = —£~! (3.23)
2 2
where
kg mj ) 2miE, , 2mp(—V —¢g)
_kgmp — (mV T &) 3.4
é Ka mza A hz ) Kp h2 ) ( )

Here L is the width of the quantum well, V the valence band offset, k4 and kp are the wave
vectors in material A and B, respectively, and kp = ikp reflects the evanescent part of the enve-
lope function. Egs. (3.23-3.24) are identical to the solution of a one dimensional finite square
well except that the masses are taken to be different in both materials. The symmetric and an-

tisymmetric envelope functions f*(z) are defined piecewise and differentiable continuously at
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the interfaces

B A B
f1(z) | exp(kpz) %:’*L%z) coskaz  exp(—kpz) (3.25)
f(2) | exp(kpz) %ﬁ*‘/ﬁ/z) sinkaz  —exp(—kpz)

Light particle states The heterostructure eigenstates of the light particles are obtained like

those of the heavy holes (3.23) but taking the nonparabolicity of the effective mass into ac-

count [37]:
2P? 2 1
Mo _ [ + A] (3.26)
mr; 3mg | &, +Es  €,+E4 + 4
4P? 1
SR W [1—?’] (3.27)
mFSl 3m0 & +Ex 2(A0 — 8,,)

Since the masses depend on energy as expected, numerical results for the eigenstates have to be
calculated by iteration. We see from the denominator of the second term in Eq. (3.27) that the
light hole mass will increase considerably if confinement pushes the states close to the spin-orbit

coupling energy of the well material.

3.2.3. Effects of strain on the band structure

The displacement of atoms from their initial position induced by internal or external forces is
described in terms of a displacement vector u(r) = ' — r, where the primed vector denotes the

shifted position. The linking vector between two atoms is
d=r,—1m7p (3.28)
thus, it transforms under deformation as
d =1l — 1) = (ra+u(r,) — (rp+ u(ry)) = d-+ (u(rg +d) — u(r,)). (3.29)

If the deformations are considered to be infinitesimal u (7, +7) can be replaced by its first order

Taylor expansion:

ui(rqe+m) %u(T)—i—djarM'i (3.30)
j

using the sum rule for repeated indices. Now Eq. (3.29) can be rewritten as

au,-

dl{:d,-—kdj— (3.31)
Tj
The second-rank tensor 3
dl'j = i (332)
Ty
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is called the deformation tensor and can be decomposed into the sum of a symmetric tensor &;;

and an antisymmetric one ;.

1 8u,- 8uj

&j = 2<r.,- + " > (3.33)
1 au,‘ 8uj

w;; = Z(rj - - > (3.34)

The latter describes a pure rotation of the crystal and therefore does not change the electronic
properties, whereas the symmetric tensor &; describes a strain induced in the crystal by the
atomic displacements and is known as the strain tensor. It can be shown using group theory that
in zinc-blende crystals €;; can be further decomposed into the sum of three linearly independent

matrices M which represent the basis for every possible deformation

. €11+ &n+ €33 0 0
M- — 3 0 €11+ &0+ &3 0 ’ (3.352)
0 0 €11+ &0+ &33
| 2€11 — (822 + 833) 0 0
MO = 0 2en — (&3 +€11) 0 , (3.35b)
0 0 2e33 — (&1 +€n)
0 &2 &3
Ml — en 0 &5 |. (3.35¢)
€3 &3 0

The matrix M has a nonzero trace and from the definition of the strain tensor components in
Eq. (3.33) follows that its trace is equal to the fractional volume change AV /V associated with
a certain strain pattern. The traceless strain matrices M%!) and MI!'!) describe a shear of the
crystal produced by uniaxial stress in [001] and [111] direction respectively. As a consequence,
three deformation potentials are required to describe the effect of a general strain on a band
extremum.

For the description of the effect of strain on the electronic properties of semiconductors
Bardeen and Shockley introduced the concept of the deformation potential [38]. These de-
formation potentials were introduced in the context of the electron-phonon coupling between
long-wavelength (k = 0) acoustic phonons and the valence electrons but their definition has gen-
eral validity. A pure hydrostatic strain which is created e.g. in high pressure experiments with
the DAC, which are subject of this work, shifts the electronic states but does not split them. The
linear components of these shifts are represented by the volume deformation potential a; in (eV)

defined as
dE; AE;

“dlnV _ we’

(3.36)

ai
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where E; denotes the energy of state i and V the volume of the crystal. Instead of the hydrostatic
deformation potential one often finds in the literature the corresponding pressure coefficient

dE;/dP which is related to the deformation potential through the bulk modulus B
—B=gq;. (3.37)

Absolute values for a; are difficult to obtain experimentally as usually only the pressure de-

T
Ef
Eo]|[Eo+A Es || B2
Tg v
v, Figure 3.5: Schematic valence and
conduction bands of a III-V semicon-
J Vs ductor for unstrained (left) and strained

(right) crystals.

pendence of gaps are measured, which yields only the relative deformation potential between
the bands involved. The pressure coefficient of the direct band gap at the I" point of III-V
compounds is in the order of +100 meV/GPa. For the indirect band gap X —I" it is about an
order of magnitude smaller and negative and about +50 meV/GPa for the indirect L —I" gap.
Thus, at some pressure the X valley will become the lowest conduction band. This is called the
direct-to-indirect crossover. For e.g. bulk GaAs it occurs at 4 GPa.

A strain that has a uniaxial component will split those states whose symmetry is reduced by
the deformation. This is not the case for the lowest conduction band which has I} symmetry
but holds for the valence bands and the X and L conduction band minima. For the J = 3/2
valence states Pikus and Bir have derived a hole-strain interaction Hamiltonian within the k- p

framework [39] for a general strain

He = atre+3b[(L;—L*/3)en+c.p.] (3.38)
6d 1
V3 |2

where L is the angular momentum operator and c.p. stands for cyclic permutations. The defor-

+ (LLy+LyLy)€qy+c.p.|, (3.39)

mation potentials b and d determine the splitting of the four-fold degenerate valence bands at I"
under [100] and [111] uniaxial stress, respectively. Figure 3.5 shows schematically how the Ig
and I7 valence bands evolve into three bands denoted v, v, and V3 under uniaxial stress in e.g.

[001] direction. Solving the strain Hamiltonian yields the following shifts of the v; valence band
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with respect to the weighted average for stress or strain in [001] direction [40]

1 1
AEV2 = —ng -+ 6E]-1 + ESEX (3.40a)
1 1 1 5 9 )
AEy, = cAo+8Ey— JEx — 51\ AG+AoSEx + 7 (8Ex) (3.40b)
1 1 1 ) 9 5
AEV3 = EAO + SEH - ZEX + 5 AO +A06EX + Z((SE)() (3400)
(3.40d)

The indices H and X denote the hydrostatic and shear (either [001] or [111]) component of the
strain, respectively. The band v, corresponds to |3/2,43/2) (heavy holes), whereas v; and
v are strain-induced linear combinations of |3/2,4+1/2) and |1/2,£1/2) [41]. However, they
are commonly still called by theirs unstrained denotations as light and split-off bands. For a

two-dimensional strain in the {001} plane the energies are given by

Cp —C
SEy = atre=2a-1 _"12¢ (3.41a)
Cn
C +2C
SEx = be[om]:—zb%sxx. (3.41b)
11

The components of the strain tensor € are related through the elastic constants and the boundary

conditions. This will be discussed further in section 3.3.1.

187 = -
X1[oot], (1T0) face.
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OO 8 ool and Eg transitions in bulk GaAs at 77 K
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For most III-V semiconductors the shear deformation potentials » and d are negative. The

valence band volume deformation potential a, is small compared to that of the band gap, which
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means that most of the pressure dependence of the band gap is due to the change in the con-
duction band. A theoretical study of the band gap pressure coefficients carried out for many
different semiconductors yields that both a, and a. are mostly negative [4], however, there is
no experimental data about the absolute deformation potentials available. Instead of consid-
ering the bands separately it is safer to use the band gap deformation potential a = a. + a, in
Egs. (3.41a-3.41b) thus obtaining the shifts of the band gaps from Egs. (3.40a-3.40c).

When evaluating Eqgs. (3.40a-3.40c) we note that in the case of a biaxial tensile strain in the
x-y—plane (&), which corresponds to uniaxial compressive stress in the [001] direction, the
Ey, band will be the top valence band. This is nicely confirmed by the experimental results of
absorption experiments under [001] stress of bulk GaAs shown in Fig. 3.6. The solid lines are
fits of the experimental data with Egs. (3.40a-3.40c). The heterostructures studied in this work,
however, contain embedded material which is mostly compressively strained in the x-y—plane,
as this is the prerequisite for the self organized growth of quantum dots. We therefore expect
that E\, band will become the highest valence band at the I" point.

Similar expressions as those of Eqgs.(3.35a-3.35c) for the pressure dependence of the valence
bands can be obtained for the X-valley of the conduction band. A shear strain in [001] direction
lifts the six-fold degeneracy and splits the X-states into a [001] doublet (Xz) and a [100] and
[010] quartet (Xxy). The hydrostatic component further shifts the weighted average [43, 44]

2
AEf = 5EH+§5EX (3.42a)

AEYY

OEy — %SEX. (3.42b)

The energy shifts are calculated from the strain using the deformation potentials for the conduc-

tion band X-valley &, and &,

1

SEn = (Eat3Eu)ue (3.43a)
1

SEx = 5 Euon (3.43b)

3.2.4. Summary

From the previous sections we can summarize the different effects on the energy of a confined
state induced by strain or external pressure. The largest contribution is that of the strain depen-
dence of the band edges. Second order effects are the energy dependence of the effective mass,
which can be described within the effective mass approximation and the pressure dependence of
the conduction and valence band offsets, which is considered in the framework of the envelope
function approximation. The reduction of the potential width as the interatomic distance de-

creases upon external pressure is only about 0.6 % at a pressure of 1 GPa, and can be neglected.
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In undoped semiconductors the emission from transitions between confined states is strongly
influenced by the effect of exciton formation, i.e. of a photoexcited electron-hole pair coupled
by Coulomb interaction. The energy spectrum of an exciton resembles that of a hydrogen atom
obtained by using a reduced mass p which incorporates the effective electron and hole masses,
and the static dielectric constant of the host material. The Rydberg energy has shown to vary in
proportion to the reduced effective mass pt in III-V semiconductors, that is, to the band gap[45],
but only by some meV in the pressure range up to 10 GPa. For phonon-assisted processes like the
indirect I'-X transition, the phonons’ pressure dependence is modifiying the measured pressure

coefficients of the electronic states. These corrections, however, are less than 1 meV/GPa[46].

