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Daneben gibt es aber noch eine Reihe andrer Philosophen, die
die Moglichkeit einer Erkenntnis der Welt oder doch einer
erschopfenden Erkenntnis bestreiten. [...] Die schlagendste
Widerlegung dieser wie aller andern philosophischen Schrullen
ist die Praxis, namlich das Experiment und die Industrie. Wenn
wir die Richtigkeit unsrer Auffassung eines Naturvorgangs
beweisen konnen, indem wir ihn selbst machen, ihn aus seinen
Bedingungen erzeugen, ihn obendrein unsern Zwecken
dienstbar werden lassen, so ist es mit dem Kantschen
unfafibaren ,Ding an sich“ zu Ende.

Friedrich Engels



Abstract

This thesis deals with light matter interaction and electron dynamics in coupled systems of nano-
structured III-V semiconductors, particularly with quantum dots embedded in quantum wells. Its
focus is on the role of dimensionality and the characterization of quantum dot states with respect
to their two- and many-level nature. The sample under investigation is a semiconductor optical
amplifier under standard operating conditions, in particular at room temperature.

An essential part of the work and a prerequisite of the experimental results is the re-
development of a setup for heterodyne detection of laser pulses. Compared to the established
pump—probe experiment, the duration of a single measurement was reduced by a factor of 100.
This allowed the introduction of simultaneous multi-power measurements that are used to in-
vestigate the non-linear response of the system. More than that, several novel techniques have
been developed: The Frequency Resolved Optical Short—pulse Characterization by Heterodyning
(FROSCH) for pulse shape analysis, the sideband pump—probe technique for low signal measure-
ments, and finally a method for two—-dimensional coherent spectroscopy. All these techniques
can be used on the same setup without significant realignment. A detailed description is given in
part IL.

In a first set of experiments we were able to observe Rabi oscillations of the quantum dot exciton
ground state at room temperature as a typical property of two—level systems. These observations
on a femtosecond timescale were enabled by the FROSCH technique when the ground state oscil-
lations caused a characteristic pulse shape modification.

On the other hand, the many-level characteristics dominated a large set of pump-probe mea-
surements presented in chapter 10. Under the assumption of a linear superposition of zero-
dimensional quantum dot states on the one hand and two- or three-dimensional continuum states
on the other hand, it was not possible to describe the electron dynamics. The introduction of
“crossed excitons” into the model allowed for a consistent explanation of the gain dynamics. These
crossed excitons are formed by Coulomb attraction of a zero—dimensional single carrier state and
another one of higher dimensionality. The crossed excitons affect the optical transitions as well as
the carrier diffusion in the quantum well.

The apparent contradiction in these findings with respect to the two- and many-level character-
istics is resolved in the final experimental part by two—dimensional coherent spectroscopy. This
technique uses white laser pulses and merges all technical approaches developed in the previous
parts. This allows the observation of the coherent coupling of states with large energy separation.
The reliability of the technique is proven by the extraction of dephasing times that are in excellent
agreement with literature values. In the two-dimensional spectra we find distinct signatures of
crossed excitons that can be investigated in detail by this novel technique.
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Zusammenfassung

Diese Dissertation setzt sich mit der Licht—Materie-Wechselwirkung und der Elektronendynamik
in gekoppelten Systemen von nanostrukturierten III-V-Halbleitern am Beispiel in Quantenfilme
eingebetteter Quantenpunkte auseinander. Dabei wird insbesondere der Einfluss der Dimensionali-
tat untersucht und die Frage nach der Charakterisierung von Quantenpunktzustanden hinsichtlich
ihrer Eigenschaften als Zwei- bzw. Viel-Niveau-Systemen behandelt. Als Probe dient ein optischer
Halbleiter-Verstirker, der unter typischen Anwendungsbedingungen untersucht wird, also insbe-
sondere bei Raumtemperatur.

Wesentlicher Bestandteil der Arbeit und Grundlage der experimentellen Ergebnisse war die Wei-
terentwicklung eines Aufbaus zur heterodynen Detektion von Laserpulsen. Dabei konnte fiir die
etablierte Pump-Probe-Technik die nétige Messzeit um einen Faktor 100 verkiirzt werden. Dies
ermoglichte auch die Einfithrung simultaner Messungen mit abgestuften Anregungsintensitaten
zur Untersuchung nichtlinearer Antworten des Systems. Dartiber hinaus wurden mehrere neue
Techniken entwickelt: Die “Frequency Resolved Optical Short-pulse Characterization by Hetero-
dyning” (FROSCH) zur Analyse von Pulsformen, die Seitenband-Pump-Probe zur Messung sehr
kleiner Signale und zuletzt ein Aufbau zur zweidimensionalen koharenten Spektroskopie. All die-
se Techniken sind ohne nennenswerte Umbauarbeiten am selben Versuchsstand nutzbar und im
Teil IT der Dissertation detailiert beschrieben.

