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Abstract

The subject of this thesis is the study of the energy levels and many-particle
correlations in semiconductor quantum dots (QDs). This subject is pursued
from both the QD growth perspective, as well as the optical scattering and
excitation experimental perspective.

In this study, GaAs/AlGaAs QDs are prepared by modified droplet epi-
taxy. QDs made by this method have no strain and wetting layer, whereas
these characteristics are mostly unavoidable when making QDs by the con-
ventional Stranski-Krastanov growth mode. GaAs/AlGaAs QD samples with
ultra-low density are prepared to make possible for the first time single QD
spectroscopy of GaAs/AlGaAs QDs made by modified droplet epitaxy. Two
such low density samples with different barrier bandgaps are prepared. Of
these two samples, one is found to have high structural asymmetry.

Resonant Raman spectroscopy is employed as a good method for studying
exciton-phonon interactions in QDs. InGaAs/GaAs QDs made by heteroge-
neous droplet epitaxy are used, as this is a QD system with a barrier that is
transparent to the QD photoluminescence line. Also, QDs made by hetero-
geneous droplet epitaxy have no wetting layer, and the QD/barrier interface
is well defined. Thus, InGaAs/GaAs QDs made by heterogeneous droplet
epitaxy are a practical choice for this investigation. The InGaAs/GaAs QD
samples are annealed at different temperatures, and the effects of QD/barrier
interface modification on the exciton-phonon coupling in QDs is observed by
resonant Raman spectroscopy.

The QD photoluminescence (PL) pressure dependence is a powerful method
for studying the band crossover, and thus the band-edge discontinuity, of the
GaAs/AlGaAs QD heterojunction. This method utilizes the fact that the
semiconductor bandgap changes due to a reduction in the lattice constant
caused by pressure application. By measuring the pressure induced bandgap
shift by PL, it is possible to reconstruct the heterojunction band structure.
From these measurements, the relative band lineups at the heterojunction at
ambient pressure are reconstructed. These results are used in effective mass
calculations, in which the annealing-induced QD-barrier interface interdiffu-
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sion is taken into consideration.
The low density GaAs/AlGaAs QD sample is used to study the energy

levels and the multi-carrier correlations in a single dot. Initially, the feasibil-
ity of single QD micro-PL spectroscopy (a diffraction-limited microscopy-PL
spectroscopy method) via a mask is evaluated by using a portable mask as
a non diffraction-limited light source. The mask is made using standard
micro-machining methods. Next, a mask is fabricated directly on the low
density sample in order to achieve closer proximity between the nanohole
and the sample surface, in the hopes of achieving better signal-to-noise ratio.
The mask is made using the lift-off method. From masked-sample micro-PL
spectroscopy, an idea of single QD PL spectra is obtained. Finally, micro-
PL spectroscopy is used to obtain single QD spectra from low density QD
samples with no mask, which have the same spectral characteristics of single
QD spectroscopy via a mask and are expected to originate from a single QD.
From the single GaAs/AlGaAs QD PL spectra of various single QDs, the dis-
crete energy levels of QDs are determined, and are compared to the effective
mass calculations. From the renormalized ground state emission, electron-
electron, hole-hole, and electron-hole exchange interaction energies are also
determined from a recombination model based on the combinations of vari-
ous non-recombining “spectator” carriers with various spins. The electron-
electron, hole-hole, and electron-hole exchange interaction energies’ relation
to QD size is determined.

GaAs/AlGaAs QDs with highly anisotropic shapes are studied using
micro-PL. Here, the shape of the QD under investigation departs from a
pyramidal shape to that of a quantum wire (QWR)-like shape. The differ-
ence in shape gives a different confinement potential and different carrier
correlation effects from those of the pyramidal QD. The shift of very sharp
luminescence lines in GaAs/AlGaAs QWR-like QDs at increasing excitation
density is seen. These sharp lines correspond to the recombination of one
dimensional excitons localized in a highly anisotropic-shaped QD. The evolu-
tion of the fine-structured photoluminescence spectra with increasing exciton
density is interpreted in terms of many-body effects which lead to an increase
of the exciton self-energy and to the formation of excitonic complexes.
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Chapter 1

Introduction

1.1 Historic overview

Semiconductor device development finds its beginnings in the invention of
the point-contact transistor by Bardeen and Brattain as an alternative to
vacuum tubes in 1948[1, 2]. Since then, new and improved transistor de-
signs have progressed hand-in-hand with the development of crystal growth
technology and an increased understanding of the physics of semiconductors.
With the advent of ultra-high vacuum technology in the last 30 years, semi-
conductor crystal quality has improved drastically. This played a critical
role in achieving new methods of crystal growth, such as liquid phase epi-
taxy (LPE) and molecular beam epitaxy (MBE). Using these methods has
made possible the growth of binary compound semiconductor crystals such
as gallium arsenide (GaAs), for use in novel devices such as semiconductor
lasers[3] and other opto-electronic devices. The heteroepitaxial growth of
crystals has introduced versatile structures such as quantum wells, quantum
wires, and quantum dots.

1.1.1 Mixed crystals, heterojunctions and bandgap en-

gineering

The first transistors were made of germanium (Ge). Silicon (Si) became the
base material for most semiconductor transistors and various other devices
thereafter, and its electrical, chemical and mechanical properties made it
a good candidate for use in large scale integrated circuits (LSIs). When
designing opto-electronic devices, however, both materials were undesirable
due to their indirect bandgap, wherein the conduction band edge and valence
band edge are not both at k = 0 in the reciprocal lattice space, thus leading to
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CHAPTER 1. INTRODUCTION 9

inefficient light emission by electron-hole recombination. In the development
of devices such as laser diodes and light emitting diodes (LEDs), III-V binary
compound semiconductor crystals such as GaAs became important materials
due to their highly efficient emission, direct bandgap, high electron mobility,
and ease of high-quality crystal growth.

To maximize these qualities to the fullest in such opto-electronic devices,
the ability to control the bandgap by fabricating III-V group mixed crystals
became favorable, because the bandgap directly determines the optical emis-
sion wavelength, and the bandgap can be tuned continuously by changing
the mixed crystal composition. This was particularly important when con-
sidering the optical communications wavelength, which was defined by the
wavelength-dependent transmission efficiency of optical fibers. For example,
a mixed crystal such as In1−xGaxAsyP1−y has a bandgap which depends on
its composition (x and y), and was used in devices which emit light at opti-
cal communication wavelengths[4]. These III-V group mixed crystals, which
are formed by a mixture of various III-V group compounds, have a given
bandgap which can be continuously tuned in a variety of ranges.

The heteroepitaxial growth of two materials with different bandgaps but
with nearly equivalent lattice-constants forms a heterojunction, in which the
misalignment of the conduction and valence bands at the material interfaces
occurs, forming a potential well. This forms the “band offset”, or the differ-
ence between the band edges of the two materials, which can be “tailored” to
have a desired value. This, combined with mixed crystal growth, is known as
bandgap engineering, and is the basis for the double heterojunction laser[5],
in which its efficient injection of carriers due to its band offset results in its
much lower threshold current density for lasing.

The understanding of the electronic properties of mixed crystals and het-
erojunctions has been considered a matter of great importance, and is still
being pursued today.

1.1.2 Device fabrication and nanoscale structuring

Semiconductor devices have been ever increasing in structural complexity,
integration, and miniaturization since its conception, driven by demands
for higher performance of these devices, such as higher memory capacity in
metal-oxide-semiconductor (MOS) dynamic random access memory (DRAMs).
The ability to mass produce such devices depends heavily on the capabili-
ties of well developed fabrication techniques, such as lithography and plasma
dry etching. It has been forecast that the DRAM half-pitch will reach the
45nm-limit of optical lithography by 2010[6], and no alternative industrial
solutions are know as of yet. Thus, novel technologies for fabrication in the
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nanometer scale are currently being pursued.
There are two approaches to fabricating devices in the nanometer scale:

top-down and bottom-up. The top-down approach utilizes conventional
device fabrication techniques to achieve novel nanometric structures. The
bottom-up approach utilizes the self-assembly and self-organization of nano-
metric structures by chemical techniques. Using these approaches, various
novel nanometric structures such as quantum wells, supperlattices, quantum
wires, and quantum dots have been grown and studied.

These structures are seen not only as alternatives to current devices, but
promise to have properties unseen in conventional devices. Quantum effects
have been known to appear prominently as the dimensions of the devices
enter the nanometer range[7], thus requiring a thorough reconsideration of
both the basic physics and the design of such small devices. As the size
reduction of semiconductor devices continues into the nanometric order, such
novel nanometric structures will most likely play a central role not only in
opto-electronics, but in the field of electronics as a whole.

1.2 Semiconductor quantum dots

1.2.1 Confinement of carriers

Nanometric structures such as quantum wells(QWs), quantum wires(QWRs),
and quantum dots(QDs) are semiconductor crystals of reduced dimensional-
ity, usually encased in a host bulk semiconductor crystal (barrier material)
which has a higher bandgap than that of the nanometric structure. These
heterostructures form band offsets, which results in the formation of a poten-
tial well and thus the confinement of injected carriers into the active material.
In the case of QWs, the active material is reduced in thickness to the order of
the Bohr radius of the exciton, resulting in the two-dimensional confinement
of the carriers. In the case of QWRs, the confinement is one-dimensional,
and in QDs, zero-dimensional. The confinement of the carriers results in a
change in the carrier density of states, due to the reduction in the degrees of
freedom of motion. Schematic representations of the bulk, QW, QWR, and
QD structures are shown in figure 1.1, along with the corresponding density
of states in figure 1.2.

In QDs, the carriers are confined as standing waves in three dimensions.
Thus, the energy levels of a QD are discrete, much like those of an atom.
The bandgap of the QD is determined by the bulk bandgap offset by



CHAPTER 1. INTRODUCTION 11

(a) (b) y
x

z

(c) (d)

Figure 1.1: Schematic representations of (a) bulk (b) QW (c) QWR (d) QD
structures



CHAPTER 1. INTRODUCTION 12

(a) (b)

(c) (d)

Energy

D
O

S

Figure 1.2: Density of states (DOS) of (a) bulk (b) QW (c) QWR (d) QD
structures
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∆E =
h̄2

2m∗ (
(

nxπ

Lx

)2

+

(
nyπ
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)2

+
(

nzπ

Lz

)2

). (1.1)

where h̄ is Planck’s constant over 2π, m∗ is the effective mass of a free carrier,
Lx,y,z are the distances in space of the confined carrier, and nx,y,z=1,2,3,....
Here, infinite potential barriers are assumed. This is known as the confine-
ment energy of the carrier in the QD. Thus, the bandgap can be tuned to
a desired energy simply by changing the size of the QD. The shape, compo-
sition, barrier material, and lattice strain due to lattice mismatch between
the QD and barrier material also affect the QD’s energy levels, and thus its
bandgap.

Conventional QD formation relies on the lattice mismatch between the
QD and barrier material. Due to the QD lattice strain induced by the em-
ployment of such a method, as well as structural ambiguity, the modeling
of QDs to correctly reconstruct the measured QD energy levels was difficult.
Strain alone has been reported to form additional harmonic potential wells
in a quantum well layer with highly localized strain[8]. Furthermore, the for-
mation of a wetting layer cannot be avoided in conventional QD formation
methods. The existence of the wetting layer has been shown, in some cases,
to invalidate the near-zero dimensional assumption of the QD[9]. As a new
approach to studying the energy levels of QDs, the use of a lattice-matched
QD system such as GaAs/AlGaAs with a well-defined structure has been
employed in this study. Such QDs can be made by modified droplet epitaxy,
and will be discussed in detail in chapter 2.