3.3. Strain modelling in heterostructures

Heterostructures consisting of different materials exhibit strain if the lattice constants do not
match. A thin film grown epitaxially on a thick substrate has to adjust its lattice constant parallel
to the interface to that of the substrate. In the perpendicular direction the lattice is allowed to
expand or shrink in order to minimize the strain energy. The situation is getting more compli-
cated when looking at the three dimensional structure of a quantum dot and spatially resolved

calculations have to be carried out to get information about the local strain fields.

3.3.1. Continuum model

The linear elastic theory is based on the assumption that the strain in a solid is proportional to
the applied load. This is described by the generalized Hooke law of the proportionality of the
stress and strain

Okt = Cimn€nm (3.44)

where o and € are third rank tensors called stress and strain tensors. Due to its symmetry only
21 of the 81 components of the compliance matrix Cyy,, Which link external stress to internal
strain are non zero. In a cubic face-centered crystal structure like the zinc-blende one, this
number further reduces to three nonzero components usually denoted (in matrix notation) as

C11, C12 and Cy4. Like this, eq. (3.44) can be written in a contracted notation in which the strain
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and stress tensors are represented by a six-component array:

o1 Ch C C O 0 O €
0> Co Ch C O 0 O &
O3 Co Co Ci O 0 O & , (3.45)
Oy 0 0 0 Cyu O 0 &4
Os 0 0 0 0 Cyu O E&s
O¢ 0 0 0 0 0 Cu &

where the stress and strain vectors are related to their tensorial form like:
& &/2 &)/2
e=| &/2 & &/2 |. (3.46)
&/2 &/2 &

The diagonal elements of the strain tensor are the strain components along the principal di-
rections, whereas shear strain is determined by the off-diagonal elements. Its trace corresponds
to the hydrostatic strain, i.e. the volume deformation:

AV

v = tr(e). (3.47)
From Eq. (3.44) we can calculate the strain components in a material which is induced either by
external forces, which is the case in high pressure experiments, or by the lattice constant mis-
match when growing a heterostructure consisting of two different materials. A thin film which is
grown epitaxially on a thick substrate will be stretched or compressed along the interface, while
it is free to extend or contract along the perpendicular dimension. In that case, the stress is given
by

Oyx = Oyy = O, o,=0 (3.48)
0;; =0, i#],

implying the following relations for the strain components

Exx = &y, &, = —AE, (3.49)
=0, i # ],
where
€
A=-": (3.50)
EJCX

depends on the crystallographic orientation of the strained layer. The in-plane strain is given by

the lattice mismatch between film and substrate

£ = —— T (3.51)
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where ay;;, and a, are the lattice constants of the substrate and the thin film, respectively. A
negative value of (3.51) represents compressive strain, a positive value tensile strain. The coeffi-
cient A can be calculated by applying the boundary conditions (3.48) on Hooke law (3.44). For
the biaxial strain along [001] direction considered here it yields

2C12

Ao = =12
01 Cll

(3.52)

Like this we obtain the following expressions for the biaxial [001] and hydrostatic strain com-

ponents existent in the strained layer

€ooi] = 26— (Ext8&y) =2(-A&n—&x) = —(1+21)&xn
C 2C
- ptutine, (3.532)
Ci
Eyd = EaTEyFEL =26 — A= (2—1)E
Ch—C
= M= (3.53b)
Cn

We notice that the strain in a biaxially strained layer always includes a hydrostatic component.
As demonstrated in section 3.2.3 a general strain pattern can be decomposed into a purely axial

and a purely volume component. Using the results from Egs. (3.53a) and (3.53b) we get
3e = Enyd — 8[001} . (3.54)

In order to calculate the equilibrium positions of the atoms of a more complicated structure
like the typical pyramidal quantum dot using continuum elasticity theory, one has to employ a
discretization method based on finite elements or finite differences to minimize the total elastic

energy

1
Eior = 3 Zcijklgijgkl (3.55)
ikl

3.3.2. Atomistic description

There has been much work describing the elastic properties by means of an atomistic model,
among them, the first was proposed by Born [47]. A widely used description for diamond-type
crystals is the valence force field (VFF) in the Keating [48] form, within which the atomic bonds
are represented by bond-stretching and bond-bending interactions between next neighbor atoms
(see Fig. 3.7). Martin [49] extended the model for the application to zinc-blende crystals by
including a coulomb interaction term which accounts for the ionicity of the crystal. However,
these corrections are small for III-V compounds and are usually neglected, though they might

be important for II-VI semiconductors. The total elastic energy in the VFF model is calculated
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Figure 3.7: The two types of interac-
tions used in the VFF. Left: bond bend-
ing, Right: bond stretching.

according to

o Ad> (3.56)

nm 3 ;
+Y ) ﬁofko [(Ri—R;) x (Ry —Ri)—coseodgdg]z,
i jk<j 8dljdzk

where Ad;; = [(Ri —R j)z ( } /dl > R; are the coordinates of the atoms, d;; the unrelaxed
bond length, 6 = arcos(—1/3) the ideal tetrahedral angle, o;; and f3;x the force constants for
bond-stretching and bond-bending interaction, respectively. The first term sums over all atoms
i and its four first neighbors; the second term sums also over all atoms i and their distinct pairs
of next neighbors j and k forming the bond angle. We note that only two force constants are
necessary. Across a heterointerface the bond bending interaction parameter f3 is taken as the
algebraic average of both materials. The force constants correspond to the elastic constants in a

pure zinc-blende structure calculated in the following way

3
¢, — %t3P (3.57)
a
a_
Cp = P
a
4o
Cu = 2P
4 ala+p)

where a = 4ry/+/3 is the lattice constant and ry is the interatomic bond length. It is not possible,
though, to match the three elastic constants with only two free parameters and usually Cyq is
neglected. Thus, equations (3.57) imply a relation between the force constants

2Cu(Ci+Cn)
(C11 —C12)(C11 +3C12) 7

(3.58)

which holds quite well for nonpolar crystals like silicon and germanium but deviates from unity
for any ionic III-V or II-VI compound. Martin [49] has introduced a Coulomb term to account
for the different atoms on either sublattice. However, using Matrin’s own values, the contribution
of this extension to Cu4 is only about 2 %, which is the same order as the experimental errors on
C44[50].

The equilibrium atomic positions are found by minimizing the total strain energy (3.56) using

for example a conjugate gradient method. The local strain is determined by looking at the
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Figure 3.8: The local strain is de-

termined from the distortion of an

elementary tetrahedron.

distortion of an elementary atomic tetrahedron (see Fig. 3.8). The application of the strain tensor

€ on the unrelaxed coordinates Ry yields the distorted coordinates R

1 + gxx gyx 8Z.X
R - Sxy 1 + gyy gzy R07 (3'59)
EXZ 8yz 1 + SZZ

with

Ri2x Ryzx Rizx

R=1| Ry, Roz, Rz,

Ri2; Roz: Rizg
The application of this simple model for the calculation of the strain in lattice mismatched het-
erostructures has been demonstrated by many authors[51-53]. However, considering the large
strain existent in e.g. InAs/GaAs superlattices (&, ~ 6.9 %) we are almost certainly leaving the
validity of linear elastic theory. For any stress which is not infinitesimal in the sense of elasticity
theory the compressibility of a material depends on the pressure, i.e. a material gets stiffer the
larger the compression. This can be taken into account by introducing pressure dependent elastic

constants. Murnaghan proposed a linear dependence on pressure of the bulk modulus [54]
B(P) = By + B'P. (3.60)

For III-V semiconducors B’ is about 5-10 % of By and therefore cannot be neglected when con-
sidering the effects of high hydrostatic pressure nor internal pressures in strained heterostruc-
tures. In the VFF this dependence can be incorporated by modifying the bond stretching po-
tential such that it fits the bulk modulus at any pressure. In Ref. [55] the harmonic stretching
potential was extended by a cubic term which only makes sense for compression, of course.
Thus, in Eq. (3.56) the first term is replaced by

nm

3TaM AL 4 @ A3
ZZ@[O‘U Ad + ol ady|. (3.61)
i

In that work the problem of the undetermined relationship between the atomic force constants

and the elastic modulus has been addressed too. By adding a third term which is a combined
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stretching-bending interaction to the elastic energy the authors claim to be able to correctly map
both models onto each other. However, the correction is small compared to the large strain

generated in pressure experiments and it will be ignored here.
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4. Results and Discussion

In this chapter I will present the results from high-pressure experiments on InAs/GaAs and
InP/GaP self-organized quantum dots. The former material system has attracted the most in-
terest, being the first for which the formation of quantum dots was reported in [18]. After that
discovery, the self-organized growth method has been applied to many other strained material
systems, including element semiconductors and binary and ternary systems of the III-V and II-
VI group. The InP/GaP system is one of the most recent and is especially interesting for opto
electronical devices in the visible red range, whereas the InAs/GaAs system is aimed to oper-
ate in the wavelength range which is interesting for optical fiber-based communication around
1.3 um.

In addition I will present the results from strain simulations using an atomistic valence force
field, taken out to show, that the special character of the strain field plays an essential role in the

pressure dependence of the quantum dot emission.

38



4.1. INAS/GAAS QUANTUM DOTS CHAPTER 4. RESULTS AND DISCUSSION

4.1. InAs/GaAs quantum dots

In this section I will present the results of PL experiments on self-organized InAs/GaAs quantum
dots under high hydrostatic pressure. Low temperatures spectra exhibit a multimodal distribution
of the ground-state transition energy. Calculations based on an eight band k- p model and a
structural analysis demonstrate that this distribution originates from a discrete, stepwise variation
of the size of the QDs [29]. The InAs QDs have the shape of a truncated pyramid, differing
in height and base length in multiples of a monolayer. The observation of clearly separated
peaks implies that the upper and lower interfaces of the QDs are well-defined and that indium
segregation is small. Fight different sub-ensembles can be identified at low temperatures and
ambient pressure each with a full width at half maximum of about 30 meV. Details of the growth
procedure are described in Ref. [29]. This sample is especially interesting for high pressure
experiments since it allows for a direct comparison of the pressure dependence of electronic

states in quantum dots of different sizes but in exactly the same environment.