Zunichst konnten mit der FROSCH-Technik Rabi-Oszillationen des Exzitonen-Grundzustandes
als typische Eigenschaft eines Zwei-Niveau-Systems in Quantenpunkten bei Raumtemperatur
nachgewiesen werden. Die Beobachtung dieses Effekts auf der Zeitskala von Femtosekunden wur-
de durch die FROSCH-Technik erméglicht. Das Oszillieren des Grundzustandes fithrt dabei zu einer
charakteristischen Pulsverformung.

Im Gegensatz dazu zeigte sich die Viel-Niveau-Charakteristik in einer Vielzahl von Pump-Probe-
Messungen, die in Abschnitt 10 prasentiert werden. Die erhobenen Daten konnten dabei nicht
im Rahmen einer linearen Uberlagerung von nulldimensionalen Zustinden einerseits und zwei-
bzw. dreidimensionalen Zustanden andererseits erklart werden. Durch die Einfithrung gekreuzter
Exzitonen (“crossed excitons”), die einen durch Coulomb-Weschselwirkung gebundenen Zustand
je eines null- und eines hoherdimensionalen Einzelladungstragerzustands darstellen, konnte eine
konsistente Erklarung fiir die beobachtete Verstarkungsdynamik geliefert werden. Dies gilt sowohl
in Hinblick auf die Anregung optischer Uberginge als auch beziiglich der Ladungstragerdiffusion
im Quantenfilm.

Die Vereinigung dieser widerspriichlich anmutenden Ergebnisse hinsichtlich Zwei- oder Viel-
Niveau-Charakteristik erfolgt im letzten experimentellen Teil mit Hilfe der zweidimensionalen ko-
hirenten Spektroskopie. Diese Technik vereint alle zuvor entwickelten technischen Ansitze und
ermoglicht durch den Einsatz von weiflen Laserpulsen die Identifikation koharenter Kopplungen
von Ubergéingen mit grofem energetischen Abstand. Die Zuverlassigkeit der Technik wird durch
die Extraktion von Kohérenzzeiten der Quantenpunkte und den Abgleich mit Literaturdaten belegt.
Dariiber hinaus weisen die zweidimensionalen Spektren deutliche Signaturen gekreuzter Exzito-
nen auf, womit erstmalig eine direkte Beobachtung dieser optischen Ubergiange moglich wird.
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Introduction

Over the past two decades the availability of mass data transfer had an enormous impact on the
lives of billions of people in the industrialized countries. Besides the achievements in solid state
physics and nanotechnology that enabled the miniaturization of processing units and data memo-
ries, the key technology of connecting the globe is the optical data transfer. The interface between
optics and electronics is still the hotspot of hardware development. Semiconductors are the ma-
terial system of choice to link both worlds. On established platforms—such as the III-V semicon-
ductors this thesis deals with—nanostructuring opens new avenues and generates a complexity
that is experimentally and theoretically challenging. On the other hand, promising new material
classes like the TMDs arise—and are nanostructured as well. Independent of the platform: Under-
standing interfaces and coupling mechanisms between subsystems is the path to future hardware
development.

Nowadays, hardware development does not exhaust the requirements of technology develop-
ment any more. “Big data” is one of the buzzwords of our days. The data processing structures do
not yet level the new abilities of modern hardware. Furthermore, the user interfaces for scientists
in the lab and the data handling and evaluation methods become a bottleneck for the efficient gen-
eration of ideas. While big companies like Google or Tencent address these problems using their
enormous manpower, comparatively small university labs like ours fall behind. From a societal
perspective, this means that publicly funded technology development is at risk.

This is the environment in which this thesis is settled. Before going into the physics, a look at
the experimental background is necessary. We inherited an established setup in 2011 on which
I collected the data for my diploma thesis. This heterodyne setup and its development are at the
core of the present thesis. Despite continuous data production, the original setup was not up-
to—date anymore: Single data point acquisition was on the timescale of seconds and there were
no functionalities for convenient alignment. The data transfer was digital, but via the outdated
General Purpose Interface Bus (GPIB) system which limited further development. In the course of
this thesis, the setup was improved tremendously, as will be described in detail in part II:

« Frequency Resolved Optical Short-pulse Characterization by Heterodyning (FROSCH) has
been developed for spectro-temporal pulse analysis, the More—Or-Less Characterization by
Heterodyning (MOLCH) became a valuable alignment tool.