The primary difference between using a bulk mixed crystal and a QD for
optoelectronic devices, is that the density of states, which are delta-function
like for QDs, give a much sharper optical emission spectrum. As can be seen
from figure 1.2d, the density of states (DOS) of QDs are delta-function like
due to the zero degree of freedom of motion, i.e. the complete confinement of
carriers in all three dimensions. The DOS of a QD D(E) is given as a series
of delta functions summed over all possible states as

D(E) = 2ND

∑
nx,ny,nz

δ(E − Enx − Eny − Enz). (1.2)

where ND is the volume density of the QDs.
When determining the energy levels of a QD, conventional methods of

QD energy level measurement studies an ensemble of QDs, resulting in the
observation of an inhomogeneously broadened density of states. This makes it
impossible to identify and characterize energy levels of a single QD, especially
the fine structure splitting of such energy levels. Thus, it becomes necessary
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to study each QD individually.
One of the most important aspect of semiconductor QDs is its role in

studying the correlations between a countable numbers of confined elemen-
tary particles. The essential difference between a solid state material and an
atom trapped in a magneto-optical trap, for example, is that in the solid state
case, the interactions between electrons/holes and other electrons/holes, as
well as the interactions between electron-hole pairs (excitons) and phonons
are inherent phenomena. Such many-particle correlations are of great im-
portance in understanding QD confinement energy levels, because the single
confined exciton picture does not give the correct confinement energy levels;
renormalizations due to many-particle effects must be taken into account.
These energy level renormalizations are expected to be of the order of sev-
eral meV to several hundred µeV, and thus can only be resolved in single
QD energy level measurements, as argued above. Many particle correlations
in QDs are also important as a problem in many-body physics.

1.2.2 Optical properties of QDs

Emission of radiation from QDs involves both luminescence and Raman scat-
tering processes, as is the case for bulk semiconductors. The measurements
of such emissions give information of the electron/hole-electron/hole and
exciton-phonon interactions in the QD, respectively, because luminescence
involves real excitation of electrons, while in light scattering typically virtual
excitation of electrons occurs with the help of momentum conservation by
phonon emission/absorption.

Resonant Raman spectroscopy of QDs involve the interband excitation of
confined carriers, and their relaxation via interactions with phonons. Thus,
studying resonant Raman spectra of QDs give important information con-
cerning confined exciton-phonon interactions.

Photoluminescence (PL) spectroscopy of QDs involve the excitation of
carriers in the barrier material, whereupon they eventually fall into the po-
tential well of the QD. The confined carriers fall to the lowest confined state
(ground state) of the QD, and due to Pauli’s principle, fill each state with
two opposite spin carriers. These confined carriers usually recombine from
the ground state, but recombinations from higher states are also observable,
when state filling occurs as the average number of optically injected carriers
are increased. This gives information concerning the energy levels of the QD
as well as the many-carrier correlations in the QD. Optical measurements are
advantageous here, as experiments such as transport measurements fill only
the ground states.

In most QD growth methods, many QDs are grown at once, and these
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QDs have a size distribution, due mainly to the thermal fluctuations during
QD crystal growth. Thus, an ensemble of QDs with a size distribution has
a PL spectrum broadened by the overlap of very sharp PL lines which are
slightly shifted in energy. Single QD PL is necessary in order to attribute
the various PL lines in the PL spectrum to recombination emissions from
confined carrier energy levels, as well as the confined carrier correlation ener-
gies. Thus, the ability to observe single QD PL spectra is highly important.
The two most common methods of achieving single QD PL spectra are the
reduction of the density of the QDs, and the reduction of the number of
excited/observed QDs by the introduction of diffraction-limited microscopy.
In this study, both methods are adopted, and the best trade-off between
high spectral resolution-single QD PL spectroscopy and high signal-to-noise
ratio is pursued by combining various methods of microscopy with ultra-low
density QD samples. Broad-band single QD spectra are obtained in this way.

1.3 Outline of this thesis

This thesis is organized as follows.

1.3.1 Quantum dot growth and sample evaluation

In chapter 2, an introduction of QD growth by molecular beam epitaxy will
be given. This will be followed by a short historical overview of droplet
epitaxy[10]. QDs made by droplet epitaxy have no dislocations nor wetting
layer, and are considered to be the ideal QD embedded in a crystal matrix.
Due to the hierarchical growth method employed, it is possible to grow unique
QD systems such as lattice-matched GaAs/AlGaAs QDs. Not only do these
GaAs/AlGaAs QDs emit at the important 600nm range for plastic fibers,
they also form pyramidal QDs without any strain, making the analysis of
the QD energy levels much simpler.

Low density GaAs QD growth by modified droplet epitaxy[11] will be
explained and the low density samples grown for this study will be evaluated.
These low density samples will be used in later chapters to show that, for
the first time, broadband PL spectra of single GaAs/AlGaAs QDs made by
modified droplet epitaxy have been observed and analyzed.

InGaAs/GaAs QDs grown by heterogeneous droplet epitaxy will also be
explained[12]. These QDs also have no wetting layer, and have a barrier that
is transparent to the QD PL line, making these QDs an appropriate sample
for resonant Raman spectroscopic studies.
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1.3.2 Resonant Raman spectroscopy of InGaAs QDs

In chapter 3, InGaAs/GaAs QDs samples made by heterogeneous droplet epi-
taxy and annealed at different temperatures are studied by resonant Raman
spectroscopy in order to study the effects of QD/barrier interface interdiffu-
sion on the deformation potential interactions and Frölich interactions.

1.3.3 Pressure dependence of GaAs QD PL

In chapter 4, PL from high density GaAs/AlGaAs QDs samples made by
modified droplet epitaxy are studied under high hydrostatic pressure to de-
termine the band offset and, consequently, the QD/barrier band lineups. The
results are compared to effective mass approximation calculations.

1.3.4 Single GaAs QD micro-PL spectroscopy

In chapter 5, single GaAs/AlGaAs QDs from ultra-low density samples are
studied to determine what single QD emission lines have in relation to their
energy levels as well as the carrier correlation energies.

Initially, a mask combined with diffraction-limited microscopy (micro-PL
method) is used to verify the spectral characteristics of single QD spectra.
These characteristics are compared to those of QD spectra taken using the
micro-PL method without a mask. It is found from similarities of the charac-
teristics of these two spectra that single QD spectra can be observed without
a mask due to the ultra low density of the sample. Thus, no mask is used
in order to obtain single QD spectra with high spectral resolution and high
signal-to-noise ratio.

From the excitation intensity dependence of the single QD spectra, the
energy levels of a GaAs QD are determined. Using the band offset deter-
mined in chapter 4, the same effective mass approximation calculations are
computed to determine the correct energy level spacings of this sample, which
can be attributed to the various spectral peak spacings in single QD spectra.

From the excitation intensity dependence of the single QD spectra, many-
carrier correlations in a QD are also determined, and a clear QD size depen-
dence in these correlations will be shown.

1.3.5 Quantum wire(QWR)-like GaAs QDs

Using the same micro-PL setup as used in chapter 5, highly anisotropically
shaped QD are studied in chapter 6, and their many-carrier correlations
are studied. The shape of the confinement potential is similar to that of a
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quantum wire (QWR). The self-energy of localized one dimensional excitons
is renormalized at increasing excitation density, and this is observed from the
excitation intensity dependence of the single QWR-like QD’s PL spectrum.
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Chapter 2

QD growth and sample
evaluation

2.1 Introduction

Among the many ways of epitaxially growing semiconductor crystals, molec-
ular beam epitaxy (MBE) has been in the forefront of novel nanometric
structures research due to MBE’s high growth controllability. A variety of
methods have been proposed for QD growth using MBE. Of these, modified
droplet epitaxy and heterogeneous droplet epitaxy are two novel methods
which overcome many of the issues facing conventional QD growth methods.

In this study, GaAs/AlGaAs QDs are prepared by modified droplet epi-
taxy. QDs made by this method have no strain and wetting layer, whereas
these characteristics are mostly unavoidable when making QDs by the con-
ventional Stranski-Krastanov growth mode. The details of these differences
will be explained later. GaAs/AlGaAs QD samples with low density are pre-
pared to make possible for the first time broadband single QD spectroscopy
of GaAs/AlGaAs QDs made by modified droplet epitaxy. Two such low
density samples with different barrier bandgaps are also prepared.

InGaAs/GaAs QDs prepared by heterogeneous droplet epitaxy[1, 2, 3, 4]
are also used. QDs made by this method are strained, but have no wetting
layer. The details of this growth method will be explained later in this
chapter. InGaAs/GaAs QDs grown with different post-growth annealing
temperatures are used.

20
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2.2 QD growth by MBE

2.2.1 MBE

MBE is a vacuum evaporation method for epitaxial crystal growth, the most
important characteristic being the high vacuum achieved inside the growth
chamber of the MBE system. An ultra-high vacuum on the order of 10−10Torr
can be achieved using a combination of turbo molecular pumps, liquid ni-
trogen (LN2) shrouds, and other ultra-high vacuum pumps. This allows the
elemental sources, which are individually heated and evaporated inside a spe-
cialized heating oven known as a Knudsen cell (K-cell), to travel as atomic or
molecular beams toward the growth substrate unperturbed. Another impor-
tant characteristic of the MBE system is the ability to do in-situ monitoring
of the growth surface by various methods which require a high vacuum, such
as reflection high energy electron diffraction (RHEED). These characteristics
make possible the epitaxial growth of high quality crystals by controlling the
supplied amount and flux of the crystal’s constituent elemental materials, as
well as the growth substrate temperature. A schematic representation of the
MBE system is shown in figure 2.1.

The MBE system used for sample growth is a Riber-32P MBE system
with solid elemental sources and an EPI (Veeco)-valved As cracking source,
which enables the rapid irradiation of a high As4 flux.
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Figure 2.1: Schematic representation of an MBE system
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Figure 2.2: Schematic representation of an RHEED setup

2.2.2 RHEED and surface reconstruction

In an RHEED setup, an electron beam is directed so as to skim the sample
surface at a very low angle of 1∼2◦, resulting in the diffraction of the elec-
trons by the surface atoms, as shown in figure 2.2. By studying the diffraction
patterns of the electrons on a fluorescent screen, the growth surface recon-
struction can be studied in real time.

An RHEED pattern is constructed from the points where the Ewald
sphere coincide with the reciprocal lattice points of the surface atoms, as
shown in figure 2.3. The radius of the Ewald sphere is defined as |k 0|(= |k 1|);
diffraction occurs when Laue’s equation (equation 2.1) is satisfied.

k 1 − k 0 = r ∗ (2.1)

Here, k 0 and k 1 are the wave vectors of the incident and diffracted electron
beams, respectively, and r∗ is the reciprocal lattice vector of the crystal.

Diffraction patterns differ depending on the direction of the incident elec-
tron beam relative to the surface crystal axis. This is due to the fact that the
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Figure 2.3: RHEED diffraction conditions
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difference in the periodicity of the reconstruction of the surface atoms leads
to the difference in the diffracted electron patterns. In the case of growth on
a GaAs (001) surface, the 〈010〉, 〈110〉, and

〈
110

〉
crystal axis directions are

the incident beam directions which give important information concerning
the surface reconstruction. In this case, the surface reconstruction depends
on the surface coverage of As (θAs). As will become important later, the
periodicity of the surface is related to whether the surface is As-stabilized
((2×4), c(4×4) surface) or Ga-stabilized ((4×1), (4×2) surface). These peri-
odic structures are two-dimensional, so the reciprocal lattice take the form of
rods perpendicular to the surface; thus the RHEED patterns are streak-like.
As the surface becomes roughened, the effects of three-dimensional islands on
the electron beam becomes prominent, changing the RHEED pattern from a
streak-like pattern to a spotty pattern.

The oscillatory behavior of the RHEED pattern intensity has been shown
to be directly related to the single molecular layer surface growth; i.e., as
the two-dimensional islands form, combine to recreate a new, flat surface,
and two-dimensional islands begin to form again, the RHEED pattern inten-
sity changes periodically in time. By monitoring this periodicity during the
growth of a surface, it is possible to control the amount of material that is
supplied to the surface (surface coverage) as well as the growth rate[5].

2.2.3 Mixed crystal growth

III-V mixed crystals can be grown using MBE by supplying different group
III elemental materials during growth. The composition x depends on the
growth rate ratio of the different group III materials. In the case of the mixed
crystal AIII

x BIII
1−xC

V , the composition x is given as

x =
GRA

GRA + GRB

(2.2)

where GRA and GRB are the growth rates of material AIIICV and BIIICV ,
respectively. Mixed crystals can also be achieved by first supplying the dif-
ferent group III elemental materials to form metal alloy droplets, and sub-
sequently crystallizing these alloy droplets. This method will be explained
later in this chapter.

