
Chapter 1

Introduction

Many of today's everyday appliances would not be conceivable were it not
for the rapid advances that the semiconductor industry has made in the last
decades. Mobile phones with the computing power of a ten year old personal
computer are just one example of what the massive increase in component
density on computer chips has made possible. This increase in density does
of course go along with a size reduction of the basic elements that the elec-
tronic components consist of � the next generation of processors (to go into
serial production as of 2007/2008) has been announced to contain structures
as small as 45 nm. As the structures reach the limit where the number of
atoms to a structure becomes countable it is not only the realization of these
�nanoscopic� structures that poses a challenge � the physics of electrons
and holes on this scale is quite di�erent. Therefore, a detailed analysis and
knowledge of low-dimensional systems, where electrons are contained in one
or even all three dimensions within a few nanometers, is crucial for the de-
velopment of future electronic components. Whether these will be similar to
those that we know (but smaller), or whether at some point the new proper-
ties of the low-dimensional systems will be used to create the famed quantum
computer, only time will show.

The focus of this work are the electronic properties of quantum dots, i.e.
structures where the electrons are contained within few nanometers in all
three dimensions by a potential barrier. Because of the three-dimensional
enclosure the optical properties of quantum dots are not unlike those of
atoms � although on a di�erent energy scale � which is why they are also
referred to as arti�cial atoms. Changing the size and material composition
of the quantum dots enables us to change the energies of the electrons within
the dots. A lot of research has been done on quantum dots in recent years
due to the fundamental interest in adjustable atoms as well as possible new
applications such as single photon sources or quantum bits.
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There is a variety of di�erent quantum dot structures that have received
varying attention over the years. This work concentrates on di�erent self-
assembled quantum dots. Other notable quantum dot systems include deep-
mesa etched systems, gate-de�ned systems and chemically synthesized nano-
structures. Similarly, the material used for structure growth can be anything
from Si and Ge to III-V compound semiconductors such as GaAs or II-
VI semiconductors such as CdTe and ZnS. We used structures based on
the semiconductors InAs, GaAs and AlAs because of their favorable optical
properties and the well understood growth mechanisms.

Electronic Raman spectroscopy has been used to study the many-particle
excitations of low-dimensional electron systems as early as the late 1970's
[Pin79, Abs79]. First Raman measurements on quantum dots were performed
on etched GaAs/AlGaAs quantum dots in 1994 by Strenz et al. [Str94]. The
self-assembled quantum dots have the advantage of containing only very few
electrons as compared to the hundreds of electrons that etched quantum
dots usually contain (although recently García et al. have shown Raman
experiments on etched GaAs/AlGaAs quantum dots with only few electrons
[Gar05]). The �rst publication on Raman scattering on self-assembled InAs
quantum dots on GaAs was by Chu et al. [Chu00] and reported on measure-
ments on a sample with �fteen layers of quantum dots separated by GaAs
and doping layers. By using a highly sensitive CCD camera and exciting
resonantly we have succeeded in enhancing the Raman signal enough to be
able to measure Raman signals of a single layer of quantum dots that we
could charge with single electrons [Bro03a].

The ultimate goal would be the detection of the Raman signals of a single
quantum dot, thus eliminating the inhomogeneous broadening e�ects of an
ensemble measurement. For photoluminescence experiments this has been
accomplished several years ago, see e.g. [Bay00]. To separate the single dot
Raman signal from any other signal that the sample may exhibit, a profound
understanding of the quantum dot luminescence properties as well as the
Raman properties of all electronic systems in the sample is necessary.

This thesis tries to contribute to this understanding and establishes me-
thods for the distinction of the di�erent optical signals as well as showing �rst
Raman measurements on few self-assembled quantum dots. It is organized
as follows.

Chapter 2 outlines the basic theoretical concepts necessary for the un-
derstanding of this work. In Chapter 3 and 4 we show details of the sample
preparation and the experimental setups. In Chapter 5 we discuss the exper-
imental results, which are divided into several parts. Starting with results on
self-assembled InAs/GaAs quantum dots obtained by exciting resonantly at
the E0+∆ gap, we move on to Raman measurements on the double quantum
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well system backgate-wetting layer. The third section shows results of ca-
pacitance and photoluminescence spectroscopy on double quantum dots and
the fourth section evaluates the possibilities of photoluminescence excitation
spectroscopy at the E0 + ∆ gap on large ensembles of quantum dots. The
following sections show the results of resonant Raman spectroscopy at the E0

gap on InAs/AlAs dots, InAs/GaAs dots and InAs/GaAs dots grown with
the In-�ush technique before we gradually decrease the number of observed
dots in the last part by using a microscope Raman setup and nanoapertures
in an Al mask on top of the sample. Chapter 6 summarizes this work.



Chapter 2

Theory

2.1 Low-dimensional electron systems
2.1.1 Two-dimensional electron systems
In a bulk semiconductor, electrons in the conduction band can move freely
through the crystal in every dimension. They can occupy a quasi-continuum
of energies and momentums, experiencing a quadratic energy dispersion near
the Γ-point in the reciprocal lattice which can be written as

E =
h̄2|~k|2
2m∗ , (2.1)

where m∗ is the e�ective mass of the electron and ~k is the wave vector.
Con�ning the electrons in one direction leads to a so-called two-dimensional
electron system (2DES ) or quantum well. We will call the directions where
the electrons can still move freely x and y while z will be the direction of the
con�nement. In our experimental systems this is also the growth direction.
While the focus of this work will be on zero-dimensional systems, our samples
contain at least one quantum well (the so-called wetting layer) and often a
second one which serves as a back contact. We will use these systems as
examples to further discuss the physics and the possible collective excitations
of electrons in 2DES s.