4.1.1. Low temperature photoluminescence

Figure 4.1 shows a low temperature photoluminescence spectrum recorded with a low excitation
power of 10 W/cm? to ensure that emission from excited states is not activated. The emission
band associated with ground state recombination in the QDs spans from 1.05 to 1.35eV at am-
bient pressure. According to Ref. [29], the eight peaks relate to quantum dots of 2—8 monolayers
height. They can be fitted well with Gaussians, yielding a FWHM of about 30 meV for each
peak and an increasing peak separation with decreasing QD height. Centered at 1.49 eV a sharp
feature is observed, which originates from the recombination of carriers confined in the wet-
ting layer. In addition, there are two small peaks on each side of the WL one, the lower one
separated by approximately one InAs LO-phonon energy (?? meV), therefore attributed to the
LO-phonon replica. The weak peak on the high energy side at 1.512 eV is due to the free exciton
recombination of bulk GaAs.

With rising pressure (see Fig. 4.2) all observed peaks shift to higher energies, which is a clear
indication that the observed transitions are direct in k-space. The sharp line at about 1.79 meV,
appearing in all spectra corresponds to the ruby luminescence. At 3.1 GPa a ninth peak appears
on the high energy side of the QD emission band. Its energy and shape suggest that it is due to
recombination within the next smaller ensemble of dots, i.e a dot of only one monlayer height.
As I will show in the next chapter, the conduction band offset (CBO) significantly increases with
rising pressure. A confined state which is energetically very close to the top potential edge, will

lower its energy with respect to the potential edge as the CBO increases. Thus, a state with a very
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Figure 4.1: Photolumines-
cence spectrum of the InAs
multimodal QD sample taken
at 4K. The numbers indi-
cate the height of the QDs in

monolayers.

small localization energy at ambient pressure would become confined, as the pressure increases.

Therefore, with increasing pressure such electrons would be finally able to recombine with the

holes. At 6.2 GPa the width of the whole QD emission band has reduced considerably. The
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Figure 4.2: Photolumines-
cence spectra of the InAs
multimodal QD sample taken
at 4K for four different

pressures.

sharp wetting layer peak and the upper four of nine peaks related to the QDs have disappeared.

A shoulder on the high energy tail of peak five corresponds to the onset of the sixth line. A new

feature appears at about the WL energy, denoted as R, which is very weak and broader than the

WL peak. These observations indicate, that a crossing of the I states with an X-valley related

state (either in the QDs or in the GaAs matrix) occurs above 1.7 eV. I will discuss this in detail

below. At 7.4 GPa the overall QD luminescence is almost completely quenched, the intensity

dropped by a factor of 30 and a set of peaks, labelled D emerges, which is attributed to defects

created by pressure induced dislocations. The remaining signal from the QDs is centered at

about 1.55 eV and slowly shifts to lower energies with increasing pressure.

Figure 4.3 displays spectra recorded while releasing the pressure after having reached a final
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pressure at 4K of about 8 GPa. Obviously the sample does not completely recover from the
applied pressure. The multimodal distribution of the QD ground state emission energy with its
characteristic distinguishable subensembles has been smeared out. The overall intensity dropped
by a factor of ten and the peaks, that were attributed to defect induced emission, are strong and
remain visible even at ambient pressure.

The pressure dependence of all observed peaks is summarized in Fig. 4.4. The solid black
lines depict the pressure dependence of the direct I' — I and indirect X — I" band gap of bulk
GaAs taken from literature. All QD ground state transitions shift to higher energies with increas-
ing pressure, slightly diverging, i.e. the peak separation increases with pressure. At 1.1 GPa the
PL from the ninth subensemble of dots appears. The WL peak closely follows the band gap of
GaAs, separated by 20 meV. At about 4 GPa the line from bulk GaAs is quenched abruptly, the
fingerprint of the I' — X crossover. This is followed by the successive quenching of the higher
energy QD lines, when the pressure is further increased. At some pressure steps it is possible
to observe that while loosing its intensity due to the occurrence of crossover, the highest energy
peak departs from the rising trend of the direct transition to follow that of a X — I indirect one.
Nevertheless, the weak signal is masked by that of its next lower-energy neighbor, so that it is
not possible to further trace its pressure dependence. The peaks denoted R are attributed to the
indirect transition in k-space between the X conduction band and the valence band of GaAs in
the nearest vicinity of the QD. Both bands are split due to the increasing tensile biaxial strain
near the quantum dot, so that the effective band-gap is locally lowered with respect to that of
bulk GaAs. This is further confirmed by the strain calculations, as will be shown in the next
chapter. The existence of a bound X state at the interface between the quantum dot and the
barrier material has also been demonstrated for very small InP QDs embedded in GaP, GaP

being an indirect semiconductor at ambient pressure [56]. The quenching of the quantum dot
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Figure 4.4: Pressure dependence of the energy position of the observed PL features. The red
symbols correspond to recombination within the QDs, the blue symbols correspond to processes
involving WL states. The line denoted R is due to recombination between the GaAs X-valley

and the I" valence band edge.

confined states occurs, when they cross the nearby Xz conduction band state of GaAs, shown in
figure 4.5. The situaation shown is that just after the crossover, when the emission from direct
transition denoted 1 is quenched and the transition 2 if favoured, although it is very weak, as
it occurs indirect in both real and reciprocal space. Additionally, in this sample, the transition
is hardly seen, because it is masked by the emission from the next larger subensemble of dots.

This crossover behavior has also been reported in Ref. [57] for InAs/GaAs quantum dots which

Figure 4.5: Schematic diagram of

I'es the conduction and valence band

profile of the QD structure indi-

cating the transitions which are

R relevant at the I'=X crossover.
(1) and (2) mark the QD related
i transitions before and after the

VB A Evs Crossover.

emit at 1.25eV at ambient pressure. In that work, transitions above the crossover could be ob-

served up to 7GPa. A line shape and excitation power dependence analysis revealed that the
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transitions beyond the crossover involve confined hole states of the dots and X-valley conduc-
tion band states. A crossing with the X-band of InAs is not expected at these energies since the
I'-X gap energy (2.28 €V) is much larger than that of GaAs (1.98eV). Thus, from figure 4.5,
we can see that the difference between the R energy and the QD energy at the crossover readily
yields the valence state offset (Eys), which is equal to the valence band offset reduced by the

hole confinement energy.
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Figure 4.6 shows the hole energies obtained by subtracting the crossover energies for each
QD subensemble (indicated by the dashed line in Fig. 4.4) from the R-energies, as a function
of the quantum dot height expressed in monolayers. The top valence band is a heavy hole
state, therefore the effective mass is considered to be constant to first order and the confinement
energy can be fitted using the Daniel-Duke model (Eq. (3.23)) with two free parameters: The
valence band offset and an effective potential width. The latter accounts for the fact that we
are treating the quantum potential as one-dimensional with a potential width equal to the height
of the quantum dot in entire monolayers. Thus we are neglecting the confinement in the xy-
plane and we are of course not able to include deviations from the square well shape of the
potential. The fit yields a valence band offset of 290 meV and an effective width of 3.3 A, being
significantly smaller than that of bulk InAs (6.05A), which is very reasonable considering the
above said. The agreement with the experimental data is very good. It shows nicely how the
confinement energy for the holes saturates with increasing potential width, reaching the pure

value of the valence band offset as limit.

Pressure coefficients The pressure coefficients of the direct QD transitions are obtained by

fitting the data points using a quadratic function

Er(p) = Ey +aP +bP?, 4.1
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where a and b are the linear and quadratic pressure coefficients, respectively. The pressure co-
efficients of all QD related transitions are summarized in Fig. 4.7. The variation of the pressure
coefficients with the emission energy is strikingly large. The values for the linear (quadratic)
coefficient range from about 65 meV/GPa (-1 meV/GPa?) for the largest dots to 110 meV/GPa (-
5 meV/GPa?) for the smallest ones. This spans the complete range of measured pressure coeffi-
cients for self-assembled InAs/GaAs quantum dots compiled and reported in Ref. [58]. Further-
more, the linear pressure coefficients measured here are mostly much smaller than those of bulk
GaAs (117 meV/GPa) and InAs (=100 meV/GPa) [3], whereas the sublinearity of the pressure
dependence of all QDs emission given by the b coefficient is comparable to that of the bulk
semiconductors. It has been shown that the sublinearity vanishes, if the energy of the I' —I"
transition is expressed in terms of the density and not the pressure [59]. Unfortunatelly, I have
no access to the density of the embedded material, so this cannot be confirmed. For this purpose,
a simultaneous measurement of the transition energy and the equation of state by X-ray diffrac-
tion would be necessary. Nevertheless, by using the results from the strain calculations in the
next section together with band structure calculations within the EFA I will be able to explain
this large spread of pressure coefficients observed for this special system of self-assembled dots,

which differ from each other in size by single monolayers.
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4.1.2. Strain simulations

The VFF presented in section 3.3.2 has been frequently used for the calculation of strained
heterostructures and specially for quantum dots [51, 52, 55, 60, 61] as input for electronic or
vibrational band structure calculations. As pointed out before, the extension of the VFF (in

the following called XVFF) made to account for the pressure dependence of the bulk modulus
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is already important when dealing with strongly strained heterostructures to correctly describe
the internal strain as well as the one induced by the external pressure. It has often been sug-
gested [58, 62, 63] that the application of the XVFF model in band structure calculations will
eventually reproduce the variation of the pressure coefficients of InAs quantum dots observed
experimentally. And in fact, Luo et al. [60] recently reported results from empirical pseudopo-
tential calculations for many different dot geometries and found an almost linear dependence
between the emission energy, which is a function of the dot size, and the pressure coefficients.
Those are, however, extremely heavy numerical calculations, where the physical origin of the
observed effects is very difficult to trace back. I will show in the following that it is possible to
explain qualitatively the variation of the pressure coefficients simply by using VFF-strain calcu-
lations together with bulk deformation potentials and considering quantum confinement within
the EFA. In particular, I will show that the XVFF is necessary to reproduce the low values of the

pressure coefficients observed experimentally (about 60 meV/GPa).