2.2.4 Interdiffusion

Mixed crystal growth can also occur at the QD heterojunctions and is caused
by the interdiffusion of group III elemental materials due to annealing. In
the case of the interface between the mixed crystal AIII

x BIII
1−xC

V surface and
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BIIICV surface, a diffusion profile for the concentration of material AIII

exists at the interface.
Interdiffusion at the QD-barrier interface is studied using the method

employed by Sanguinetti, et. al.[6], in which, in the case of GaAs/AlGaAs
QDs, the pyramidal QD shape is approximated by a cone shape, and the
diffusion of material AIII is considered to be isotropic; the cone is split into
discs which diffuse two-dimensionally in the lateral direction, as well as in
the longitudinal direction of the cone, as shown in figure 2.4.

Figure 2.4: Direction of diffusion in a disc, and the approximation of a cone-
shape by numerous discs

The diffusion in the longitudinal direction is set by connecting the surface
composition between discs. The expression for diffusion of a disc in the lateral
direction is expressed by the diffusion of the material AIII , the diffusion
constant being independent of composition. The composition of the material
AIII at a distance |�r| from a point source in an infinite volume is expressed
using D as the diffusion constant, and t as time[7]. If we set

√
Dt = l(T )

as the annealing-temperature dependent interdiffusion length at the mixed
crystal interface, the following equation holds;
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x(�r) =
1

8(πl2(T ))
3
2

∫
x0(�r1)exp(−(|�r − �r1|)2

4l2(T )
)d�r1. (2.3)

Here, the initial distribution of material AIII is x0(�r). The interdiffusion
length l(T ) will be used as a parameter in the calculations of the QD energy
levels later in this dissertation.

An example of a diffusion profile at the interface in the case of l=2.5nm
is shown in figure 2.5. Here, the plotted numerical values (c) represent the
spatial dependence of the concentration of material AIII in the QD material.
When the value of c is 1, the concentration of material AIII is 0, and when
c is 0 the concentration of material AIII is 0.3. Any intermediate value of c
between 0 and 1 can be connected to the the concentration of material AIII

in that position through the formula (1 − c) × 0.3.
The shape of the QD before annealing is that of a cone with a base di-

ameter of 20nm and a height of 16nm. The initially triangular concentration
profile is rounded at the corners, and an overall size reduction is seen after
interdiffusion. The resulting change in shape from a pyramidal shape to a
nearly-spherical shape is in agreement with HRSEM images of cross sections
of buried and annealed GaAs/AlGaAs QDs after stain etching[8].
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Figure 2.5: An example of a diffused concentration profile
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2.2.5 Epitaxial crystal growth modes

The three typical epitaxial crystal growth modes are shown in figure 2.6.

substrate

three-dimensional islands

Stranski-KrastanovFrank-van der Merwe
mode mode

(a) (b)

epitaxial layer

Volmer-Weber

(c)
mode

Figure 2.6: Epitaxial crystal growth modes

In Frank-van der Merwe (FM) mode, two dimensional nuclei form on the
surface, which grow and join together to cover the entire surface. This pro-
cess is repeated to grow one atomic layer of material at a time. In Stranski-
Krastanov (SK) mode, two dimensional nuclei form into a two dimensional
layer, which, upon reaching a critical thickness, form three dimensional is-
lands on top of the two dimensional layer. In Volmer-Weber (VW) mode,
three dimensional islands form upon the initiation of growth[9].

The actual growth modes are determined by the balance between the
substrate-epitaxial layer strain energy due to lattice mismatch, the surface
energies of the substrate and epitaxial layer, and the surface energy of the
heterointerface. Generally, the stability of a growth mode is argued in terms
of a droplet model[10]. As seen in figure 2.7, when a droplet with an angle t
is formed stably on top of a substrate, Young’s equation is satisfied:

EAcos(t) + EAB = EB (2.4)
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Here, EA is the surface energy of the droplet, EB is the surface energy
of the substrate, and EAB is the interface energy. When 0 < θ < 180◦,
EB < EAcos(t)+EAB, and the droplet is stable. This condition corresponds
to the VW growth mode. Furthermore, by calculating the free energy of

substrate

droplet

EA

EB EABt

Figure 2.7: Droplet model of the growth modes

the FM, SK, and VW structure for the coverage of the epitaxial layer, one
can determine which growth mode has the smallest free energy, and is thus
stabler.

The three dimensional islands which form in SK and VW QD growth
mode can be epitaxially covered by a different material of wider bandgap
(barrier material) to realize quantum confinement of carriers into the islands,
which can be considered as QDs. Conventional methods of QD growth rely
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mostly on the SK growth mode; however, the existence of a wetting layer
(two dimensional layer), which connect the dots, as well as the existence of
strain, which affect the energy levels of the QD, are issues which accompany
this growth mode.

2.3 Droplet epitaxy

Droplet epitaxy is an hierarchical epitaxial growth mode whereupon the for-
mation of group III metallic droplets are followed by their crystallization by a
group V material, in the case of III-V compound crystals. The growth process
of such a mode can be described by a vapor-liquid-solid (VLS) mechanism[11].
In the VLS mechanism, an “impurity” forms a liquid alloy droplet of rela-
tively low freezing temperature. For VLS growth of compound crystals such
as GaAs, an excess of one of the component materials can act as a liquid-
forming “impurity.” Initially a method for growing crystal whiskers, the
growth can be stopped at the early stages to form QDs by the crystallization
of nanometric droplets.

2.4 Modified droplet epitaxy

In the case of GaAs QD growth by droplet epitaxy, Ga is supplied on to a low
temperature, As-terminated GaAs (001) surface. Upon supplying more Ga
than the As coverage, a GaAs monolayer forms, and the excess Ga adatoms
converge and form into droplets. However, after supplying As4, the two
dimensional growth of GaAs occurs as Ga adatoms migrate from the droplets
over the newly formed As-terminated surface, and the three dimensional
growth of GaAs is suppressed.

In terms of growth modes, the SK mode-like growth occurs upon sup-
plying Ga, and an FM mode-like growth occurs upon supplying As4 to
this surface. As stated earlier, a VW mode-like growth of GaAs epitaxial
nanocrystals can be achieved by lowering the surface energy of the substrate
relative to the droplet surface energy and interface energy. In order to form
three dimensional islands by crystallizing the Ga droplets, the lowering of the
surface energy by sulfur-termination of the droplet formation surface (the As-
terminated surface) was initially used. Although pyramidal GaAs QDs with
a base size of 25nm×43nm were seen to form with clear {111} facets, the
PL from the QDs could not be seen[12, 13, 14]. Thus, it was proposed to
increase the As4 flux irradiation used to crystallized the Ga droplets, as re-
ported by Watanabe, et. al.[15], in order for the As atoms to be incorporated



CHAPTER 2. QD GROWTH AND SAMPLE EVALUATION 32

directly into the Ga droplet from the vapor phase and to rapidly react with
the Ga droplet. The two dimensional growth was restrained due to the in-
creased consumption of Ga atoms in the droplet. This method was termed
modified droplet epitaxy (MDE). This method made possible the growth of
pyramidal nanostructures with strong carrier confinement in three dimen-
sions, which was reflected in its PL spectrum, as well as the formation of
QDs without strain or a wetting layer. No strain exists because of the nearly
lattice-matched heterojunction. Further improvement in the PL spectrum,
in terms of intensity, was observed by including a post-annealing process[8].
This process had the effect of interdiffusion at the QD interface, the de-
tails of which are written earlier in this chapter, and has been confirmed by
high-resolution scanning electron microscopy (HRSEM) images of the cross
sections of buried QDs after stain etching[8].

2.4.1 Growth of low density GaAs QDs by MDE

In single QD PL, a low density QD sample is desired, in order to reduce the
number of QDs in the PL excitation area. The density desired is to the order
of 108cm−2. This goes against the general trend to achieve higher density
QDs, and reported densities of GaAs QDs made by MDE are to the order
of 1010cm−2[8]. Thus, QD growth conditions which differ from these higher
density samples must be determined. In MDE, the density of the droplets
are almost equal to the QD density, so it is safe to say that the desired QD
density can be achieved by controlling the density of the droplets.

Three droplet formation parameters were taken into account in determin-
ing the best conditions for achieving low density GaAs QDs. These were the
substrate temperature, the Ga flux, and the Ga supply. Watanabe, et. al.
used the following droplet formation parameters: a substrate temperature of
180◦C, a Ga flux of 0.5 monolayer(MLs)/s, and a Ga supply of 2.75ML or
4.75ML (both Ga supplies achieved almost the same density of 1010cm−2)[8].
These values were used as a starting point in order to determine the low
density droplet formation parameters.

Substrate temperature

Generally, a high substrate temperature achieves a lower density due the en-
hanced surface diffusion of the Ga adatoms, thus promoting the convergence
of Ga adatoms instead of nucleation at various sites. Thus, a high droplet
formation temperature of 330◦C was chosen; a higher temperature would re-
sult in the re-evaporation of the surface As atoms, resulting in a roughening
of the otherwise atomically smooth surface.
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Ga flux

The Ga droplet density for different Ga flux is shown in figure 2.8 (the line is
a guide to the eye). The substrate temperature is 330◦C, and the Ga supply
is 1.75ML. This Ga supply was chosen as a preliminary value greater than
the As coverage at 330◦C, in order to ensure the formation of droplets.
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Figure 2.8: Ga droplet density for different Ga fluxes

The density decreases with flux; this result is in agreement with the pre-
dicted trend[12], and can be understood in the following way: The Ga atoms
which reach the substrate surface are considered not to re-evaporate, and are
all used to form the Ga-terminated surface and the Ga droplets. After the
creation of a Ga-terminated surface, the time required for Ga adatoms to col-
lide into each other while diffusing on the surface is τc, and is the determining
factor in the formation and growth of a nucleus. From a kinetic analysis of
nucleus formation and growth[12], the number of adatoms which an adatom
collides into in a unit time can be expressed by the surface diffusion constant
of the adatom D and the density of adatoms N1 as
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τc = 1/DN1. (2.5)

When the flux, or the intensity of atoms impinging on the surface in a unit
area for a unit time is J , and the critical number of adatoms needed to form
a droplet is considered to be one, the dissociation of dimers do not occur,
and stable nuclei larger than a dimer can be ignored. The temporal change
of N1 for t ≤ τc can be expressed as

dN1/dt = J − DN2
1 . (2.6)

At equilibrium, N1 can be expressed as

N1 =
√

J/D. (2.7)

After time τc, stable nuclei form due to the collision of adatoms, the number
of such nuclei being NS = (N1/τc) · τc = N1. The average distance between
nuclei, λ, can then be expressed as

λ2 = 1/NS =
√

D/J. (2.8)

Thus, the density of droplets, or λ−2, should decrease with the Ga flux J .
It is interesting to note that, upon reaching equilibrium, new nuclei do not
form, and the rest of the impinging Ga atoms are consumed by the existing
nuclei.

Due to issues concerning the reproducibility of a flux as low as 0.01ML/s,
a higher flux of 0.05ML/s was chosen.

Ga supply

The Ga supply was lowered as much as possible in order to reduce the amount
of Ga adatoms which can converge into droplets. Figure 2.9 shows the droplet
density and size for different Ga supplies. The substrate temperature is 330◦C
and the Ga supply rate is 0.05ML/s.

Droplet formation can be confirmed for a Ga supply greater than 1ML.
This is in general agreement with the As coverage at 330◦C for a c(4×4)α
surface, which is reported to be 1ML[16, 17]. Thus, a Ga supply of 1ML was
chosen.