The wetting layer is a thin layer of InAs that forms during the growth
of the self-assembled quantum dots used in this work (see Chapter 3.2 for
details). This layer is surrounded by GaAs or AlAs, which have a much larger
band gap. The resulting band structure is depicted for GaAs in Fig. 2.1 (a).
The shape of the con�nement potential is in �rst approximation rectangular
and symmetric, unless doping layers are introduced. Fig. 2.1 (b) shows a
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Figure 2.1: Band structures of (a) an InAs wetting layer surrounded by GaAs and
(b) a 2DES created by modulation doping as used in this work as a back contact.

2DES grown with a di�erent approach. An AlGaAs layer highly n-doped
with Si is overgrown by a thin layer of undoped AlGaAs � called the spacer
layer � and a thick layer of GaAs. The excess electrons from the doping layer
travel through the spacer layer and into the GaAs, losing energy mainly to
phonons in the process. This leaves the Si donor atoms with a positive charge,
attracting the free electrons that are now in the GaAs layer. Therefore,
the electrons accumulate near the AlGaAs/GaAs heterojunction, changing
the band structure. The potential for the electrons can be calculated self-
consistently by solving the Poisson and Schrödinger equations alternately
(see Chapter 2.2). The resulting quantum well structure is rather triangular
than rectangular in shape. Usually, the structure is grown with the doping
layer on top and applied in High Electron Mobility Transistors (HEMT s).
The way the structure is grown here, it is called an inverted HEMT structure.

Both systems still have parabolic energy dispersions in kx and ky with a
series of subbands because of the con�nement. They can be written as

Ei = Ez
i + h̄2

(k2
x + k2

y)

2m∗ , (2.2)

where i is the index of the subbands. Ez
i depends strongly on the con�nement

potential.
In a simple single particle picture, an excitation of an electron is repre-

sented by lifting the electron to a higher state which can be either on an-
other subband (intersubband excitation) or, with the need of a momentum
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Figure 2.2: (a) Possible intersubband (dashed lines) and intrasubband (solid
line) excitations in a quantum well with one subband �lled with electrons. The
horizontal line marks the Fermi energy EF . (b) Dispersions of di�erent intersub-
band (∆i = 1) and intrasubband (∆i = 0) excitations. The gray areas show the
single-particle continua, the solid lines the CDE s and the dashed lines the SDE s.

transfer, the same subband (intrasubband excitation). These excitations are
depicted in Fig. 2.2 (a). Without momentum transfer only intersubband exci-
tations are possible. Due to the Coulomb and exchange interactions between
the electrons all excitations in the quantum wells are collective excitations.
There are, however, some excitations which have all the characteristics of a
single particle excitation (SPE ) and are only very slightly shifted in energy
which shall therefore be called SPE s. The other collective excitations are
divided into charge density excitations (CDE ) and spin density excitations
(SDE ) depending on whether the center of charge oscillates (CDE s) or not
(SDE s). SDE s are usually shifted to lower energies because of the exchange
interaction. Since the center of charge moves in the CDE s, the Coulomb
interaction becomes more important and the CDE s are shifted to higher
energies with respect to the corresponding SPE and SDE. The di�erence
between the energies of the CDE and the SDE is called depolarization shift.
Pinczuk et al. have calculated the energies of the collective excitations in a
modulation doped quantum well to be [Pin89]:

ω2
SDE = E2

ij − 2niEijβij (2.3)

ω2
CDE = E2

ij + 2niEij

(
αij

ε(ωCDE)
− βij

)
, (2.4)

where Eij is the di�erence between the two subbands i and j and ni is the two-
dimensional electron density. αij and βij are Coulomb matrix elements, where
αij describes the depolarization shift. The dielectric function ε(ωCDE) also
takes into account the interaction of CDE s with optical phonons. GaAs is a
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Figure 2.3: Band structures and electron wave functions for (a) a strongly coupled
nearly symmetric system and (b) the highly asymmetric system embedded in our
structures. The dotted and dashed horizontal lines represent the energy of the
respective electronic states. The band structures and wave functions are calculated
with G. Snider's 1D Poisson solver, which is explained in Chapter 2.2.

polar crystal, which is why charge density �uctuations can couple to lattice
oscillations via the Coulomb interaction. The dielectric function ε(ωCDE) can
be written as [Pin82]:

ε(ωCDE) = ε∞
ω2

LO − ω2
CDE

ω2
LO − ω2

CDE

, (2.5)

with the high frequency dielectric constant ε∞ = 10.8. Only the longitudinal
optical phonons couple to the charge density excitations, because transverse
optical phonons have a di�erent polarization. Macroscopically, however, a
coupling to the TO phonons is possible (see [Zie87, Bit04] for details).

By looking at Fig. 2.2 (b) it is clear that excitations will exhibit a k-
vector dispersion that will be di�erent for inter- and intrasubband excitations.
By using Raman spectroscopy all of these excitations can be measured and
identi�ed by their di�erent polarization behavior and energy dispersions.

Bringing two 2DES s close together, they start in�uencing each other via
the Coulomb interaction. This means that excitations in the two systems
can no longer be studied separately but have to be treated as a coupled sys-
tem. The strength and type of coupling depends strongly on the distance
between the two systems and the height of the barrier. If the two systems
are very close to one another (of the order of a few nanometers), there will