« The traditional pump-probe (PP) data acquisition (DAQ) rate is today more than 1000 times
higher than five years ago, scanning a full curve about 100 times faster, while the data quality
has been significantly increased.

« While traditional PP requires signal levels of 1072, the sideband PP has been developed for
the investigation of low signals in the range of 10~ without losing the phase resolution of
heterodyne detection.

« For traditional PP as well as FROSCH, the Simultaneous multi-power measurement (SMPM)
has been implemented to investigate pulse power dependencies with high reliability.
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Figure 1: The logarithmic time scale visualizes the widespread number of events and circum-
stances this work deals with. The yellow flash in the millisecond time range indicates line noise
at 50 Hz and 100 Hz, respectively, posing an obstacle to every experiment based on electrical
signals. Important improvements of the experimental setup during this thesis are indicated by
dotted lines, notably leapfrogging the line noise range.

« The concepts of traditional PP, sideband PP, SMPM, and FROSCH have finally been
merged into a two-dimensional coherent spectroscopy (2DCS) setup that we refer to as
Supercontinuum-based Two—-dimensional Observation of Radiation Coherence by Hetero-
dyning (STORCH). This setup also utilizes the broadband spectra of a fiber laser system
with supercontinuum generation, which enables the observation of state coupling over an
unusual wide energy range.

This development aimed to optimize the setup on every part of the timescale shown in fig. 1. The
FROSCH technique enabled us to have a look into the single cycles of our signals, corresponding
to a temporal resolution of about 100 as. This was a prerequisite for the results in chapter 9 that
required sub—pulse—duration time resolution not provided by PP experiments. The reduction of
lock-in integration times from the millisecond to the microsecond time range allowed the DAQ at
kilohertz rates and also reduced the susceptibility of the setup to acoustic noise and thermal drifts.
This fast DAQ approach discussed in chapter 5 enabled us to explore a much larger part of the
parameter space. The results in sections 10.1 and 10.2 are mainly based on this approach.

With FROSCH and STORCH, the concept of Fourier transform spectroscopy (FTS) has enriched
our methodological toolbox. This widened scope makes it necessary to emphasize the respective
terminology in this thesis. This is the motivation to start in chapter 1 with a detailed collection of
basic terms of Fourier analysis and a discussion of the frequency domain.

The sample under investigation is a semiconductor optical amplifier (SOA) with indium arsenide
(InAs) quantum dots (QDs) embedded in an indium gallium arsenide (InGaAs) quantum well (QW).
We nevertheless do not focus on technology development, but on the fundamental understanding
of the coupling mechanisms of these subsystems. The questions that arise under these circum-
stances are, for example: Does the QD preserve its characteristic properties as a discrete two level
system (2LS)? Is the coupled system a superposition of its constituents with defined transition
paths—or is the new system more than the sum of its parts? What channels interconnect the large
scale system in terms of excitation paths and carrier kinetics? And if there are new properties, can
we utilize them?

This thesis is a collection of answers to most of these questions. These answers have already
been published in various journal articles, but under varying circumstances. I would like to take
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the opportunity of this thesis to present the results in an overarching terminology and under con-
sideration of the development process. One important step to reach this goal is the introduction
of the four pulse scheme (4PS) in section 1.2.3. Although many graphs might seem familiar from
the former publications, almost everyone of them has been revised and adjusted to comply with
the symbols and theoretical background presented in the following chapters.
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Theoretical background



1. General concepts

1.1. The Fourier space

Understanding heterodyne experiments means understanding the frequency domain. Here and in
the following, any symbol v refers to a frequency, while the analog symbol w refers to the angular
frequency with

w = 27mv. (1.1)

For the sake of linguistic convenience, the term “angular” will often be omitted, the reader is asked
to decide on the basis of the symbols. In a similar manner, the photon energy

E=hv=hw (1.2)

with the Planck constant h and the reduced Planck constant & = h/(27) will be used as an alter-
native representation of the frequency.
The one-dimensional Fourier transform (FT) F' of a function f : R — C is defined as