2.4.2 Growth of low density GaAs QDs

Using the above conditions for droplet formation (a substrate temperature
of 330◦C, a Ga flux of 0.05ML/s, and a Ga supply of 1ML), a low density
GaAs QD sample was grown using the following procedure.
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Figure 2.9: Ga droplet density and size for different Ga supplies
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After native oxide desorption, a 300 nm-thick GaAs buffer layer and a
500 nm-thick AlGaAs barrier are grown on a GaAs (001) wafer at 580◦C. The
substrate temperature is then reduced to 330◦C. The As supply is stopped,
and a Ga supply of 1ML is irradiated with a Ga flux equivalent to a GaAs
growth rate of 0.05 ML/s. The substrate temperature is lowered to 150◦C,
and these droplets are crystallized by the irradiation of a high As4 flux. The
substrate temperature is raised to 200◦C, and a 10 nm-thick AlGaAs barrier
layer is grown over the QDs using migration enhanced epitaxy (MEE) to
avoid the two-dimensional regrowth of the QDs. The temperature is raised
to 580◦C, and a 90 nm-thick AlGaAs barrier and a 10 nm-thick GaAs capping
layer are grown by standard MBE. The sample is consecutively annealed at
680◦C for one hour. A schematic representation of the sample is shown in
figure 2.10. No wetting layer exists, because any existing GaAs monolayer
washes out during the annealing process, as calculated by Sanguinetti, et.
al.[6].

GaAs QDs

GaAs(10nm)

GaAs substrate

GaAs(300nm)

Al0.3Ga0.7As(500nm)

Al0.3Ga0.7As(100nm)

Figure 2.10: Schematic representation of the GaAs QD sample
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2.4.3 Low density GaAs QD sample evaluation

A sample without a capping layer, i.e. a sample in which the growth process
is stopped after Ga droplet crystallization, is studied to evaluate the sample.

RHEED pattern evaluation

The RHEED patterns during the droplet formation and crystallization pro-
cesses are studied to understand the surface reconstruction during these
growth processes. The RHEED patterns are shown in figure 2.11. After

Figure 2.11: RHEED patterns during growth of low density GaAs QDs

supplying 1 ML of Ga, the surface changes from an As-rich c(4×4)α sur-
face to that of a mostly Ga-terminated (4×1) surface with very weak 4×
lines. The supplied Ga corresponds to the As coverage of the As-stabilized
GaAs (001) c(4×4)α surface. Thus, most of the Ga adatoms contribute to
the formation of a Ga-terminated surface, leaving a relatively low number of
Ga adatoms to nucleate and be consumed into the nuclei to form droplets.
A change from a streaky pattern to that of a spotty pattern is seen after
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crystallization of the droplets, suggesting the formation of three dimensional
islands, and weak {111} facet patterns from the pyramidal QDs are seen.

SEM image evaluation

An SEM image of the sample is shown in figures 2.12 and 2.13. From these

Figure 2.12: SEM image of a low density QD sample without a capping layer

figures it can be determined that the sample has an average QD base size of
40nm and a density of 7×108cm−2.
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Figure 2.13: SEM image of a low density QD sample without a capping layer
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Atomic force microscopy image evaluation

The atomic force microscopy (AFM) three dimensional and cross sectional
images of the sample are shown in figures 2.14 and 2.15, and show that the
QDs are of a pyramidal shape.

Figure 2.14: AFM image of a low density QD sample without a capping layer
(1µm×1µm)

Figure 2.15: AFM image of a low density QD sample without a capping layer
(1µm×1µm)

A distinct characteristic of this sample, one which is of crucial importance
in single QD spectroscopy, is that a bimodal growth can be seen. There is a
distinct QD size difference in the cross sectional image of the QD in figures
2.14 and 2.15. The QD in figure 2.14 is 40nm high, whereas the QD in figure
2.15 is 20nm high. There is also a distinct difference in the lateral size of the
two QDs. The QD density of this sample is 7×108cm−2. When one counts the
larger and smaller QDs separately, however, the larger QDs have a density of
4×108cm−2, whereas the smaller QDs have a density of 3×108cm−2. If one
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considers the confinement energy to be almost negligible for the larger QDs,
and the confinement energy to be much higher for the smaller QDs, then the
“confining” QD density is much smaller than the actual QD density. Thus,
it can be said that this QD sample with a density of 7×108cm−2 in fact has
a lower density when considering the carrier confinement capability of the
QD. This is a welcome fact in terms of single QD PL measurements.

Another characteristic of this sample is that the QDs tend to be elongated
in one direction. It has been reported[12] that QDs tend to grow in the 〈110〉
direction and the QDs tend to be elongated in this direction. This is due to
the fact that the {111}A facet tends to appear more clearly than the {111}B
facet, due to the difference in the As supply rate inside the Ga droplet for
different crystal axis directions.

2.4.4 GaAs QDs samples with different AlGaAs com-

positions

Low density samples with different AlGaAs compositions are prepared. Two
samples with AlGaAs PL peaks at 1.885ev and 2.102eV at 4K have been
made. The corresponding Al concentrations are x=0.256 and x=0.405, re-
spectively. The energy separation between Γ-, X-, and L- conduction band
minima and the top of the valence band versus Al composition is shown in
figure 2.16. As can be seen from this figure, both samples’ AlGaAs barriers
are in the direct bandgap regime.
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Figure 2.16: Energy separation between Γ-, X-, and L- conduction band
minima and the top of the valence band versus composition[18]
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2.5 Heterogeneous droplet epitaxy

InGaAs/GaAs QD samples prepared by heterogeneous droplet epitaxy (HDE)
are grown by MBE on a GaAs(001) substrate with a 500nm thick GaAs
buffer layer. 1.75ML of Ga (for covering the As-terminated surface with Ga
to prevent SK mode growth), 2.5ML of In, and 50ML of Ga are supplied to
this layer to form In and Ga droplets which are crystallized by an As flux,
thus forming the InGaAs-QD/GaAs-barrier layer. The formation of InGaAs
QDs occurs at this surface due to the incorporation of Ga atoms into the
In droplets, as well as the surface-migration restriction effect of the highly
dense Ga droplets. The structure is annealed at various temperatures and
overgrown with an 100nm thick GaAs capping layer.

The size of the QDs in the lateral direction is estimated to be around
10nm, and the size of the QDs in the vertical direction is estimated to be
around 3.7nm[19]. From cross-sectional TEM images, the shape of the QD
is that of a concave disk, and no wetting layer is observed[2]. It is also
found that the InGaAs QDs are strongly strained due to the compression by
the GaAs capping layer[20]. The bright-field plan-view TEM image of the
uncapped sample after the crystallization and the annealing process is shown
in figure 2.17. The strong contrast originates from the InGaAs QDs’ strain
field. The QD density determined from this image is 7×109cm−2.

From a comparison of the PL spectra of the InGaAs QDs before and after
annealing without the capping layer, only the annealed sample showed PL
spectra originating from the QDs. Thus, the annealing process is necessary
for the formation of high-quality QDs. The annealing process also results
in the enhancement of In segregation due to the phase separation of InAs-
GaAs. Samples made with different annealing temperatures are used in this
thesis[21]. The annealing temperatures are 325, 400, 450, and 605◦C.
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Figure 2.17: Plan-view TEM image of InGaAs QDs after the crystallization
and annealing process[1]
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Chapter 3

Resonant Raman spectroscopy
of InGaAs QDs

3.1 Introduction

Semiconductor QDs have an unusually large surface-to-volume ratio. As
a result, their electronic properties are strongly influenced by the interface
between the QD and the matrix in which they are embedded[1]. It is possible
to modify this interface by interdiffusion due to the annealing process, as
discussed in chapter 2, and thus alter the QD shape and the QD’s interaction
of the QD-confined excitons with its surroundings. Reported experimental
studies suggest that the surface of QDs plays a potentially crucial role in
their electronic and optical properties[2]. The polar bond of the material
under study leads to the interaction of the LO mode phonon with charge
distributions within the crystallite through the Frölich interaction, giving
rise to enhanced exciton-LO phonon coupling[3, 4].

In this study, resonant Raman spectroscopy is employed as a method for
studying exciton-phonon interactions in QDs. InGaAs/GaAs QDs made by
HDE are used, as this QD system has a barrier that is transparent to the
QD PL line. Furthermore, QDs made by HDE have no wetting layer, and
the QD/barrier interface is well defined. Thus, InGaAs/GaAs QDs made
by HDE are a practical choice for this investigation. The InGaAs/GaAs QD
samples are annealed at different temperatures, and the effects of QD/barrier
interface modification on the exciton-phonon coupling in QDs is observed by
resonant Raman spectroscopy.
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3.2 Experimental setup

The experimental setup for resonant Raman spectroscopy is shown in figure
3.1. The excitation laser is a Coherent INNOVA300 Ar+ laser-pumped Spec-
tra Physics 3900S Ti:sapphire cw laser capable of tuning the laser line from
840 to 1000nm. The laser is focused into a multimode fiber, and the output
beam is focused on the sample. The sample is cooled to 5K using a Janis
cryostat. The scattered Raman line is collected, collimated, and focused
onto the entrance slit of the monochromator. The Raman line is dispersed
by a SPEX 1401 750mm double monochromator. The signal is picked up
by a Perkin Elmer Optoelectronics SPCM-AQR series single-photon count-
ing module with a silicon avalanche photo diode, and is photon counted
by a Stanford Research System SR400 two-channel gated photon counter.
The signal from the photon counter is sent to a PC, which also controls the
monochromator grating via a NF Wavefactory WF1943A 1ch multifunction
synthesizer, which is used here as a pulse generator.
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Figure 3.1: Experimental setup for resonant Raman spectroscopy
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3.3 Results

3.3.1 PL

As explained in chapter 2, four InGaAs/GaAs QDs samples made by HDE are
annealed at 325, 400, 450, and 605◦C, and are used for this experiment. The
samples will be denoted as sample 2 for the sample annealed at 325◦C, sample
4 for the sample annealed at 400◦C, sample 5 for the sample annealed at
450◦C, and sample 8 for the sample annealed at 605◦C. The PL of these QDs
at 4K are shown in figure 3.2, along with their relative PL peak intensities
in figure 3.3. These data are shown to explain why no resonant Raman
signal was attainable from samples 4 and 8; due to their relatively weak PL
intensities, their weak Raman signal could not be obtained.

900 920 940 960 980 1000 1020 1040

0

20000

40000

60000

80000

100000

 

 

In
te

n
si

ty
 [

a.
u

.]

Wavelength [nm]

 sample2  325 oC

 sample4  400 oC

 sample5  450 oC

 sample8  605 oC

Figure 3.2: PL of InGaAs QD samples taken at 4K

Thus, all resonant Raman spectroscopy data were acquired from samples
2 and 5, indicated by the circled data points in figure 3.3.
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Figure 3.3: Relative PL peak intensities of InGaAs QD samples
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3.3.2 Resonant Raman spectra of samples with differ-

ent annealing temperatures

The resonant Raman spectra of samples 2 and 5 are shown in figure 3.4.
Sample 2 was resonantly excited with a wavelength of 970nm at 70mW, and
sample 5 was resonantly excited with a wavelength of 950nm at 80mW.
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Figure 3.4: Resonant Raman spectra of samples 2 and 5

Both LOGaAs and TOGaAs-like Raman lines can be seen from samples 2
and 5, although the signals are much weaker in sample 2. The observation
of TO lines indicate the existence of deformation potential interactions, and
the observation of LO lines indicate the existence of Frölich interactions.

In sample 5, exciton coupling to lattice vibrations is increased due to the
TO mode interacting with the confined carriers via the internal strain (i.e.
the deformation potential); coupling to lattice vibrations is also increase due
to the LO mode interacting with charge distributions within the crystallite
through the Frölich interaction. In sample 2, these couplings are less pro-
nounced. This is in agreement with the fact that, in sample 2, In segregation
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in the QD is more enhanced, whereas in sample 5, InAs and GaAs intermix-
ing is enhanced[5]. Intermixing increases the polar bonds in the QD material.
Furthermore, the local strain energy is reduced by intermixing. Sample 5 will
be studied in detail to investigate the two types of exciton-phonon interac-
tions at work.

3.3.3 Deformation potential interactions

The resonant and non-resonant Raman spectra of sample 5 are shown in
figure 3.5, which confirm that the observations of the phonon lines are due
to the phonon interactions with the InGaAs QD-confined excitons, and not
due to the non-resonant Raman scattering of the bulk GaAs. The non-
resonant Raman spectrum was taken with an excitation wavelength of 990nm
at 65mW.
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Figure 3.5: Resonant and non-resonant Raman spectra of sample 5

As can be clearly seen, both the TO and LO lines are enhanced when the
excitation laser is in resonance with the QD, and are weak when the excitation
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laser is not in resonance with the QD. This trend is also observed when the
laser line is closer to the bandgap of the bulk GaAs, where, theoretically,
the non-resonant Raman lines of the bulk GaAs should be enhanced. The
conclusion here is that the Raman spectra from the bulk is relatively weak,
and that the TO and LO lines are enhanced only when the laser line is in
resonance with the QD band. It should be noted that the TO line is especially
enhance in the resonant Raman spectrum, indicating that the deformation
potential interaction plays an important role.