Strain field under hydrostatic pressure

The super cell used for the VFF calculations is a cube with an edge 55 lattice constants of GaAs
in size, i.e. about 310 A, thus containing more than 1.3 million atoms. The shape of the modelled
quantum dots is that of a truncated pyramid to comply with the shape determined by structural
analysis in Ref. [29]. Four different dot sizes have been considered, the smallest(largest) of them
having a base length of about 12(17) nm and a height of 2(8) monolayers on top of the wetting
layer. Since the geometry of the dots is almost cubic we have neglected the effects of [111]
biaxial (shear) strain and only consider hydrostatic and [001] biaxial strain. Figure 4.8 shows
the strain in a xz-plane, crossing the center of a 8 monolayer high quantum dot. The upper and
lower pictures show the hydrostatic and [001] biaxial strain. The input data for the graphs is the
same on the left and right side but the former has been chosen to display the magnitude of the
strain in more detail, whereas in the latter the dot geometry is visible at first glance. Negative
values of the hydrostatic strain correspond to hydrostatic compression, positive values of the
[001] biaxial strain correspond to a compression in the xy-plane accompanied by an expansion
in the z-direction and viceversa.

In order to study the strain distribution of a quantum dot and its surroundings I constructed the
strain histograms of all elementary tetrahedrons in the supercell. The histograms are obtained by
slicing the whole range of strain magnitudes into small units and then summing over the number
of tetrahedrons of equal strain (within the width of one slice). This is shown in Fig. 4.9 for
hydrostatic (top) and biaxial (bottom) strain calculated using the VFF (left) and XVFF (right)

model. Only the tetrahedral elements corresponding to InAs were considered for this plot. This
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n

hydrostatic stra

biaxial strain

Figure 4.8: Cross sectional view of the hydrostatic (top) and biaxial (bottom) strain through the
supercell positioned at the center of the quantum dot. Left and right figures show the same data,
the former with a blown up strain scale, the latter as pseudo color plot seen in y-direction. The

base length for a 8 monolayers large dot is about 17 nm.

is because for the barrier material (GaAs) surrounding the dot the average value of both hydro-
static and biaxial strain is found to be near zero. For InAs all histograms exhibit two maxima,
which are associated with the strain in the QD and the WL. For example, for the eight MLs dot
the average magnitude of the strain is about -0.08 and 0.023 for the hydrostatic and biaxial com-
ponent, respectively, whereas the wetting layer (away from the dot) is strained by about -0.06
hydrostatically and 0.28 the biaxially. The reason for that kind of analysis is that what matters
for a simplified strain model of the dots are the averaged strain values inside and outside the dot.
Later on I will use these values for a one-dimensional strain-modified calculation of the electron
and hole levels.

By comparing the hydrostatic strain histograms of quantum dots of different height we obtain
an important information: The position of the maximum in the strain distribution corresponding
to the dot is strongly dependent on dot height, whereas the average strain value in the wetting
layer is almost independent of dot geometry. The shape of the latter is asymmetric showing a

sharp cut-off on the high strain side. This can be understood by looking again at the strain cross
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Figure 4.9: Distribution of the hydrostatic and biaxial strain components in all InAs within the
supercell. The upper(lower) panels show the hydrostatic(biaxial) component of the strain. The
left and right panels correspond to results obtained using the standard VFF and extended XVFF

force field, respectively.
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sections in Fig. 4.8. The strain in the wetting layer is smallest at the interface and approaches
the value of a purely two-dimensionally strained layer given by the lattice mismatch between
InAs and GaAs, as the distance from the dot increases. The other histogram maximum, which
corresponds to the strain in the dot, is more symmetric and shifts to higher strain with increas-
ing dot height.The dependence on height is a result of the three-dimensional character of the
quantum dots. Since an infinitely extended xy-film, like the wetting layer is disconnecting the
material below from that above, the strain in the film is equal to that of a free standing film,
which is compressed in the xy-plane, and the strain in the surrounding material is zero. For a
quantum dot the compressive stress of the surrounding GaAs acts as well in the z-direction, thus
incresing the hydrostatic strain inside the dot. On the other hand, the biaxial strain can relax to
some extent, at the cost of tensile biaxial strain in GaAs.

A comparison of the hydrostatic strain distribution calculated with the standard VFF and the
extended XVFF model yields what was expected: the strain is smaller in average when treated
within the XVFF model reflecting the increasing stiffness of the material when subjected to
pressure. The strain in the largest dot is about 8 % smaller using the XVFF model. In the case
of the biaxial strain (bottom panels), we also find a dependence of the strain on dot geometry.
In contrast to the hydrostatic case, the biaxial strain is highest in the wetting layer and the same

reason for the low strain cut-off as in the hydrostatic case applies.
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Figure 4.10: Comparison of the average strain in a InAs quantum dot and the wetting layer
embedded in GaAs for four different dot sizes calculated with the standard and extended VFF.

The left and right panels show the hydrostatic and biaxial strain, respectively.

The histogram peaks of hydrostatic strain have a relative FWHM of 5 %, whereas the distribu-
tion of biaxial strain is fairly broad and the description of the strain by an average value for the

whole quantum dot is questionable. We should keep that shortcoming in mind, when discussing
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the effects on the band structure. Figure 4.10 shows the average strain values taken from the po-
sition of the histogram maxima as a function of the quantum dot height. For both components of
strain the VFF calculated strains are larger than those obtained from the XVFF model. The fact,
that the wetting layer strain is not equal for all dot geometries considered, is due to a limitation
of the calculations. The strain is not completely relaxed at the edges of the simulated supercell
and the structure remains under some kind of small artificial strain. Therefore, the best value
for the wetting layer should be that of the smallest dot but the deviation is small and will not be
considered further. As expected, the strain in the QD increases less rapidly with the number of
monolayer in the XVFF model.

We now turn to the simulation of the effects of an external pressure. A hydrostatic pressure
applied on the facets of the supercell is achieved by decreasing the length of the periodic bound-
ary. The corresponding pressure is calculated from the reduced volume using the definition of
the bulk modulus, taking into account Murnaghan’s equation for the pressure dependence of the

bulk modulus.

AV
VFF: P= —Boln(7+1) (4.2a)
0
Bo[/av N\ 7¥
XVFF: P= — || —+1 —1 4.2b
B/ (VO + ) ] ? ( )

where AV—(‘)/ = tre, By and B’ are the bulk modulus and its first derivative, respectively. Figure 4.11
shows the pressure dependence of the hydrostatic strain in the quantum dots of 2-8 MLs height
and the wetting layer calculated with the VFF model. On the left scale the equivalent pressure
to the strain is indicated, obtained from eq. (4.2a). As a reference, the pressure dependence
of the strain in bulk InAs is indicated with a dashed line. We notice that at ambient pressure
one starts with a magnitude of hydrostatic strain within the embedded InAs, which is equivalent

to an external pressure of about 4 GPa. The evolution of the strain in the QDs follows that of
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the WL, as the pressure increases. The first remarkable result from the strain simulations is
that the slope of the pressure dependence of the embedded InAs is much smaller than that of a
bulk InAs crystal. If we assume a bulk hydrostatic band-gap deformation potential of -6.0eV
for InAs [3], we obtain a pressure coefficient of about 76 meV/GPa. Again, we compare these

results to those obtained by the XVFF model, which is shown in Fig. 4.12. The strain in the
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Figure 4.12: Strain in the wet-

ting layer and a 6 monolayer

Hydrstatic strain

high quantum dot as a func-

tion of external pressure, cal-

culated using both the stan-

0 2 Ejtemal Pregsure (GPRS) 10 dard and the extended X VFF.
XVFF model yields a smaller pressure dependence, corresponding to a pressure coefficient of
62 meV/GPa. Furthermore, a significant sublinearity is observed, which amounts 0.8 meV/GPa?.
We can conclude that the emission from self-organized quantum dots is expected to exhibit a
very low pressure coefficient, much lower than that of their constituent bulk material. I will
demonstrate later that quantum confinement also has an influence on these values.

On the other hand, the biaxial strain slightly diminishes with increasing pressure. This reflects
the difference in compressibility of both materials, which results in a reduction of the lattice mis-
match with increasing pressure. In the pressure range of the simulation (0-10 GPa), though, the
biaxial component decreases only by about 2 % and will assumed to be constant in the follow-
ing. In this way we circumvent the problem of how to treat the broad biaxial strain distribution
in a simple one-dimensional model, as mentioned above, since we are mainly interested in the
pressure dependence of the band-edge energies rather than in their absolute values.

A large spread of the PC values has been observed experimentally. To address this issue we
determine the difference in strain between the wetting layer and dot for each height of quantum
dot, as shown in Fig. 4.13 as a function of external pressure. In fact, a small systematic varia-
tion is detected. The strain in the larger dots rises slower than that in the smaller ones and the
wetting layer strain has the steepest slope. Unfortunately, the numerical results from the XVFF
model under pressure, shown on the right side, do not behave so nicely as those obtained with

the VFF model. It seems that the global minimum was not found in the relaxation process of the
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calculations. Compared to the zero-pressure results, a cross-sectional view of the structure looks
slightly distorted. The origin of this numerical problem is not clear but it might be connected to
the special shape of the bond-stretching potential. This will be discussed further in section B. If
we forget the numerical problems for the moment, at least the trend is the same as that observed
with the VFF model: The larger the dot, the lower the slope of the pressure dependence. How-
ever, even if we assume that this variation is larger within the X VFF model, it is not sufficient to

explain the significant size dependence of the measured pressure coefficients.

Strain modified band edges

Once we know the strain field of a quantum dot, it is possible to estimate the band edges
along a line across the supercell by calculating the energy shifts produced by strain using equa-
tions (3.40a-3.40c) and (3.42a,3.42b) together with the hydrostatic and shear strain deformation
potentials and the spin-orbit energy listed in table 4.1. This is illustrated in Fig. 4.14 based on

a a, b B+ %Eu . | Ao Table 4.1: The hydrostatic and shear
InAs | -60 | -1.0 | -1.8 | 1.5 3.2 | 0.38 deformation potentials used in the
GaAs | -84 | -1.2 | -20 1| 1.5 6.5 | 0.341 simulation, taken from reference[3].

strain calculations for an eight monolayers high quantum dot using the XVFF model along the
[001] direction through the center of the dot, as indicated in the inset. The valence band offset
for the strained interface is adjusted to 290 meV, which is the value obtained from the experi-
ments in section 4.1.1. The shown profiles correspond to the I" and the strain-split X conduction
bands as well as the three valence bands at I". We notice that the Ey, band, which corresponds
to a heavy hole band, becomes the highest valence band in InAs. The profile of the lowest

band edges has the shape of a one-dimensional square well potential in good approximation,
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which is a prerequisite for the application of the envelope function approximation discussed in
section 3.2.2. Furthermore, the band-gap of the embedded InAs has increased from 0.42 eV to
about 0.61 eV for the largest dot and to 0.54 eV for the smallest one. The X conduction band
energy in InAs is higher than in GaAs and split by about 200 meV. In the vicinity of the dot, all
bands are slightly bent, resulting in a modification of the band gap in GaAs too. Specially the
indirect X — I band-gap in GaAs is lowered with respect to the bulk GaAs energy.