FO) = F U0} 0) = [ e rar, (1.32)
ft)=F YHFW)} (@) = /_ h F(/)e*™'tdy/ (1.3b)

where a representation was chosen that omits prefactors and uses a notation in v.!® From that
mathematical point of view, the Fourier transformation F and the inverse Fourier transformation
F~!are structurally identical. All considerations in this section apply in both directions, although
from a technical point of view it might be easier to obtain sharp spectral lines in the lab than it is
to create short pulse durations. There is a reciprocal relation between pulse duration and spectral
width. This can be easily calculated for the important case of the Gaussian pulse with a spec-
trum Faauss (V) = exp(—41n2(v/0)?), where o denotes the spectral full width at half maximum
(FWHM). The corresponding temporal signal is

/| 202 ,
(1) = - — t 1.4
fGaubs( ) o 4ln2eXp< A1n 2 ) ( )

with a temporal FWHM of (21n2)/(7o). The time-bandwidth product for the Gaussian pulse is
therefore (21n2) /7 = 0.441, which is often used to approximate the minimal pulse duration for a
given spectrum or the necessary spectral width for a desired pulse duration.

In this calculation, a real function FGayss(v) was chosen, which means a phase of zero for all
spectral components. This resulted in a real fgauss(t) centered at ¢ = 0. A modification of the
spectral phase would have significant influence on the temporal signal: Adding a constant to the
spectral phase shifts the carrier wave temporally, while the envelope remains unchanged. A linear
tilt, on the other hand, shifts the temporal envelope. Finally, bending the phase function results
in a “chirped” pulse. The pulse duration is increased, the pulse is not transform-limited anymore.




1.1. The Fourier space

Time, o™ Time, y' Time, v
-3-2-101 23 3-2-1012 3 -3-2-101 2 3
13 e (-552)([ D) exp (—[t]) {1 €) | sine (7t) = SFH-
1- 1t 1t -
i
(V]
N
©
Eo
S
(o
'8 ﬁ 4ln2 2 72 v
ERR exp (—O_TV ) - el rect (;) 1
3 1- 11 11 |
= 1
<
0

3210123 3210123 3-2-1012 3
Frequency, o Frequency, y Frequency, v

Figure 2: Three fundamental cases of FTs: a) A temporal Gaussian signal also has a Gaussian
spectrum. b) The exponential decay has a Lorentzian spectrum. c) A rectangular spectrum of
width ¥ results in a temporal sinc-function with equally spaced zeros.

The pulse has a “positive chirp” if the components with long wavelengths arrive earlier than the
short wavelengths, which occurs upon normal dispersion in optical media.

Besides the Gaussian, there are two other fundamental Fourier transforms that will occur several
times. They are illustrated in fig. 2. In fig. 2 (b), the exponential temporal decay is shown, which
corresponds to a Lorentzian line in the spectrum. This case is important for optical transitions
(section 3.2.1) as well as for frequency filters (section 1.3.2). In fig. 2 (c), the FT correspondence of
the sinc and the rect function is shown. This correspondence is important for a spectral rectangle,
e.g. in the case of pulse amplitude shaping, but also for a temporal rectangle (section 7.3).

1.1.1. Products of signals: Convolution, cross—correlation, coherence
The multiplication of two monochrome signals, f(t) = exp(iwt) and g(t) = exp(iwt), results in
f(t)g(t) = expi(w+ )t (1.5)

and thereby creates a new mode w + w. The generation of new frequency bands will often be
caused by two or more original bands that mix in a non-linear element.

In interferometric measurements we will need to deal with products of more complex temporal
signals and their spectra, respectively. The convolution of two signals f and g is defined as

(9= [ T H(alt — at (16)



1. General concepts

and the well-known convolution theorem

F{f+g) )} (w) = F{f)} (w) - Fg(t)} (w) (17)

says that its spectrum is the product of the spectra of the convoluted signals. In contrast to the
convolution, the cross—correlation is defined as

(f%9) (t) = / TP (gl )t (18)

and its FT is given by
FAfx9) ()} (w) = F{f(1)} (W) - F{g(®)} (w). (1.9)

The mathematical cross—correlation leads directly to one of the central physical terms: the signal
coherence. The coherence of two signals f and g is given by

2(f*g) ()
(f*f)0)+(gxg)(0)|

In the auto—correlation case f = g, the coherence is obviously C¢;(0) = 1 and Cys(t > 0) < 1.
One will usually observe a coherence decay when ¢ increases.