3.3.4 Frölich interactions

In the case of Frölich interaction within the InGaAs QD, the only relevant
phonon modes are the LO and the surface (SO) modes. So far, only the LO
modes have been identified; a closer examination shows that the SO modes
are also present in the resonant Raman spectrum of sample 5. Figure 3.6
shows the resonant Raman spectrum of sample 5, and it can be seen from
the Lorentzian peak fits that the spectrum consists of three peaks.

Figure 3.6: Resonant Raman spectra of sample 5
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The SO modes can be calculated using the dielectric continuum approach[6,
7, 8]. Here, a system consisting of a single QD with dielectric function ε1(ω)
embedded in a second material with dielectric function ε2(ω) is considered.
Each dielectric function is frequency dependent and is assumed to be isotropic
and independent of wave vector �k. Each material is taken to be characterized
by dispersionless LO and TO modes, and the dielectric functions are taken
to be

εi(ω) = ε∞,i

ω2
LO,i − ω2

ω2
TO,i − ω2

, i = 1, 2, (3.1)

where ε∞,i is the high-frequency relative dielectric constant of each material,
and ωLO,i and ωTO,i are the wavenumbers of the LO and TO phonons in
each material. No net charge resides within either material, so within each
material,

�∇ · �D = �∇ ·
[
εi(ω) �E

]
= εi(ω)�∇ · �E (3.2)

where �D is the displacement field, and �E is the electric field. This gives

εi(ω)�∇ · �E = 0 (3.3)

in each material. From equation 3.1, it can be seen that the condition εi(ω) =
0 describes a bulk LO mode confined in material i with frequency ωLO,i and
that εi(ω) = ∞ gives a bulk TO mode confined in material i. To calculate
the SO modes, equation 3.1 must be solved for εi(ω) �= 0; thus,

�∇ · �D = �∇ · �E = 0. (3.4)

for each material. Ignoring retardation effects, �E can be derived from a scalar
potential Φ which satisfies Laplace’s equation

∇2Φ = 0. (3.5)

This partial-differential equation is associated with the standard electrostatic
boundary conditions imposed at the interface between the media, which are
the continuity of the tangential components of �E and the continuity of the
normal component of �D. The condition that �E vanish far from the interface
specifies a surface mode. The SO modes can be calculated analytically for
spherically shaped QDs. For a sphere of radius R, Φ is expressed in spherical
coordinates (r, θ, φ) as
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Φ(r, θ, φ) = eimφP m
l (cosθ) × (r/R)l, r ≤ R

Φ(r, θ, φ) = eimφP m
l (cosθ) × (R/r)l+1, r ≥ R,

(3.6)

where the integers l(≥ 0) and m(|m| ≤ l) are SO mode quantum numbers,
and P m

l are associated Legendre polynomials of the first kind. From these
equations it can be seen that Φ satisfies Laplace’s equation everywhere except
at r = R, that Φ is everywhere continuous, and that Φ vanishes far from the
QD. The only discontinuity in ∇Φ occurs at r = R in the direction normal to
the dot interface. Continuity of the normal component of �D = ε(ω) �E across
the boundary gives the eigenfrequency condition

ε1(ωlm)

ε2(ωlm)
= −1 − 1

l
. (3.7)

By entering equation 3.1 into 3.7, one obtains the SO mode frequencies ωlm.
In oder to determine ωlm numerically, the following material values have

been used, where material 1 refers to In0.75Ga0.25As, and material 2 refers to
GaAs.

Table 3.1: Material parameters used for the ωlm calculations[9, 10]
material ωTO (cm−1) ωLO (cm−1) ε∞

1 (In0.75Ga0.25As) 230.6 279.2 11.3
2 (GaAs) 273.3 297.3 10.6

The calculated values for ωl=2 is 293.8 cm−1, and agrees well with the
peak value in figure 3.6, which is 291.8 cm−1. The 2 cm−1 difference is due
to the slightly ellipsoidal shape of of the InGaAs QD. Thus it can be said
that the peak at 291.8 cm−1in figure 3.6 corresponds to the SO mode.

3.4 Conclusions

The TO, LO, and SO phonon-exciton interactions are observed by resonant
Raman spectroscopy of InGaAs QDs made by HDE. The appearance of TO
lines indicate the existence of deformation potential interactions between the
QD confined exciton and the TO phonon, while the appearance of LO and SO
lines indicate the existence of Frölich interactions between the QD confined
exciton and the LO and SO phonons.

As intermixing at the QD-barrier interface is increased with increasing
annealing temperature, it can be seen that both Frölich and deformation
potential interactions are enhanced, judging from the intensities of these
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peaks in the resonant Raman spectra of samples with different annealing
temperatures. The effect of annealing is more prominently seen in the Frölich
interaction, as seen in figure 3.4. It can be seen that interdiffusion enhances
the exciton -LO phonon coupling in the QD.

The observation of SO phonon-exciton interactions suggest that the an-
nealed QDs are not perfect spheres because a radial charge distribution in
a spherical QD does not couple to surface modes[3]. This coupling between
the charge distribution and the surface modes is observed due to the lower
symmetry of the shape of the QD, and give rise to issues such as the non-
adiabaticity of the exciton-phonon systems[11]. The non-adiabaticity of the
exciton-phonon systems is known to play a crucial role in the phonon-assisted
optical transitions in a QD[12]. The issue of the change in QD shape sym-
metry due to annealing will be discussed in the following chapters.
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Chapter 4

Pressure dependence of GaAs
QD PL

4.1 Introduction

The QD PL pressure dependence is a powerful method for studying the
band crossover, and thus the band-edge discontinuity, of the GaAs/AlGaAs
QD heterojunction. This method utilizes the fact that the semiconductor
bandgap changes due to a reduction in the lattice constant caused by pressure
application. By measuring the pressure induced bandgap shift by PL, it is
possible to reconstruct the heterojunction band structure.

In the case of GaAs/AlGaAs QDs, both materials change from a direct
to indirect bandgap under sufficiently high pressure. The energy shift in this
case depends on each material’s energy band pressure coefficients, with the
GaAs and AlGaAs X band and Γ band shifting in opposite directions. At
a certain pressure, a band crossover can be observed. By calculating the
energy shift required until crossover occurs, the relative band lineups at the
heterojunction at ambient pressure are reconstructed.

A schematic representation of the X-Γ band crossover for GaAs/AlGaAs
QDs is shown in figure 4.1. The confinement changes from type I to type II at
crossover pressure. In type I confinement the electron and hole are confined
in the same layer, whereas in type II confinement the electron and holes are
confined in separate layers.

Furthermore, the heavy hole energy levels can be resolved after crossover
due to the type II recombination. The difference in the QD valence band
confinement levels are determined, and are used in effective mass calculations
with interdiffusion taken into account.
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Figure 4.1: A schematic representation of the X-Γ band crossover for
GaAs/AlGaAs QDs
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4.2 Experimental setup

The use of a diamond anvil cell as a pressure inducing mechanism is suitable
for measuring the band crossover due to the hardness of diamond and its
transparency at the wavelength range under study. In this experiment, a
Merril-Bassett diamond anvil cell is adopted as a pressure application mech-
anism, which is small enough to fit inside a glass cryostat. A schematic
representation of a Merril-Bassett diamond anvil cell is shown in figure 4.2.
The applied pressure is adjusted by directly pushing together two plates,
each with a diamond attached, via screws which connect the two plates. The
diamonds are attached to the plates using a epoxy-type adhesive, which will
insure their adhesion at low temperature. An inconel gasket with a 300µm
hole contains an 1:4 ethanol-methanol compound solution which serves as
the hydrostatic pressure transmitting medium; the sample is put into the
hole with the solution, and is sandwiched between the two diamonds’ flat
facets. This compound solution is known to be hydrostatic up to 200kbar
at room temperature, mostly nonaxial, and is often used in low temperature
measurements. Pressure adjustment is done hydrostatically at room temper-
ature. Due to the small sample space available, as well as the shrinkage of
the sample space upon pressure application, the sample must be mechanically
and chemically etched to a foil-like thickness.

The pressure is usually calibrated by monitoring the shift of the PL of
ruby chips encased in the Merril-Bassett diamond anvil cell along with the
sample. However, the ruby chips’ PL spectrum line coincides with that of
the GaAs QDs’; thus the bulk AlGaAs and GaAs PL spectral line shift is
used to calibrate the pressure.

The cell is directly immersed in liquid helium to obtain data at 4.2 K. A
frequency-doubled YAG cw laser (532 nm, 20 mW) is used as an excitation
light source and the PL spectra are observed using an Acton SpectraPro-300i
30cm spectrometer with a 600 g/mm grating and a liquid nitrogen-cooled
CCD detector, as shown is figure 4.3.

The sample under investigation is different from those made by the con-
ditions described in chapter 2. The sample contains GaAs QDs in a AlGaAs
barrier, and are made by MDE. The main differences between this sample
and the samples described in chapter 2 are the QD density and the barrier
material composition. In this experiment, a high density QD sample is de-
sired, in order to achieve higher PL signal intensity. Signal intensity is known
to decrease after crossover occurs and the carrier confinement becomes type
II. Thus, a sample with an average QD base size of 15nm and a density of
1.2×1010cm−2 is used. The PL of this sample at 3K has a QD PL peak cen-
tered at 1.721eV. The Al concentration x of the AlxGa1−xAs barrier layer is
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Figure 4.2: A schematic representation of a Merril-Basset diamond anvil cell
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determined to be x=0.31.

4.3 Results

The shift in the PL peak energies with pressure for bulk GaAs, AlGaAs, and
GaAs QDs are shown in figure 4.4. The dotted lines are linear fits to the
data. The solid lines are linear fits to the data with the exciton binding energy
considered. The split QD peak after crossover is expressed by the open and
closed squares. All peaks shift to higher energies, with the bulk GaAs and
GaAs QD peaks shifting back to lower energies, beyond a certain pressure,
where the Γ-X conduction band crossover is considered to occur. The AlGaAs
emission becomes too weak to detect after 7.8 kbar, reflecting a change to
an indirect recombination emission. This pressure is regarded as the band
crossover pressure for AlGaAs and the pressure coefficient is 12.2 meV/kbar.
This value is comparable to the reported pressure coefficient for Al0.3Ga0.7As,
which is 9.5 meV/kbar[1]. The energies of the bulk GaAs and GaAs QD peaks
deviate from a linear pressure dependence near the band crossover. This is
due to several effects, including the change in exciton binding energy at high
pressure and the direct/indirect recombination emission spectra overlap of
the inhomogeneously broadened QD PL peak.