In order not to stress this simple band-structure estimation too much, I will make some simpli-
fications to study the pressure dependence. The [001] biaxial strain is taken to be constant in the
simulated pressure range, as pointed out in the last section. As the absolute valence band offsets
of InAs and GaAs are comparable, I will further assume a constant valence band offset. The
variation of the hydrostatic strain between different dot sizes is small and the related variation
in the InAs band gap is small compared to the expected confinement energies. With the results
from the previous section we are now able to estimate the variation of the conduction band offset
with pressure, as shown in Fig. 4.15. These findings enable us to confirm the assumptions made
in the experimental section. There we proposed that the appearance of a ninth peak in the PL
spectrum at about 1 GPa, which corresponds to the transition of quantum dots of one monolayer
height, is due to the confinement of an additional discrete electronic state, caused by the increas-
ing conduction band offset. Indeed, the increase is fairly pronounced from both VFF models. It
amounts 28 meV/GPa and 46 meV/GPa in the VFF and XVFF model, respectively. The other
assumption made concerns the existence of a transition which is about 60 meV lower in energy
than that of the indirect X — I gap of GaAs and whose electronic state seems to be responsible
for the I — X crossover in the quantum dots. Looking again at Fig. 4.14 we can expect that this
state corresponds to the Xz one of GaAs near the heterointerface. The crossing of this state with

the rising I -point states of InAs leads to the quenching of the emission from the quantum dots.
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Inclusion of quantum effects

Taking into account the results obtained in the previous sections, we will now address the effects
of quantum confinement on the pressure dependence of the quantum dot states. We further
assumed a pressure independent valence band offset and a strongly rising conduction band offset.
Thus, any variation of the pressure dependence on dot geometry should come from the pressure
dependence of the electronic states. Figure 4.16 displays the electronic ground state energies
for four different dot heights as a function of external pressure, calculated within the EFA and

considering the non-parabolicity of the electron mass (3.26). Also indicated are the GaAs and
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Figure 4.16: The calculated pressure dependence of the electronic ground-state energies for four
different QD heights as a function of external pressure. The results in the left(right) panels are

based on the VFF(XVFF) model.
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InAs conduction band energies. An interesting point is that the ground-state energy in the largest
dot has a significantly lower pressure coefficient than the InAs band edge. This is simply due
to the energy dependence of the effective mass. As a result, the confinement energy decreases
with increasing band edge energy. Thus, the slope of the band edge is not necessarily setting the
lower limit of possible PCs. The smaller dots have a remarkably higher PC and follow the GaAs
band gap, the higher their confinement energy is. From another point of view, the wavefunctions
of the electrons in the larger dots are mostly confined to InAs and adopt its properties, whereas
a large part of the electronic wavefunctions of the smaller dots penetrates into the GaAs barrier
and is strongly influenced by the properties of bulk GaAs, namely its pressure coefficient. The
differences in pressure coefficients are better seen when fitting the data with the usual quadratic
expression (4.1) and plotting the coefficients a and b as a function of the electron energy. This

has been done in Fig. 4.17. The linear coefficient ranges from 69 meV/GPa to 84 meV/GPa

Figure 4.17: The pressure
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when using the VFF and from 52 meV/GPa to 78 meV/GPa when the calculations are based on
the XVFF model. The quadratic coefficients are at most -0.6 meV/GPa? and -1.1 meV/GPa? for
the VFF and XVFF model, respectively. Thus, both models yield a variation of the PC depending
on the dot height. The qualitative agreement with the experimental data (see Fig. 4.7), e.i. the
linear dependence on emission energies is better reproduced, if the calculations are based on
the XVVE, although the absolute values are lower than the experimental ones. Considering
the simplicity of the model, specially its one-dimensionality, the results are very good and the
origins of the different effects, which play a role to produce the PC variation with pressure can

be well separated.
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4.1.3. Conclusion

In this chapter results from photoluminescence experiments on self-organized InAs/GaAs quan-
tum dots under high hydrostatic pressure were presented. Due to the multi-modal distribution of
the dot size, it was possible to determine the pressure coefficients (PC) of quantum dots of dif-
ferent sizes under exactly the same environmental conditions. In this way, I was able to address
the problem, why all measurements on InAs/GaAs quantum dots reported so far, yield differ-
ent pressure coefficients ranging from 60 meV/GPa to 110 meV/GPa, which is in average much
smaller than the bulk InAs value. For that purpose I have performed pressure-dependent strain
simulations based on an atomistic valence force field (VFF). Four dot heights of 2—-8 monolayers
have been calculated, embedded in a GaAs supercell containing up to 1.3 million atoms. Two
force field models have been applied, a standard Keating VFF and an extended version (XVFF),
which accounts for the pressure dependence of the bulk modulus. The first result is, that the pres-
sure coefficient of an InAs monolayer embedded in GaAs is at least 62 meV/GPa. Furthermore,
a variation of the pressure coefficients depending on the dot size is obtained when considering
the effects of quantum confinement within a one-dimensional envelope function approximation
picture. The variation of PCs is not as pronounced as found experimentally, which is not sur-
prising considering the simplicity of the model, however, it gives insight into the physical origin
of the effects leading to this interesting behavior.

A second interesting point is, that the quenching of the quantum dot emission occurs when the
confined states cross the Xz state of the barrier material. Measuring the Xz — I transition energy
of GaAs, it is possible to infer the valence band offsets of the heavy hole states. As expected, the
offset increases with the size of the dot. Fitting this size dependence to the Daniel-Duke model
of a square well potential we can extrapolate a value of 290+ 10eV for the valence band offset

for the heterointerface of strained InAs/GaAs quantum dots.
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4.2. InP/GaP quantum dots

Heterostructures of the InP/GaP material system present an even larger built-in strain (7.7 %)
than for the InAs/GaAs system, due to the larger lattice mismatch. Because of the fact that the
elastic constants in bulk InP are larger than in InAs [64], a higher strain energy is expected,
which should lead to earlier strain relaxation and larger dot sizes [65]. The sample investigated
in this work has a density of QDs of about 9 x 10’ cm~2. The base length is 25-40 nm and
the height is between 4 and 5nm. In comparison with the InAs/GaAs sample, the density is
lower, whereas the size of the QDs is larger. Details on the growth sequence can be found in
Ref. [65]. For structures using Ing 43GasyP as barrier material, which is lattice matched to a
GaAs substrate, intense luminescence from the InP islands has been reported at photon energies
between 1.6 and 1.85eV [66-68]. In the case of GaP as matrix, the larger built-in strain is
expected to shift the energy of the fundamental optical transition close to that of the indirect
I'-X band gap. This would probably result in a less efficient radiative recombination if the
optical transition is indirect in reciprocal space and/or it would even lead to a type-II carrier
confinement with electrons and holes spatially separated, which seems to be the case for ultrathin
InP/GaP quantum wells [69]. This is the trade off for having GaP as substrate material, which
is of great advantage for optoelectronic applications due to its transparency at the wavelengths
of the dot emission. In the following sections I will determine the actual band lineup across
the heterostructure using results from photoluminescence experiments under high hydrostatic
pressure and I will show and explain important results about the peculiar carrier dynamics in

this system.

4.2.1. Band structure from high pressure experiments

Figure 4.18 displays low-temperature PL spectra of the InP/GaP sample for different pressures
up to 1.2 GPa taken with 5kW/cm? laser power density. The prominent peak corresponds to
the emission from the quantum dot (QD), whereas the much weaker feature at around 2.2 eV
is assigned to optical transitions between confined states in the wetting layer (WL). At ambi-
ent pressure the main emission of the sample peaks at 1.92eV and its width is about 70 meV,
exhibiting an asymmetric double peak structure. As I will show in the following, the strong
emission at 1.92eV at ambient pressure is due to direct optical transitions between Brillouin-
zone-center states of the dots. This implies type-I band alignment, i.e. the energetically lowest
point of the conduction band structure resides at the location of the InP islands. The width of
the dot emission band reflects the size and probably composition distribution of the dots. At the

laser powers of the experiment and for the low dot density of this sample, we expect saturation
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of the dot emission to be achieved; thus, the double peak apparent in the 0 GPa spectrum (see
Fig. 4.19a) is attributed to recombination processes between the electron and hole ground states
(eg-hhg) and the first exited ones (e;-hh;), respectively. In fact, the peak corresponding to the
first-excited state recombination becomes more pronounced with increasing laser power density

due to the saturation of the population of photoexcited carriers in the ground state.
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At finite pressure a sudden blue shift of the PL. maximum of about 20 meV occurs together
with a reduction of the intensity by a factor 16 and the narrowing of the band width. With
increasing pressure the peak energy of the QD is decreasing slowly, as it is the case for X-I"
indirect transitions [45]. Further evidence for the indirectness of the optical transition at finite
pressure is obtained from a line shape analysis of the QD emission band. A representative PL
spectrum recorded at 0.3 GPa and at 4 K is shown in Fig. 4.19b). The emission peak exhibits a
slight asymmetry towards lower energies due to a weaker line shifted down in energy by about
40 meV, which is the energy of the zone-edge phonons in InP [3]. The main peak thus corre-
sponds to the zero-phonon line activated in quantum dots due to the breakdown of the transla-

tional invariance and the weaker feature at lower energies is attributed to the one-phonon replica
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of the indirect emission. The reason for the narrowing of the indirect PL peak as compared with
the direct one at ambient pressure is that the energy of the conduction band X-point levels is less
dependent on confinement, because of the larger effective mass.

The wetting layer luminescence also shifts to lower energies as demonstrated in Fig. 4.20 what
speaks for these transitions being of I' — X indirect character. The emission line shape is very
similar to that of a 1.5 monolayer InP/GaP sample [69], whose peak like features were inter-
preted as different phonon replica associated with the indirect optical transition. The line shape
has been fitted with two peaks, although an exact assignment to different phonon-assisted pro-
cesses is problematic. The peak separation of about 38 meV at 0 GPa increases with increasing
pressure at a rate of 0.5 meV/GPa, which is about the zone-edge LO phonon energy of a III-V
compound and its pressure dependence. The wetting layer represents a kind of d-like potential
well for carriers in the GaP matrix. This situation also holds for the conduction band X minima
since those of the InP WL are split by the built-in strain and pushed down in energy with respect
to the X valleys in the GaP barrier. High-pressure experiments on an InAs monolayer in GaAs
combined with tight-binding calculations have shown the existence of a bound state for electrons
lying a few meV below the X conduction-band edge of the barrier material [70]. Hence, the WL
feature is attributed to optical transitions between states bound to the highly strained InP wetting
layer, which are direct in space (type I) but indirect in reciprocal space. In fact, the WL emission
is 120 meV lower in energy than the band gap of GaP and the luminescence of the barrier is
completely absent in the spectra.