Signal convolutions are also very important for the FT of real world signals. As can be seen from
the definition of the FT in eq. (1.3a), infinite temporal information is required for a full FT. This
is not possible in general and sometimes not desired in particular. To restrict the Fourier analysis
to a certain range, a window function w(t) with w(t) — 0 for t — oo is applied. According to
eq. (1.7), the FT of f(t)w(t) is the convolution of F { f(¢)} and F {w(¢)}. In the case of a Gaussian
window the resulting transform

1 o)
G(w, t, At) = \/T/ exXp
T J—00

is referred to as the Gabor transform (GT). The GT does only partially transfer information from
the time to the frequency domain and vice versa. At is a tuning parameter that determines the
composition of spectral and temporal information, with G(w, t, At) — F {f(t)} (w) for At — occ.

Ctg (t) =

(1.10)

- <H>2 F(te ™! (t)at’ (1.11)
At ‘

1.1.2. Composing signals: Modulation, repeating signals, discrete Fourier
transform

When two monochrome signals with different frequencies interfere, there is a periodic change be-
tween constructive and destructive interference. This oscillation of the signal envelope is called
beating. The beating is one example for the concept of signal modulations. In the time domain, a
modulation is the multiplication of a carrier signal fc,,(t) = cos(wt + ¢) with a complex modula-
tion signal gnod = Ag+ A exp(iwt). The product of the real oscillations is now given by

fcar(t)gmod(t) _ % (1’4\'0 (eithrigo + efiwtfigo) + A’ (ei(er@)t + efi(wfw)t)> ' (1.12)

In the frequency domain, the modulation is therefore represented by three components: the origi-
nal carrier band at w and two sidebands, an upper one at w + w and a lower one at w — w. Without
a constant offset Re(ﬁo), the carrier band would vanish. A signal can be modulated both, in am-
plitude and in phase. The particular type of the modulation is defined by the orientation of the
sidebands with respect to the main band. This is illustrated in fig. 3.
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Figure 3: Illustration of amplitude modulation (a) and phase modulation (b). In the upper row,
the signal is represented by a complex vector that varies temporally (shades of blue). This
variation can be approximated by a sideband (red arrow) that is added to the average value of
the oscillating signal. In the middle row, the contributions of the sidebands are displayed. The
lower row shows the resulting signals (red) in comparison to the main band (blue).

This example showed that a modulation of the time signal is represented by a replication of the
main band in form of a sideband. The concept works, of course, also the other way round: A repeti-
tion of the temporal signal causes a modulation of the frequency signal. This is especially the case
for pulsed lasers, where the time signal (the pulse) is not only duplicated, but repeated infinitely.
With a repetition rate 7y, the corresponding spectrum is not only modulated by cos(v/V4ep ), but

re]) E E rep .
’ COS (nyr > (5 7’LI/ (1 13)

neN neN

The spectrum of a pulsed laser is therefore composed of sharp laser modes. Although a real world
laser does not provide d-like modes, the mode spacing V., can exceed the mode width easily by a
factor of 10°.2 This extreme reduction of the spectrum is at the core of heterodyne detection: All
this free spectral range in between the sharp laser modes can be used to encode information.

Mathematically very similar to the repeating laser are some considerations about the discrete FT.
The discrete sampling of a continuous signal will also result in an artificially repeating spectrum.
This effect is called aliasing. The second problem of discrete sampling is the impossibility of infinite
temporal information. In the most simple case, the measured signal will be a multiplication of the
actual signal and a rectangular window function. Also here, the measured spectrum will be a
convolution of the original signal and the applied sampling window according to eq. (1.6). These
facts result in some basic rules for discrete FT:

« Increasing the density of sampling points results in a wider spectral range due to the avoiding
of aliasing.

 Anincreased temporal range will improve the spectral resolution because the corresponding
window function spectrum is narrower.



1. General concepts

« It should be avoided to apply a rectangular window unless the sampled signal vanishes at
the border of the sampling window. As its FT is an extended sinc-function, the rectangular
window will result in a “ringing”. The spectrum can be improved at the expense of peak-
broadening by the numerical application of a window that vanishes at the border.

1.1.3. Spatial Fourier transform: The k-space

Now that we already touched on laser resonators, it is time for a brief discussion of space and
its Fourier correspondent, the k-space. The laser resonator is one particular representation of the
general particle in a box problem. A closed box of width L (in one dimension) restricts the allowed
spatial frequencies to wavelengths A with n\/2 = L (n € N). The respective wave numbers are

The allowed spatial frequencies are therefore homogeneously distributed in the k-space.

Closely related to the particle in a box is the finite potential pot. This problem will become very
important under varying aspects. There is no conceptual difference between the treatment of light
and matter in this respect. In the case of light, the Helmholtz equation

2
w
can be used to calculate resonator modes or waveguide modes in 