The pressure dependence of the exciton binding energy for bulk GaAs is
given as dln(R/R′)/dP=0.0083(/kbar), where the bulk GaAs exciton binding
energy at ambient pressure is R′=4.2 meV[2, 3]. The exciton binding energy
for GaAs and GaAs QDs before and after the band crossover can be derived
using a hydrogenic model as given by

R =
e4µ

2h̄2ε2
. (4.1)

Here e is the electronic charge, h̄ is Plank’s constant over 2π, ε is the electric
permittivity and µ is the reduced mass given by

µ =
1

m∗
e

+
1

m∗
h

. (4.2)

Here, only the reduced mass of the electron m∗
e and heavy hole m∗

h is consid-
ered, because of the non-degeneracy of the valence band in the case of quan-
tum dots. Application of this model to QDs has been reported by Li[4]. ε and
µ are used as parameters to calculate the exciton binding energy. Assuming
the bulk GaAs crossover occurs at 30 kbar, and the GaAs QDs crossover oc-
curs at 20 kbar, the exciton binding energy is found to be 5.4 meV for bulk
GaAs before crossover, 18.3 meV for bulk GaAs after crossover, 5.3 meV for
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Figure 4.4: Pressure dependence of the QD PL spectrum
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GaAs QDs before crossover and 19.7 meV for GaAs QDs after crossover.
Taking these binding energies into account, the energy gap derived from the
emission spectra energy is shown as the solid lines in figure 4.4. From this,
the actual crossover pressure for bulk GaAs is found to be 30.0 kbar, and for
GaAs QDs, 18.3 kbar. The pressure coefficient is found to be 10.7 meV/kbar
for bulk GaAs and 9.4 meV/kbar for GaAs QDs. The bulk GaAs pressure
coefficient is in good agreement with the reported value of 10.6 meV[5]. Af-
ter the band crossover, the pressure coefficient of the AlGaAs X conduction
band is found to be -1.6 meV/kbar, which is also in good agreement with the
reported value of -1.7 meV/kbar[1].
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Figure 4.5: Pressure dependence of the QD PL spectrum FWHM (the line
is a guide to the eye)

Figure 4.5 shows the pressure dependence of the QD PL spectrum FWHM.
A drop in FWHM can be seen near the crossover pressure, accompanied by
a marked drop in emission intensity. The 10 % difference in the pressure
coefficient for bulk GaAs and GaAs QDs, as well as the drop in FWHM and
emission intensity can be explained by the size distribution of the QDs; the
smaller QDs at the higher energy side of the peak have a smaller pressure
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coefficient than the larger QDs, which have a pressure coefficient closer to
that of bulk GaAs. A similar structure dependence of pressure coefficient
has been reported for superlattices[6]. Near the crossover pressure, as more
GaAs QD Γ conduction bands and the AlGaAs X conduction band cross over
with pressure, the number of QDs contributing to the indirect recombination
emission increases. After the band crossover, the GaAs QD PL spectrum
FWHM changes from that of an inhomogeneously broadened peak to that of
the sharp excitonic spectrum of an AlGaAs X conduction band electron to
QD Γ valence band recombination. This type II recombination emission has
a long radiative lifetime, and consequently has a low luminescent efficiency.
This is supported by the results of time-resolved PL measurements taken
at 3 kbar and 20 kbar. At 3 kbar, an emission with a lifetime of 358 ps can
be observed, while at 20 kbar, the emission decay time exceeds the upper
limits of the streak camera. This is due to the weak emission intensity as
well as the long relaxation time of an indirect recombination emission. At
pressures higher than the GaAs QDs crossover, the GaAs QD peak splits
into two peaks with the same pressure constant. The energy separation be-
tween these two peaks is 24 meV. This is considered to be the recombination
emission of AlGaAs electrons with a GaAs QD heavy-hole ground state and
the first excited state.

4.4 Conclusions

4.4.1 Determination of the QD band lineup

The band offset can be determined by the following model. When the mea-
sured photon energy is EPL(P), the exciton binding energy is Ebind(e-h), and
the bandgap is Eg(P), the observed PL is related to the bandgap by

EPL(P ) = Eg(P ) − Ebind(e − h). (4.3)

The total energy shift until crossover, ∆Eshift, can be determined experi-
mentally by the crossover pressure Pc as

∆Eshift =
dEcond

Γ

dP
× (Pc − 1) − dEcond

X

dP
× (Pc − 1), (4.4)

where Econd
Γ and Econd

X denote the conduction band energy at the Γ point and
X point of the Brillouin zone, respectively. Furthermore, when EQD

g (P ) is
the bandgap of the QD at pressure P , Ebarr

g (P ) is the bandgap of the barrier
at pressure P , ∆EC is the conduction band offset, ∆EV is the valence band
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offset, and ∆[Ebarr,cond(X − Γ)] is the energy difference between the barrier
conduction band at the X point and Γ point, the following relations hold.

Ebarr
g (P ) − EQD

g (P ) − ∆EC = ∆EV , (4.5)

∆[Ebarr,cond(X − Γ)] + ∆EV = ∆Eshift. (4.6)

From the experimentally determinable values Ebarr
g (P ), EQD

g (P ), Ebarr
g (Pc),

Ebarr
g (Pc), the energy shift until crossover (Pc), and ∆[Ebarr,cond(X −Γ)], the

valence band offset can be determined as

∆EV =
dEcond

Γ

dP
× (Pc − 1)− dEcond

X

dP
× (Pc − 1)−∆[Ebarr,cond(X −Γ)]. (4.7)

From equation 4.5, the conduction band offset can be determined as follows

∆EC = Ebarr
g (P ) − EQD

g (P ) − ∆EV . (4.8)

From the pressure coefficients of AlGaAs, bulk GaAs and GaAs QDs, the
energy shift necessary for the band crossover for bulk GaAs and GaAs QDs
can be calculated. This gives the GaAs QDs conduction-band ground state
confinement energy ∆En=1,l=0

e and valence-band ground state confinement
energy for heavy holes ∆En=1,l=0

h at ambient pressure. The GaAs QDs’
valence-band excited state confinement energy for heavy holes ∆En=2,l=0

h

at ambient pressure is given by the energy separation between the two GaAs
QDs peaks after crossover. Using the AlGaAs Γ-X conduction-band energy
difference, the GaAs QDs conduction- and valence-band offsets ∆EC and
∆EV at ambient pressure can also be determined. The reconstructed band
lineups of the GaAs QDs are shown in figure 4.6.
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Figure 4.6: Reconstructed band lineups of the GaAs QDs
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From the band lineup, it is possible to determine ∆EV and ∆EC for any
GaAs/AlGaAs QD sample with different Al concentrations using Dingle’s
method[7], whereupon the conduction-band discontinuity Q factor is defined
as being equal to the ratio between ∆EC and the bandgap difference ∆Eg as
a way to characterize the band offset.

Q =
∆EC

∆Eg
. (4.9)

From this relation, the Q factor for GaAs/AlGaAs QDs is determined to
be 0.57, which is equal to the reported value of 0.57[8]. This Q factor will be
used in the next chapter to determine the band offsets for GaAs QDs with
different barrier bandgaps.

4.4.2 Effective mass approximation calculations of the

energy levels

The calculation of the transition energies for GaAs/AlGaAs QD systems
with band offsets as described above is performed numerically within the
effective mass approximation, using the method outlined in reference [9].
The numerical approach to the problem is to enclose the cluster inside a
cylinder of radius R and height Zc on the surface of which the wave functions
are forced to vanish. The QD potential is treated as a perturbation. A
schematic diagram as well as the dimensions of the analysis space is shown
in figure 4.7. The typically pyramidal QD shape has been approximated,
for computational purposes, by a cone shape. A QD base size of ≈20nm
and a height of ≈16nm are considered in this calculation, from the HRSEM
microscopic analysis of the QDs[10]. Taking into account the commutation
of H and ∂/∂θ the eigenfunctions of equation

He(h) = Ez
ce(h) + Er,θ

ce(h) + Ve(h)(z, r) (4.10)

where

Ez
ce(h) = − h̄2

2


 ∂

∂z

1

mz
e(h)(r, z)

∂

∂z


 (4.11)

Er
ce(h) = − h̄2

2


1

r

∂

∂r

r

mr
e(h)(r, z)

∂

∂r




− h̄2

2


 1

r2mr
e(h)(r, z)

∂2

∂θ2


 . (4.12)
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Figure 4.7: Schematic diagram of the analysis space



CHAPTER 4. PRESSURE DEPENDENCE OF GAAS QD PL 72

Eigenvectors satisfying these boundary conditions can be decomposed on
the basis formed by products of Bessel functions of integer order n and by
sine functions of z of the form

χl(r, z, θ) =
∑

n>0,m>0

Al
n,mξl

n,m(r, z, θ) (4.13)

ξl
n,m(r, z, θ) = βl

nJl(k
l
nr)e

ilθsin(Kmz), (4.14)

where kl
nR is the nth zero of the Bessel function of integer order Jl(x), and

Km = πm/Zc and βl
n is a normalization factor. In the actual numerical

calculations, 20 Bessel and sine functions are used.
mz

e(h)(z, r) and mr
e(h)(z, r) are the electron (hole) effective masses for the

motion along z and in the layer planes, both depending on r and z if they
are taken to be different in different materials. It is assumed that the inverse
masses and potential Ve(h) vary linearly with the Al concentration.

When interdiffusion of Al is considered in the calculation, the spatial dis-
tribution of the Al concentration for interdiffusion length l, as calculated in
chapter 2, is used, instead of the cone-shaped, step-function like Al concen-
tration distribution shown in figure 4.7.

The cylindrical symmetry used in this calculation is justified when l �= 0,
i.e. when the actual QD shape is no longer pyramidal, because the isotropi-
cally annealed QD becomes more rounded in shape, as described in chapter
2.

Material parameters are given in table 4.1.
Table 4.1: Material parameters used for the effective mass calculations[10]

band mismatch (eV) mGaAs
r,z (m0) mAlGaAs

r,z (m0)
electrons -0.262 0.067 0.093

holes -0.195 0.51 0.57
The ground-to-excited state transition energy separation E1, as well as

the ground-to-excited hole state transition energy separation E2, as depicted
in figure 4.8, are calculated for different interdiffusion lengths l. E1 and E2
are plotted as a function of l in figure 4.9, and show the induced changes in the
QD transition energy caused by the modification in the confining potential.

E2, or the n=1,l=0 electron-n=1,l=0 heavy hole and n=1,l=0 electron-
n=2,l=0 heavy hole transition energy difference, was determined to be 24meV
from the high pressure GaAs QD PL experiments. As the line drawn at
E2=24meV in figure 4.9 shows, the light-colored curve showing the l-E2
relation coincides with E2=24meV at l=1.0nm and 2.5nm. When l=1.0nm,
the E1 transition is calculated to be 87meV, whereas when l=2.5nm, the E1
transition is calculated to be 72meV. Thus, the E1 transition is expected to
be near these values.
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Figure 4.8: Schematic diagram of various optical transitions
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Figure 4.9: E1 and E2 as a function of l
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The E2 transition discussed here is normally dipole forbidden, and should
not be optically active. In the special case of an indirect recombination, as in
the type II recombination after crossover, the energy levels of the holes can
be optically observed. In the next chapter, single QD spectroscopy is selected
as a method to determine the various optically observable energy levels, as
well as the renormalization of the energy levels due to many body effects,
and the observation of E2 transitions at ambient pressure due to many body
effects will be discussed.
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Chapter 5

Single GaAs QD micro-PL
spectroscopy

5.1 Introduction

Due to the distribution of different-sized QDs with slightly different con-
finement energies, many of these QDs’ sharp PL peaks overlap slightly and
form a much broader band whose width is known as the inhomogeneous
linewidth. Thus, single or few QD spectroscopy is needed to resolve the
sharp spectral lines of single QDs to gather information hidden by the inho-
mogeneous linewidth. Furthermore, single QD spectroscopy is necessary to
assign the various spectral lines to the energy levels and carrier correlation
within the QD. Also, multi-excitonic features such as Coulomb and exchange
interactions are resolved in single QD spectroscopy. Due to the diffraction
limit of light (approximately λ/2) and the high density of QDs, single QD
spectroscopy is difficult. These challenges are overcome by combining high
spatial resolution spectroscopy (micro-PL) with a method for the reduction
of the number of excited and/or observed QDs.

Many methods for single zero-dimensional structure spectroscopy have
been proposed, using mesa structure fabrication[1, 2, 3, 4], metallic masks[5,
6, 7, 8, 9], scanning near-field optical microscopy(SNOM)[10], and solid im-
mersion lens (SILs)[11, 12, 13]. Mesas can be fabricated to a size of 40nm.
Mesa structure fabrication, however, leads to possible damage to the sample.
SNOM has high spatial resolution, but is a complex, large-scale system, and
becomes even more complex when used at low temperatures. The PL signal
intensity is also quite low for SNOM. SILs also have high spatial resolution
and are much easier to use, but have low position controllability. Masks also
have high spatial resolution with nanoholes down to 100nm, and by making

78
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an array of nanoholes, it is possible to observe a QD via a nanohole without
requiring the manipulation of the mask; only the positioning of the sam-
ple/mask’s nanohole to the excitation/observation spot is necessary. Thus,
this method is easily extended to low temperature measurements. When the
mask is fabricated directly onto the sample surface, it is possible to observe
the same QD through the same nanohole over a long period. However, this
does not provide the high portability of a SIL. A mask consisting of a trans-
parent substrate with a thin metal coating on one side can be made into a
mask by puncturing nanoholes in the metal coating and placing the mask
directly onto the sample (a portable mask). A schematic diagram of such a
mask is shown in figure 5.1. Such a mask has been proposed before[14], and
has the ease of use of a SIL. At the same time, an array of nanoholes can
be made in a single mask. However, as with any nanometric aperture, the
high spatial frequency cutoff leads to an inevitable drop in transmitted light
intensity. In the end, it is desirable to have a low density sample in which
single QD spectroscopy is possible by micro-PL alone.