The energies of the PL peak maxima obtained from low-temperature spectra are shown in
Fig. 4.21 as a function of pressure. Whereas the emission from the wetting layer shifts to lower
energies at a rate of -13.9+5 meV/GPa, typical for the I" — X indirect gap of GaP [71], the QD

line displays a much smaller pressure coefficient of -4.4+5 meV/GPa. The pressure dependence
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of the PL peak intensities is shown in Fig. 4.22. The initial reduction in intensity of more than
one order of magnitude is also a clear indication of the occurrence of the I" — X conduction-band
crossover in the InP dots. Moreover, the quenching of the dot luminescence above 1.2 GPa is
due to a type-I/II transition, at which the conduction band X valleys in the WL or the barrier
become lower in energy than that ones in the InP dots. In contrast, the WL emission increases
monotonically with increasing pressure.

The small measured negative pressure coefficient of the QD emission compared to that of bulk
InP of -174+3 meV/GPa [72] is at least partly due to a reduction of the biaxial strain induced
X-valley splitting. As demonstrated in section 3.2.3, a biaxial [001] strain splits the sixfold
degenerate X-bands into a X, doublet and a X,, quadruplet. The centroid energy is decreasing
with increasing pressure and the splitting is proportional to the [001] biaxial strain. Thus, if the
biaxial strain is decreasing with rising pressure, the effective pressure coefficient of the X,, state
will be lowered in absolute value with respect to that of the centroid energy. The reduction of

the biaxial strain is the result of a difference in bulk modulus between InP (71.1 GPa) and GaP
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(88.2 GPa) [3]. Since InP is more compressible than GaP, under pressure the lattice mismatch
between both materials continuously reduces and so does the biaxial strain in InP. The pressure

dependent lattice mismatch can be calculated by:

Ex = Z;eg(’;‘b” —1

) 4.3)

where p is the pressure and a and B with indices s and f are the lattice constant and bulk
modulus of the substrate and the film, respectively. The average biaxial strain of an InP quan-
tum dot at atmospheric pressure obtained from VFF calculations is about 0.24. Assuming a
InP X-conduction band shear deformation potential =, of 3.3eV as obtained by tight-binding
calculations in Ref.[73], the inital X-splitting, calculated by eq. (3.43b) is about 0.4 eV. Using
eq. (4.3) we can estimate, that the splitting is reducing at a rate of about 4 meV/GPa, divided
into one third/two thirds contribution to the X,,/X; states respectively. As the region, where the
k-indirect QD phase exists is as narrow as 0.8 GPa, the bands involved in the type-I/II transition
are initially very close to each other. Considering the typical pressure coefficient of a X-I" in-
direct band gap (= —10meV/GPa), this corresponds to an energy range of about 10 meV. As a
consequence, it is also plausible, that band-mixing effects contribute to the small pressure coef-
ficients of the indirect QD emission and the consecutive type-I/II quenching. This has shown to
be important even for the mixing between I and X-bands near the crossover pressure [74, 75].
As for pressures above 1.2 GPa the WL emission is the only observed signal, we infer that
the type type-I/II transition in the QDs is due to the crossing with the X-bound states in the
WL. This will be further confirmed in time-resolved PL experiments by the observation that the
carriers reach the quantum dot via the wetting layer. From the difference of oserved pressure
coefficients we infer, that the separation between the X-states in the dot and the WL decreases
at a rate of about -10 meV/GPa. Because the degeneracy of conduction band minima is achieved
at about 1.2 GPa, as indicated by the quenching of the dot luminescence, we can estimate the
energy position of the Xy, states in the QDs at ambient pressure being about 10 meV below the
X level bound to the wetting layer. From these observations we can finally sketch the conduction

band lineup as a function of pressure, shown in Fig. 4.23.

4.2.2. Temperature dependence

The temperature dependence of the quantum dot ground-state emission and that of the wetting
layer is very different at pressures below the type-I/II crossover. Figure 4.24 shows an example
for a pressure of 0.7 GPa. Whereas the quantum dot emission exhibits a clear maximum at a
temperature of about 50 K, the wetting layer intensity drops continuously and vanishes at about

50 K. The quenching of the WL luminescence with rising temperature is due to the thermal es-
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cape of the confined carriers into the barrier and to the activation of non-radiative recombination
channels. The initial increase of the quantum dot luminescence at low temperatures speaks for
an improvement of the carrier transfer from the barrier into the quantum dots with increasing

temperature. Considering the low dot density in this sample (only about 10 % of the wetting
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layer area is covered with islands), we assume that most of the carriers will reach the dots via
the wetting layer and only some of them take the direct path from the barrier. Width fluctuations
of the wetting layer will create potential sinks where the carriers can localize at sufficient low
temperatures and therefore will not reach the quantum dots. However, temperature reactivates
carrier mobility and the overall capture rate of carriers in the quantum dots will increase. To
confirm this, a system of rate equations considering the most important processes, as illustrated
in Fig. 4.25, has been setup inspired by those of reference [76]. The carriers enter the quantum
dot either directly from the barrier or through the wetting layer. Once in the WL, they have to
overcome a small potential barrier, which corresponds to monolayer fluctuations in the WL, to

reach the quantum dot. They could also leave the WL by radiative recombination with the holes.
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The QD has two input channels and two output channels, a radiative one and an escape channel
to the barrier. This model does not account for the size distribution of the quantum dots and the
resulting energy spectrum of the quantum dot ground states. Furthermore, it disregards the exis-
tence of non-radiative recombination channels but it is, as shown below, sufficient to understand
the unusual temperature dependence of the QD emission. The rate equations corresponding to

the above processes read

dny(t) ny(t)  ny(t)

a n, g 48 @
dng(t)  nmy(t) ng(t) ngt)

a . ot 71, (1 -a)xg,

where n,,/4(¢) denotes the number of carriers in the localization potentials of the wetting layer
or the dots, 7,,/; are the time constants for the radiative decay, 7/, are those for the capture and
emission process into and from the QD and g is the generation rate of carriers in the barrier.
Solving the stationary state of the coupled equations, i.e. setting ”Zl—'; = 0, the integrated PL

intensities from the QDs and the WL is given by

My at.g
I,==2 = 4.5
wE P 4.5)
;o _ TyTe&Tw + (1 —a) T, 7478
‘T Ta (e +Ta) T+ TTe + TT0)

These expressions are now used to model the temperature dependence of the luminescence of
both the WL and the QD, as shown in Fig. 4.26 for a pressure of 0.7 GPa. The symbols cor-
respond to the measured integrated peak intensities. The temperature of maximal PL intensity
is determined by the interplay of the activation energy of the carriers in the wetting layer and
that, which is needed by the carriers to leave the quantum dots. The radiative lifetime 7, of
the quantum dots is considered to be independent of temperature as the carriers are confined in

all three dimensions. That is not true for the radiative lifetime of the wetting layer 7, which
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has been shown to rise linear with temperature [77], fact which is ignored in this consideration.
Temperature dependence is introduced via the capture and emission rates of carriers to and from

the quantum dot ground state

Lot (4.6)
TC e

where E is the activation energy which has to be gained in order to escape from the WL localiza-
tion potentials or the QD, k is the Boltzmann constant and 7 is the temperature. Modifying the
capture and escape time constants of Eq. (4.5) according to Eq. (4.6) we obtain the temperature
dependence of the dot and wetting layer emission shown in Fig. 4.26 together with experimental
data obtained at a pressure of 0.3 GPa. The solid lines are calculated by using equations (4.5)
with an euristic choice for the set of parameters. That was necessary due to a lack of experimen-
tal data. Nevertheless, the aspects that are specially interesting at this point, i.e. the observation
of a finite temperature for maximum dot emission as well as the monotonic decay of the wetting

layer PL, are well reproduced by the solutions of the rate equations. Both aspects are mainly de-

termined by the interplay between the activation energies E. and E,. If we perform this analysis
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at every pressure below the type-I/II crossover we obtain a linear relation between the tempera-
ture of maximum QD emission, i.e. the activation energy of the quantum dots, and the applied
pressure, which is shown in Fig. 4.27. Since the dependence of the band edges on pressure is
linear in good approximation, the same should hold for the activation energies. In contrast, the
activation energy for the carrier capture is constant with pressure, which is an indication that

localization effects in the wetting layer are independent of pressure.

4.2.3. Carrier dynamics

For the discussion of the time evolution of the PL in the InP/GaP quantum dot system it is

important to compare the emission spectra obtained under continuous wave (cw) and pulsed
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excitation. Figure 4.28 shows on logarithmic scale two spectra measured at low temperatures
with cw excitation at ambient pressure and at 0.3 GPa, i.e. for the case where the QD emission
is direct and indirect in reciprocal space, respectively. For comparison I also show a typical
spectrum obtained at 0 GPa using the pulsed light source. Due to the very high power of the
short pulses and to the fact that the areal dot density of the sample is rather small, the ground
state recombination from the QDs is easily saturated. As a consequence, radiative recombination
from excited states of the dots as well as the wetting layer (WL) luminescence become apparent
in the PL spectra. Moreover, according to the electronic level structure obtained from high-
pressure experiments presented in section 4.2.1, the PL spectra under pulsed excitation always
contain a contribution from indirect recombination processes in the dots even at zero pressure.
This explains the much larger width of the QD emission for pulsed excitation and that its line-

shape does not change appreciably under pressure besides for variations in intensity.
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Figure 4.29 shows the spectral distribution of the luminescence decay of the InP/GaP QD

structure obtained at ambient pressure and 2 K. The transients measured at three different photon
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energies, as indicated by the three dashed lines in Fig. 4.29 are depicted in Fig. 4.30a) and
b). The PL decay from the QDs (at 1.95eV) is best modelled using three mono-exponential
decay components, shown in Fig. 4.31. The fastest of them with about 1 ns decay time is
considered a spurious component since it is found throughout the whole spectral range. The
transient measured at 2.1eV gives an example of such fast decay which possibly originates
from recombination processes in the GaP substrate and will thus be no longer discussed. The
remaining two components of the dot emission exhibit decay times of about 5 ns and 30 ns, which
we attribute to the in reciprocal space direct and indirect radiative recombination processes,
respectively, between electrons and holes confined in the InP quantum dots. At ambient pressure
the main PL. component as far as the intensity is concerned corresponds to the direct I’ — I one
with the decay time of 5 ns at the peak maximum. The decay time attributed to the direct optical
transition is long compared to that of InAs/GaAs QDs [78-80]. Considering that the X-states of
both the QDs and the WL are within an energy range of 30 meV above the I state in the dots,
the wave function at the I'" point will probably contain an admixture of X-states, thus reducing
the matrix element which couples the electrons and holes, which results in a longer decay time.
As indicated by the asymmetric shape of the dot peak in the contour plots of Fig. 4.29, the decay
time decreases to about 2 ns on the high-energy tail reflecting the faster relaxation of the excited
states of the dots. Since at high excitation levels the ground and lowest excited states of the dots
are filled with carriers, a decrease of the decay time with increasing energy at low temperatures
can only be explained by invoking carrier promotion to higher excited states or even the wetting

layer via electron-electron interaction (many-body effects) in the dots [81].
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The wetting layer emission, in contrast, displays a multi-exponential decay. The solid curve in

Fig. 4.30b) represents the result of a fit to the transient data with a stretched exponential function

1(r) = 1(0)e /", 4.7
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where B = 0.43 and 7 = 490 ps are the exponent and time constant, respectively. This temporal
behavior is usually found for the dynamics of heavily disordered systems [82]. A small value
of the B parameter (less than 1) is indicative of a broad distribution of decay times, which in
our case results from noticeable fluctuations in the WL thickness. Optical recombination in the
wetting layer is known to be indirect in k-space taking place between the X-point conduction
band minimum and the top of the valence band at the I"-point. The experimentally observed

decay time is a sum of the radiative and non-radiative decay times

1 1 1

Texp. Trad. Tnon—rad.

(4.8)

Hence, the very short decay time of the WL emission is determined by non-radiative decay

channels of carriers into the InP dots.

10° ‘
— 0GPa
— 0.3GPa
i — 0.5GPa |}
10 — 09GP
5 | ) "
g10°F Figure 4.32: Pressure depen-
=1
S 2 dence of the PL decay of the
adl u ma RN QDs taken at low tempera-
1 ‘ - .
10 WWH&W tures. Transients have been
i ! .
100 ‘ ‘ ‘ ‘ ‘ shifted by a constant offset for
10 20 30 40 50 60 70 .
Time (ns) clarity.
10° F — 0GPa
= 0.3GPa
— 0.5GPa
104 F — 0.9GPa |5
g 10° ] . Figure 4.33: Pressure depen-
=2 .
S 102 W ‘ 1 dence of the PL decay of the
e | ' WL taken at low tempera-
1k .
10 N o tures. Transients have been
LY g L UL, .
100 MmN ‘ ‘ ) shifted by a constant offset for
10 20 30 40 50 60 70 )
Time (ns) clarity.

The dependence on hydrostatic pressure of the emission from the InP dots and the wetting

layer is illustrated by the transients taken at 2 K for different pressures plotted in Figs. 4.32 and
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4.33, respectively. For the QD luminescence the decay rates both of the direct I' —I" and the
indirect X-I" optical transitions are within experimental uncertainty independent of pressure.
By increasing the pressure beyond 0.5 GPa, however, the indirect-recombination component
with the longer time constant of 30 ns dominates the PL decay, whereas the component of the
direct recombination has disappeared. This is in nice agreement with the observation of the I"'-X
crossover in cw experiments, presented in section 4.2.1, which occurs at around 0.2 GPa. The
decay of the WL luminescence, on the contrary, exhibits a gradual slow down with increasing
pressure, as clearly seen in the transients of Fig. 4.33. The application of a slight pressure of
about 0.1 GPa causes the WL decay time at least to double and it increases further at higher
pressures. This is an interesting effect which is taken as evidence of a less effective filling of the
dots with increasing pressure and a confirmation of the fact that the filling of the quantum dots
occurs from states in the WL.

Important information on the carrier dynamics in the InP/GaP QD system is obtained by
comparing the dependence on pressure of the ratio of the PL peak intensities of the dots and
wetting layer with that of the ratio between the weights of the indirect and direct components
of the radiative recombination within the InP QDs, as shown in Fig. 4.34. One notices that
along with the pronounced increase of the WL decay time, the intensity of the QD emission
drops abruptly at extremely low pressure close to that of the I'-X crossover in the dots. In
contrast, for the QD emission the weight of the strength of the decay component from indirect
transitions relative to that of the direct radiative decay channel increases monotonically with
pressure. The latter suggests that the sharp drop in QD emission intensity, which might be related
to the pressure-induced changes in the conduction band minima, seems to be connected to the
extinction of a carrier relaxation channel for filling up the InP dots rather than with variation in

oscillator strength for direct/indirect radiative recombination.

———1T—71——7 09
35 - -— .
O InP QD ,D 08
30 - T=2K L E
L 407 o
25 . ] S
S i D,/ 1 0.6 %
220 Jos B
=] \ =
S 1. 8
aQlLsEF 104 3
g ol 15 .2 Figure 4.34: Pressure dependence of the in-
= 1.0 N =]
os L D’v‘ i Jo> = tensity ratio between dot and wetting-layer
- IZI/O OO Jo1 emission (left) and of the ratio between the
0.0 4
e BV X intensities of the indirect and direct decay
00 02 04 06 08 10 . .
Pressure (GPa) components of the QD luminescence (right).

68



4.2. INP/GAP QUANTUM DOTS CHAPTER 4. RESULTS AND DISCUSSION

Further insight into the recombination dynamics is gained by studying the rise times of the
QD luminescence signal as a function of pressure and temperature. Figure 4.35a) shows four rise
transients of the dots PL. measured at ambient pressure for different temperatures. As indicated
in the figure, the rise times which are about two orders of magnitude shorter than the faster decay

component, increase with temperature. This behavior which has been observed before [65], is
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Figure 4.35: Rise times of the QD luminescence a) for different temperatures and b) at two
different pressures. Solid lines are fits to the data with a single rising exponential function. Time

constants are indicated.

a consequence of carrier-localization effects in the wetting layer. With increasing temperature a
gradually increasing number of carriers localized by monolayer-width fluctuations in the InP WL
will be able to escape and struggle to reach a quantum dot. Though, these thermally activated
processes are slower, thus leading to longer effective rise times. Pressure has a similar effect on
the rise time but for other reasons. In Fig. 4.35b) we compare two transients obtained at 2 K for
0 and 0.2 GPa. In this small pressure range, the rise time doubles (increases from less than 10
ps to 24 ps). Such slowing down of the carrier relaxation into the dots simply results from the
variation of the relative energy position of the conduction band X minima in the wetting layer
and the dots; difference which diminishes with pressure and vanishes at the type-I to type-II
transition.

The pressure effects on the rise times are pronounced but not abrupt like the sudden drop in
PL intensity of the QDs observed at very small pressures, as mentioned above. This points to
a different origin for both effects. We give here a tentative explanation. For samples with such
low QD densities as ours the carriers photoexcited in the GaP matrix can relax into the dots

in two ways: either via a direct capture process or by falling first in the wetting layer before
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being trapped in the QDs. The former mechanism seems to be very effective as long as the
electron ground state of the InP dots corresponds to the I'" point. Electrons in the GaP barrier
material reside in the X minima and due to the breakdown of translational invariance along the z
direction - the growth direction of the InP/GaP heterostructure - there is a good coupling between
the GaP X, states and the I"-point confined states of the InP dots. Above the I"-X crossover the
lowest conduction band state of the dots has X,, character. The mixing of these states and the
back-folded X, ones from the GaP is negligible, leading to the switch off of one carrier capture
channel into the dots and, hence, to the observed quenching of the QD emission at the crossover

pressure.

4.2.4. Conclusion

The photoluminescence experiments under high pressure revealed that at ambient pressure the
band alignment in the InP/GaP QD structure is of type-I and the QD emission is very intense
arising from I" — I direct optical transitions between confined states of the dots. With increasing
pressure this transition shifts up in energy at a typical rate of about 100 meV/GPa, such that at
0.2 GPa the absolute conduction-band minimum is at the X-point and the QD recombination has
become indirect in reciprocal space. The X,, levels of the InP dots are initially approximately
10meV below the X-bound state of the wetting layer. With increasing pressure, however, the
energy separation between them diminishes until at around 1.2 GPa they become degenerate and
the quenching of the indirect QD emission is observed.

These finding are further confirmed by the results of time-resolved photoluminescence. At
ambient pressure the transients corresponding to the main emission peak of the InP dots exhibit
two monoexponential decay components with a time constant of 5 ns and 30 ns, which are asso-
ciated with in k-space direct (I"-I") and indirect (X-I") interband optical transitions, respectively.
These decay times are within experimental uncertainty independent of pressure. What varies un-
der pressure and pulsed excitation is the relative weight of the indirect recombination component
against that of the direct one, as the I" conduction band minimum of the dots shifts up in energy
with increasing pressure with respect to their X,, valleys. In contrast, the average decay time
of the wetting layer luminescence increases from about 500 ps to nearly 1 ns in the pressure
range up to 1 GPa. This fact and the observed pressure induced increase of the rise times of
the QD emission are clear indication that the carrier transfer from the wetting layer into the dots
becomes less effective as pressure increases. This is due to the combined effects of localization
by monolayer-width fluctuations in the WL and the changes induced by the hydrostatic pressure

in the relative position of the conduction band states of the dots and wetting layer.
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5. Summary