Figure 5.1: Schematic diagram of a portable mask placed on top of a sample

Initially, the feasibility of single QD micro-PL spectroscopy via a mask is
evaluated by using a portable mask as a non diffraction-limited light source.
The mask is made using standard micro-machining methods. The sample
used is of a higher density than those made in chapter 2, and is used as a
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readily available test sample for achieving single QD spectroscopy without
having to process the sample in any way. Although this mask can be used as
a near-field light source, it is difficult to directly illuminate a QD using near-
field light because of the difficulty in maintaining nanometer order spacing
between the nanohole and sample surface. Using a transparent substrate with
a very flat surface (λ/10) it is possible to achieve close proximity between
the nanohole and the sample surface.

Next, a mask is fabricated directly on the low density sample described
in chapter 2 in order to achieve closer proximity between the nanohole and
the sample surface, in the hopes of achieving better signal-to-noise ratio.
The mask is made using the lift-off method[15]. Masks also have the capac-
ity to keep the illuminated area constant for increased excitation intensity.
This maintains a constant excitation area, and thus keeps other QDs in the
periphery of the observed QD from also being excited at higher excitation
intesities. From masked-sample micro-PL spectroscopy, an idea of single QD
PL spectra is obtained.

Finally, micro-PL spectroscopy is used to obtain single QD spectra from
low density QD samples with no mask, which have the same spectral charac-
teristics of single QD spectroscopy via a mask and are expected to originate
from a single QD, as will be explained later in this chapter. The fabrication
of such a sample has already been explained in detail in chapter 2.

5.2 Experimental setup

5.2.1 micro-PL

In the micro-PL measurements, the sample is placed on a continuous-flow
Janis ST-500 Microscopy Cryostat and cooled to below 10 K. A frequency-
doubled YAG cw laser (532 nm, 20 mW) is used as an excitation light source
and the light is coupled into a single-mode fiber. The light from the fiber is
collimated by a fiber coupler and focused onto the sample by a 50× objective
lens to a spot size of 0.6 µm. The position of the excitation beam spot on
the sample is controlled by adjusting the position of a concave lens placed
between the fiber coupler and the objective lens. The PL is picked up by
the same objective and coupled into a different single-mode fiber. The PL
spectra from the fiber is observed using an Acton SpectraPro 500i 50 cm
spectrometer with a 1800 g/mm grating and a liquid nitrogen-cooled CCD
detector. The excitation power is changed by a neutral-density filter. A
schematic diagram of the experimental setup is shown in figure 5.2.
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Figure 5.2: Schematic diagram of the micro-PL experimental setup

5.2.2 Gold mask design and fabrication

Gold mask design

Gold (Au) masks are designed to have nanoholes with a diameter of several
hundreds of nanometers, which are smaller than the diffraction limit of the
excitation light, and are made into an array of a reasonable number. The size
and number of the nanohole are mainly determined by the density of the QD
under study. As a test sample, a GaAs/AlGaAs QD sample made by MDE
with an average QD size of 10nm and a density of 6×108cm−2 is used. Thus,
approximately one to two QDs should exist under a nanohole with a diameter
of 500nm. Statistically, one nanohole should suffice for finding a QD under a
nanohole; however, to circumvent the possibility of their being no QDs under
the nanohole, an array of nanoholes are made in the Au film. This facilitates
the experiment at low temperatures, because one only needs to study any
nanohole without the cumbersome task of raising the sample temperature
back to room temperature to move the mask to a different position.

Gold mask fabrication

A quartz plate with a thickness of 750µm and a surface roughness of λ/10
is used as a supporting substrate. One side of this plate is coated with a
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thin Au film by the sputtering method, and a nanohole is punctured in this
thin film using focused ion beam (FIB) etching. A schematic diagram of the
fabrication process is shown in figure 5.3.

quartz

Au

Figure 5.3: Schematic diagram of the Au mask fabrication process

The Au film thickness is thicker than the skin depth of Au to ensure that
the excitation laser passes only through the nanohole and reflects elsewhere.
A film thickness of over 80nm provides sufficient reflectivity while allowing
enough light to pass through the nanohole. An Au film with a thickness of
200nm is made on the quartz plate.

An array of 5×5 nanoholes with a diameter of approximately 500nm are
made on this Au film using an FIB system. A scanning ion-beam microscopy
(SIM) image of a nanohole taken directly after FIB etching is shown in figure
5.4. A crosshair-like pattern around 10µm in size is also fabricated around the
nanohole array to facilitate the finding and positioning of the sample/mask’s
nanohole to the excitation/observation spot. A SIM image of the crosshairs-
like pattern is shown in figure 5.5.
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Figure 5.4: SIM image of a nanohole made by FIB etching (image area is
1.5µm×1.5µm)
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Figure 5.5: SIM image of the crosshairs-like pattern (image area is
45µm×40µm) the nanohole array is made in the area outlined by the white
dotted line



CHAPTER 5. SINGLE GAAS QD MICRO-PL SPECTROSCOPY 85

5.2.3 Titanium mask design and fabrication

Titanium mask design

The basic philosophy behind the titanium (Ti) mask design is the same as
that of the Au mask. The size and number of the nanoholes are mainly
determined by the density of the QD under study. Here, a test sample with
a lower density than the one used for the Au mask is used. A GaAs/AlgaAs
QD sample made by MDE with an average QD size of 40nm and a density of
3×108cm−2 is used. The growth conditions are similar to those outlined in
chapter 2. In order that one or no QD exists under the nanohole, a 3×3 array
of nanoholes with a diameter of 500nm, as well as a 7×7 array of nanoholes
with a diameter of 200nm was designed. Due to the fact that, once the mask
is fabricated on the sample, it cannot be moved as the portable mask can, the
number of nanoholes in the array are increased so that, statistically, several
nanoholes which are made on top of a QD exist.

Titanium mask fabrication

E-beam lithography was used to pattern the nanohole onto the sample. Ti
was chosen as a readily available material for thin film fabrication by vacuum
evaporation. The Ti skin depth at 533nm excitation wavelength was deter-
mined to be 34nm. Here, a Ti thin film thickness of 100nm was fabricated.
Hydroflouric Acid (HF) was chosen as a Ti etchant that does not attack
GaAs. The Ti material over the patterned resist was etched by HF, and the
e-beam resist was washed away, resulting in the fabrication of a nanohole in
a Ti film. A scanning electron-beam microscopy (SEM) image of the mask
nanohole is shown in figure 5.6.

5.3 Results

5.3.1 Single QD spectroscopy using a gold mask

When the Au mask is placed on the test sample, interference patterns are
seen in the area of the mask where no gold is sputtered. From this pattern,
it is estimated that the sample surface-Au mask spacing is less than 1µm.

The nanoholes, which are not discernible by eye even under a microscope,
can be more easily found by first looking for the crosshair-like pattern. The
actual fine-positioning of the sample/mask is done by centering the excita-
tion/observation spot to the center of the crosshair-like pattern and then
randomly moving the sample/mask in small steps while monitoring the PL
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Figure 5.6: SEM image of the Ti mask nanohole
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spectrum in real time. The PL from the barrier material, which should
appear through any excited nanohole, is used as a signal which indicates
whether the excitation spot is over the nanohole or not; a strong AlGaAs
PL signal should appear only when the excitation spot is over the nanohole.
By this method, the best excitation spot position relative to the nanohole is
found. Once this position is found, the concave lens of the micro-PL setup is
used as a final fine-tuning mechanism to find the best excitation/observation
spot position. This is done by maximizing the AlGaAs PL peak intensity.

The PL spectrum of the test sample is shown in figure 5.7. The QD PL
has a spectrum centered at 1.710eV with a FWHM of 209meV. As can be
clearly seen, the inhomogeneous broadening hides the expected sharp spectral
peaks of the individual QDs.

An example of a wide spectral-region micro-PL spectra of the test sample
without and with a mask are shown in figure 5.8. An example of a short
spectral-region micro-PL spectra of the test sample without and with a mask
are shown in figure 5.9. The spectra are taken at 10K.

From figure 5.8, it can be seen that the micro-PL spectrum without a
mask has many sharp peaks originating from many QDs’ ground state re-
combinations and possibly also their excited levels, and it is impossible to
assign any of the peak’s origin to individual QDs in any comprehensible man-
ner. The micro-PL spectrum with a mask, however, shows one peak in the
entire spectrum. This is so for the spectral region from the AlGaAs PL to the
sample substrate bulk GaAs PL, where the QD PL is expected to be seen.
The reason for the rather large FWHM of this peak, compared to that of
the micro-PL spectrum without a mask, is due to the reduced spectrometer
resolution. The resolution was reduced in order to accumulate the PL signal
weakened by the presence of the Au mask.

In order to confirm that a single QD PL line is observed, the spectra are
taken at higher spectral resolutions. From figure 5.9, it can be seen that
the single PL peak in the micro-PL spectrum with a mask has a FWHM
comparable to those of the peaks seen in the micro-PL spectrum without a
mask, taken at a nearly equivalent resolution. Thus, it can be said that a
single QD PL spectra has been obtained by micro-PL with the assistance of
a mask, from a sample in which single QD PL was not possible otherwise.

It is interesting to note that, in figure 5.9, the micro-PL spectrum without
a mask is taken using an excitation intensity which is smaller than that of
the micro-PL spectrum with a mask; generally, one would expect more QDs
to be excited as the intensity is increased, yet only a single QD PL peak is
seen when a mask is used. This is the effect of the fixed excitation spot size
due to the mask. A reduction in the excitation intensity due to the small
nanohole size, however, cannot be ignored.
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Figure 5.7: PL spectrum of test sample used for Au mask evaluation
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Figure 5.8: Wide spectral-region micro-PL spectra without (left) and with
(right) a mask (spectral resolution and excitation power for the spectrum
without a mask: 0.42meV, 0.15mW; with a mask: 0.61meV, 0.02mW)

1.735 1.740 1.745 1.750 1.755

190

200

210

220

230
 

 

In
te

n
si

ty
 [

a.
u

.]

Energy [eV]
1.730 1.735 1.740 1.745 1.750

90

100

110

120

130

140

 

 

In
te

n
si

ty
 [

a.
u

.]

Energy [eV]

Figure 5.9: Short spectral-region micro-PL spectra without (left) and with
(right) a mask (resolution and excitation power for the spectrum without a
mask: 0.15meV, 0.05mW; with a mask: 0.17meV, 0.15mW)
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5.3.2 Single QD spectroscopy using a titanium mask

Comparison with the gold mask

Au mask micro-PL spectroscopy proves the feasibility of using a mask for
single QD spectroscopy. The low PL signal intensity is a drawback, however,
when one wishes to see various excited peaks originating from a single QD
with high spectral resolution. The observation of such spectra is necessary, as
the point of single QD spectroscopy using a mask is to determine the spectral
characteristics of single QDs. From similarities in the spectral structure, it is
possible to characterize the spectrum of single QD spectra. Observations of
such spectra may be difficult when using an Au mask, due to the decreased
excitation and PL intensity resulting from the small nanohole size, the dis-
tance from the nanohole to the sample surface, and possibly some residual
Au in the nanohole. The methods for circumventing these problems are to
make a larger nanohole at the cost of a lower spatial resolution, to make the
mask directly on the sample at the cost of losing the portability of the Au
mask, and to make the mask by the lift-off method. The first method is non-
negotiable, as the sample’s QD density cannot be changed once the sample is
grown. Thus, the growth of a lower density sample becomes necessary. The
second method is acceptable, as portability is not an important issue when
concentrating on one type of sample, and even more so when it is possible
to grow as many desired samples as necessary. The third method is highly
desirable, and leads to the fabrication and use of the Ti mask.