In this work photoluminescence experiments under high hydrostatic pressure on self-assembled
InAs/GaAs and InP/GaP quantum dots have been carried out. The particular growth condi-
tions used for the fabrication of the InAs/GaAs sample lead to a multimodal distribution of the
quantum dot sizes. This, in turn, gives rise to a characteristic emission profile, displaying up
to nine clearly separable peaks attributed to the ground-state emission from each quantum dot
subensemble of different size. In fact, structural analysis has shown that the quantum dots differ
in size by entire monolayers. With increasing pressure all emission peaks shift to higher ener-
gies, which is typical for a direct I'-I" transition. The measured pressure coefficients for each
subensemble, however, show a linear dependence on their zero pressure emission energy, which
is directly related to the quantum dot size ranging from 65 meV/GPa for the largest dots to 110
meV/GPa for the smallest ones. This large variation has caused much confusion in the last years,
as every experiment on similar samples yielded a different pressure coefficient. The particular
sample studied here allows for the direct comparison of the pressure dependence of quantum
dots of different size under exactly the same environmental conditions. In order to be able to
assign the variation of pressure coefficients to a particular physical origin, pressure dependent
strain field calculations using an atomistic valence-force field have been carried out. Using de-
formation potential theory it was found that the conduction band offset is also increasing at a
rate of 46 meV/GPa. This implies that the pressure coefficient of the band gap of the embedded
InAs is much smaller than that of bulk InAs. Considering the effects of quantum confinement
within the envelope function approximation, such a behavior can be explained by the fact that
states which are close to the bottom of the confining potential adopt the pressure dependence of
the InAs band edge, whereas states which are close to the top of the potential follow the band
gap of the barrier material. The calculated pressure coefficients as a function of the dot size are
qualitatively in good agreement with the experimental findings considering the simplicity of the
model, though the calculated variation of pressure coefficients is not as large as measured.
Further information about the electronic structure of the quantum dots is found by analyzing
the energy at which the confined electron states cross the X-conduction band states of the barrier,
which is identified by a sudden quenching of the emission intensity. In this way, it is possible

to determine the valence band offsets for the heavy holes corresponding to different dot sizes.
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By fitting these energies using the calculated confinement energies of the heavy holes, a valence
band offset of 290 £ 10 meV for the strained InAs/GaAs quantum dot heterointerface was be
obtained.

An open question concerning the electronic structure of InP quantum dots grown on GaP
substrate was whether the observed emission has direct character in both real and reciprocal
space. The large lattice mismatch of about 7.7 % is responsible for the shift of the I'-point
conduction band energy of InP close to the indirect band gap of GaP, which could possibly
lead to a type-II confinement resulting in a poor luminescence intensity. I was able to show
that the main emission peaked at 1.92eV at ambient pressure is indeed due to a direct optical
recombination processes in real and reciprocal space, unambiguously identified by an initial blue
shift of the main emission with pressure. Besides for the QD emission, a weak luminescence
band is observed which can be attributed to transitions involving bound states in the wetting
layer, which exhibits a negative pressure coefficient typical for the indirect X-I" gap. At low
pressures of about 0.2 GPa, the crossover in the quantum dot with the X, state of InP occurs,
leading to a sudden decrease of the luminescence intensity. This is confirmed by the long decay
times of the QD emission obtained from time-resolved PL measurements. At ambient pressure
the dominant decay component of 5 ns indicates a direct transition in reciprocal space, whereas
above the I'-X crossover the decay lengthens to about 30 ns, typical for an indirect transition.
Further increase of pressure causes the emission peak to shift slowly to the red, as expected for
an indirect X-I" transition. finally, the QD emission quenches when the X, state in the dots
crosses the X-level confined to the wetting layer at a pressure of about 1.2 GPa and the transition
is becoming indirect in both reciprocal and real space. From the difference of the pressure
coefficients of the quantum dots and wetting layer emission we can infer that at ambient pressure
the X, states of InP are about 10 meV higher in energy than the I"-point conduction band state.

The emission from the quantum dot bound states displays maximal intensity at a tempera-
ture of 70 K. This maximum, however, shifts to lower temperatures with increasing pressure.
This behavior could be explained by setting up a system of rate equations representing the most
important carrier transfer processes. Because of the low quantum dot density in the InP/GaP
system, most of the photoexcited carriers reach the quantum dots through the wetting layer. At
low temperatures the carriers localize due to monolayer-size fluctuations in the wetting layer, re-
gaining mobility as the temperature rises. On the other hand, the rising temperature is promoting
the thermal escape of the carriers from the quantum dots, leading to a decrease of the lumines-
cence. With increasing pressure the confining potential of the quantum dots is decreasing and
the temperature of maximal intensity is thus reducing. This carrier transfer model is further con-

firmed by the results of time-resolved photoluminescence, which demonstrate that the decay of
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the wetting layer emission is governed by non-radiative processes at ambient pressure, which are
continuously decreasing in weight as a consequence of the loss of the escape channel through
the quantum dots induced by the rising pressure.

In summary, the surprising variation of the pressure coefficients observed in high pressure
experiments on InAs/GaAs quantum dots samples, depending on the size of the quantum dots
could be explained based on the results from pressure dependent strain-field calculations and by
considering quantum confinement effects within a simple envelope function picture. Further-
more and in contrast to much more expensive full pseudopotential calculations, this approach
unambiguously revealed the origin of this phenomenon being related to the interplay between
strain and quantum confinement. On the other hand, it could be shown for the first time that
quantum dots grown in the InP/GaP material system show luminescence which is due to direct
transitions in real and reciprocal state, thus proving their relevance for applications as strong
emitters for the visible red spectral range. From the present high-pressure experiments a clear
picture for the electronic band structure of the InP/GaP system was obtained and explicitly used

for the understanding of the peculiar carrier dynamics in such low-dimensional structures.
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A. VFF calculations

The program which does the VFF calculations, written by the author, is using the Python
language[83]. As Python is an interpreted language, it seems not to be suitable for doing large
scale numerics. However, a package of subroutines for linear algebra, minimization, etc., called
SciPy[84], which operate at C-level speed turns it into a versatile and simple, nevertheless pow-
erful language for numerical calculations, like e.g. Matlab®. In addition, the possibility to write
inline C-code for time critical parts, makes the speed of the resulting binaries comparable to that
of pure C-programs.

The lattice structure is set up in a sparsely populated three-dimensional array, reflecting the
positions of the atoms of a fcc-lattice, when represented in a cubic grid. The minimal cube
that holds a unit cell of the zinc-blende therefor has a dimension of 8 x 8 x 8, with group III
atoms at indices [0,0,0], [0,2,2], [2,0,2], [2,2,0] and group IV atoms at [1,1,1], [1,3,3], [3,1,3],
[3,3,1]. Like this, the next neighbour atoms are easily determined. A list of all first and second
next neighbours for each atom is constructed once and stored, as we do not have to deal with
changing bonds. The total strain energy is then calculated by looping over all atoms, evaluat-
ing eq. (3.56), which is implemented in inline C. Additionally, the first derivative of the total
energy is calculated, which is needed by the minimizer. The minimizer (fmin_tnc, part of the
SciPy package) uses a truncated Newton algorithm, which is a conjugate gradient method. After
convergence the strain is calculated locally at the cation position from the distorted tetrahedron.

The relaxation of a cubic supercell with a base length of 55 lattice constants, containig more

Figure A.1: Triangulation and interpolation of a crossectional layer of strain.
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than 1.3 million atoms takes about 6 hours on an ordinary desktop PC at the time of this writ-
ing. The consecutive relaxation steps at each new pressure take only about 1 hour. The memory
consumption for a supercell of that size is about 1.5 GB, fact which limits the maximal size of
the structure more than the calculation time.

Due to the structure of the fcc-lattice, the atoms in a crosssectional {001} (and equivalents)
plane are located on a rectangular grid, which is rotated with respect to the coordinate system
by 45°, rendering a matrix based visualization difficult. For that purpose the strain needs to be
interpolated on a rectangular grid which is parallel to the coordinate axes. For that purpose the
grid is divided into triangles by a method called Delaunay triangulation. Interpolated values can
then easily be obtained in the surface of a triangle connecting three grid points (see figure A.1).
This task is done by the MayaVi[85] software, which is a python wrapper around the Visualiza-
tion Tool Kit[86]. The interpolation step is not only helpful for visualization purposes, it also
allows for the extraction of smooth strain scans along a crystal direction, used in section 4.1.2 to

calculate the strain modified bandstructure across the center of the quantum dot.
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B. Expansion of the cubic bond-stretching

potential

As pointed out earlier, the harmonic stretching potential of the standard VFF model was ex-
panded by a cubic term. Its force constant was obtained by fitting the potential to the pressure
dependence of the bulk modulus. Like this, the region of the potential, which corresponds to
compression is well described. The tensile region however, cannot be chosen independently and

thus lacks any physical meaning. As shown in figure B.1, the extrapolation of the potential for
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the tensile region (> 0) is very bad, since it is very weak and, inivitably for a cubic polynomial,
tends to —oo. A fully strained, unrelaxed InAs/GaAs interface yields a deviation from the natural
bond length of up to 0.3 in units of the normalized bond length, so that any minimzation will
fail with this kind of potential. To circumvent that problem, I have expanded the potential by a
fourth-order term while leaving the shape of the compressive half unaltered. To determine the
fourth order coefficient, I have first fitted the compressive part up to the equilibirum position of

the third order polynomial with a Morse potential
E(x) =a(l—e )2 (B.1)

which is an empirical intra moelcular potential often used in molecular dynamics, but which

is, due to the exponential term, expensive to evaluate in terms of calculation time. Like this,
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APPENDIX B. EXPANSION OF THE CUBIC BOND-STRETCHING POTENTIAL

the tensile part of the potential is still not based on any physical property, but it is, incontrast
to the third order polynomial, monotonically rising, approaching an upper limit at +oo. This
Morse potential is finally fitted by a fourth order polynominal, which is used in the minimization
process. As mentioned in section 4.1.2, the minimizer ends up at a local minimum of the total
strain energy more frequently, using the fourth order polynominal, than in the case of using a
harmonic potential. The reason might be, that the minimizer is having problems to determine the
step-length and direction in parameter space in the minimization process, when the derivative of
the potential, i.e. the force, has a rather complex dependence on elongation. It turned out, that the
minimization result is improved, if the energy is minimized a second time with an intermediate

shaking of the structure, so that the atoms are randomly displaced from their relaxed position.
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C. Useful information for pressure
experiments

Wirmebehandlung fiir Gasket aus Inconel
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Von Raumtemperatur auf 885 °C in 12 Stunden aufheizen (Aufheizrate ca. 72 °C/h),
Bei 885 °C 24 Stunden halten.

Dann innerhalb 2 Stunden auf 700 °C abkiihlen (Abkiihlrate ca. 93 “C/h).
Bei 700 °C 20 Stunden halten.

WVon 700 °C auf Raumtemperamr in ca 10 Stunden abkiihlen (Abkiihlrate ca. 63 *C/h).
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