Analysis of the electric field distribution under a nanohole

Here, before any further analysis of micro-PL spectra via the Ti mask is
discussed, it is necessary to address a basic question concerning the diffrac-
tion of light from a nanohole. Simply put, light coming from a nanohole
should be diffracted in a wide solid angle, thus exciting a larger area un-
der the nanohole than that which is directly under the nanohole. To see
whether this is acutually so, a numerical analysis of the electric field dis-
tribution under a nanohole is conducted. The finite difference time domain
(FDTD) calculation is a good method for the analysis of the electric field
distribution of nanometric structures[16], and is adopted here. In the FDTD
method, the analysis space is first discretized in both time and space, and
then Ampere’s and Faraday’s equations are solved on the mesh. The cell
size is chosen according to the desired resolution, which is chosen to be much
smaller than a wavelength for accurate results. The analysis space of the
mask nanohole is modeled in two dimensions, and a two dimensional FDTD
code (FDTD2D[17]) is used. An excitation light source wavelength of 544nm
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and an excitation power of 15mW is assumed. The schematic diagram of
the analysis space with material size and optical parameters, and the two
dimensional FDTD calculation result are shown in figure 5.10.

Figure 5.10: Schematic diagram of the analysis space (left) and the two
dimensional FDTD calculation result (right)

Surprisingly, the beam is well collimated under the nanohole to below the
depth of the buried QDs. This phenomenon is most probably due to the high
refractive index of AlGaAs, which is 3.85 at 533nm. From this analysis, it
can be expected that, when studying QDs via the Ti nanohole by micro-PL
spectroscopy only, the QDs in the area directly under the nanohole is excited.

micro-PL of sample via Ti mask

The Ti mask has been shown to be viable for the micro-PL spectroscopy of
QDs under the nanohole by FDTD analysis. Here, an example of the micro-
PL spectrum of the sample without a mask is shown in figure 5.11. Although
this is only a test sample, the growth conditions are almost the same as those
explained in chapter 2 (only the Ga flux is slightly higher at 0.1ML/s) and is
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thus expected to share the characteristics of the sample described in chapter
2, such as the bimodal growth of different sized QDs. The spectrum is taken
at 8K, with a spectral resolution of 0.25meV.
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Figure 5.11: micro-PL spectrum of sample used for the Ti mask (T=8K,
0.25meV resolution, excitation source: HeCd laser (442nm))

Here, only one peak group (consisting of at least two peaks) is seen in the
entire spectrum from the AlGaAs PL peak to the bulk GaAs peak. The peak
at the higher energy side belongs to the impurity-bound AlGaAs excitonic
peak. In order to determine whether this peaks originates from a single QD,
an example of the micro-PL spectrum of the sample taken via the Ti mask
nanohole of 530nm diameter is shown in figure 5.12.

From the “confining” QD density of this test sample, as arugued in chap-
ter 2, it is expected that at most one QD will be found under a nanohole
of 500nm diameter. Thus, it can be said that figure 5.12 represents the
spectrum coming from a single QD. The characteristics of the spectrum are
similar to those seen in figure 5.11, i.e. the spectrum consists of a sharp peak
with a broader peak at the lower energy side, and no other peak can be seen
from the AlGaAs peak to the bulk GaAs peak. Furthermore, the test sam-
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Figure 5.12: micro-PL spectrum of sample taken via the Ti mask nanohole
(T=8K, 0.51meV resolution, excitation source: frequency-doubled YAG laser
(533nm))
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ple also has the bimodal growth of QDs observed in the sample desrcribed
in chapter 2. Since the number of QDs excited in micro-PL spectroscopy
without a mask should be an average of three for a spot size of 1µm, it can
be said that only the small QDs in the samples show strong confinement,
resulting in the PL peak at the higher energy side of the spectrum. This,
combined with the comparison of the spectrum taken with and without the
Ti mask, leads to the conclusion that single QD spectroscopy is achieved in
this type of QD whether there is a mask or not.

Excitation intensity dependence of micro-PL spectrum of sample
via Ti mask

To observe various excited peaks originating from a single QD with high spec-
tral resolution, the excitation intensity dependence of the micro-PL spectrum
is taken via the Ti mask nanohole of 530nm diameter, and is shown in figure
5.13.

Two peaks, labeled A and B, are seen at high excitation intensities. Fol-
lowing the argument stated above, these two peaks are expected to originate
from a single QD. In excitation intensity dependence PL, the excitons are
expected to fill the QD states from the lowest energy levels. Thus peak A
is expected to be from the ground state exciton recombination. The energy
spacing between these two peaks are approximately 28meV. The confined
heavy hole energy level spacings measured in chapter 4 was 24meV, and is
very close in value to the A-B peak energy spacing. On the other hand,
the first excited state-ground state energy spacing was calculated to be be-
tween approximately 71 to 87meV. Thus, it can be said that the ground
state electron inside the QD conduction band recombining with the heavy
hole in the first excited state of the QD valence band is seen in peak B. Such
a recombination in bulk semiconductors is not allowed. However, due to the
confinement of the wavefunctions in the QD, there is a greater overlap of the
wavefunctions; the coupling between optically allowed and forbidden transi-
tions induced by Coulomb interaction among the carriers occurs. Thus, such
an emission line can be observed. This kind of emission will be discussed
later in single QD spectroscopy in detail. The same spectrum is expected to
be seen from the sample by micro-PL without a mask.
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Figure 5.13: Excitation intensity dependence of the micro-PL spectrum of
sample taken via the Ti mask nanohole (T=8K, 0.26meV resolution, excita-
tion source: frequency-doubled YAG laser (533nm))
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5.3.3 Single QD spectroscopy

Introduction

From the previous arguments of single QD spectroscopy via a mask, it can
be expected that the micro-PL spectrum from a single GaAs QD can be
observed from the GaAs/AlGaAs QD sample described in chapter 2. Fur-
thermore, the various spectral lines which appear at high excitation intensity
can be attributed to carrier recombination emission from various discrete lev-
els inside the QD.

In order to circumvent the possibility that two QDs in close proximity to
each other are being observed, the micro-PL spectrum of every QD under
study is observed in real time at strong excitation while the concave lens
shown in the experimental setup in figure 5.2 is moved in two perpendicular
directions. While the concave lens is being moved, two issues determine
whether the observed spectrum is from a single QD or not: (i) the main
peak, which is considered to be the only peak to appear at low excitation
intensities, as well as those peak in close proximity to this peak is constantly
the most intense peak, and any other peak which appears with a stronger
intensity is considered to be from a different dot, and (ii) the correlated peaks
whose relative intensities change in unison to each other are considered to
come from the same single QD. The first issue is justified by the fact that
emission from any state other than the ground state cannot be more intense
than that from the ground state, considering the fact that most of the carriers
should non-radiatively relax to the ground state before recombining to emit
a photon. The second issue is justified by the fact that the resolution of the
excitation spot step by adjustment of the concave lens is calculated to be
close to 100nm. Considering the low QD density, as well as the order of the
QD size, which is 10nm, it is safe to say that the concave lens is capable of
focusing the excitation spot around a single QD with spatial resolution high
enough to discern one QD from another. Here, a Gaussian excitation spot
is assumed, and the intensity of the PL signal from the QD is considered to
drop off as the center of the Gaussian excitation spot moves away from the
QD.

In this section, the excitation intensity dependence of the single QD
micro-PL spectrum is measured in order to understand the energy levels
within the QD as well as the energy level renormalizations due to many-
carrier correlations within the QD. Excitation intensity dependence is a pow-
erful method for studying such properties of QDs, as increasing the excitation
intensity can increase the number of confined carriers in the QD. As the car-
riers fill the discrete levels according to Pauli’s principle, in which only two



CHAPTER 5. SINGLE GAAS QD MICRO-PL SPECTROSCOPY 97

carriers of opposite spin can fill any given level, state filling occurs, and at
high excitation intensities, the carriers begin to fill higher energy levels, as
shown in figure 5.14. Thus, recombination emissions from carriers in higher
energy levels can be observed. The PL spectra of the recombination emission
of these carriers reflect the sates of the individual carriers as they recombine.
That is, carriers experience an added many-body interaction energy caused
by the existence of other, non-recombining carriers (“spectators”) before they
recombine, thus slightly lowering the photon energy created by the carriers’
recombination.

In this experiment, the excitation intensity dependence of the single QD
micro-PL spectrum is studied. In particular, the peaks which appear at an
energy approximately 20meV higher than that of the main peak is studied.
Also, the peaks which appear at an energy several meV lower than that of
the main peak (i.e. the ground state recombination emission) is also studied
in detail.

Figure 5.14: Schematic diagram of the optical state filling of the QD energy
levels with increased excitation intensity
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Single QD spectroscopy - GaAs/Al0.256Ga0.744As QD sample

The PL spectrum of the low density GaAs/Al0.256Ga0.744As QD sample de-
scribed in chapter 2 is shown in figure 5.15. The Al concentration x is 0.256.
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Figure 5.15: PL spectrum of low density GaAs/Al0.256Ga0.744As QD sample

The PL intensity from the QDs is low compared to that of the barrier,
due to the low QD density. The FWHM of the QD PL is approximately
200meV, which is rather broad. The QD PL is centered at 1.77eV. No PL
from a wetting layer can be seen, confirming that no wetting layer exists in
this sample.

An example of the single QD micro-PL spectrum excitation intensity
dependence, out of the many taken, is shown in figure 5.16. The intensity is
shown in the logarithmic scale, in order to emphasize the peaks with small
intensities. These are the only peaks seen in the spectral region from the
substrate bulk GaAs PL peak to the barrier AlGaAs PL peak, where the QD
PL peaks are expected to appear. The peaks in figure 5.16 originate from
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a single QD. These spectra, along with all further PL spectra, are taken
at 10K, with 0.1meV monochromator resolution, using a frequency-doubled
YAG laser (533nm) as an excitation source.
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Figure 5.16: Single QD micro-PL spectrum excitation intensity dependence
of low density GaAs/Al0.256Ga0.744As QD sample

At high excitation intensities, two strong peak groups (labeled A and B)
appear, with approximately the same energy difference as the peaks A and
B in figure 5.13. In this case, the peak group separation is 23meV. The
characteristic of peak group A is that it consists of discrete, sharp peaks
separated by approximately 1meV from the main peak. The main peak is
the only peak to appear at low excitation intensities. In some cases, the main
peak is a doublet, and remains so even at the weakest excitation intensities.
The characteristic of peak group B is that it consists of at least two relatively
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sharp peaks near the center of a broad peak. Peak groups A and B will be
the center of discussion in the following arguments concerning the QD energy
levels and carrier correlations.

In some single QD spectra, peaks appear with an energy difference of
approximately 80meV. Peaks with such energy separation cannot be observed
from single QDs with ground state emissions higher than 1.77meV.

An example of the single QD micro-PL spectrum excitation intensity
dependence of peak group A is shown in detail in figure 5.17. The intensity
is shown in the logarithmic scale, in order to emphasize the peaks with small
intensities. Several peaks appear at the lower energy side of the main peak
at high excitation intensities, with a spacing of approximately 1meV. The
peaks appear with increased excitation in the order closest to the main peak.
In other words, the closer the peak is to the main peak, the more distinct
they become as excitation intensity is increased. The labeling of the peaks
will be referred to later, in the calculation of the carrier exchange interaction
energies.

1.81 1.82 1.83

100

1000  19uW
 6.1uW
 1.9uW
 610nW
 190nW
 60nW

IV

IIIB IIIA

II
I

 

 

In
te

n
si

ty
 [

a.
u

.]

Energy [eV]

Figure 5.17: Single QD micro-PL spectrum excitation intensity dependence:
the peaks near the lower energy side of the main peak
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In order to correlate the various peaks in the peak groups A and B,
the excitation intensity dependence of the single QD micro-PL spectrum is
taken with minute increases in excitation, and is shown in figure 5.18. The
excitation power is that which is measured after the 50× objective lens. A
redshift of peak group A is seen, which tends to broaden with increasing
excitation intensity. The appearance of peak group B is also seen at high
excitation intensities.

The intensities of the peaks in group A of this spectra are plotted for exci-
tation intensity in figure 5.19. Peak I is seen to grow linearly with excitation
intensity. Peaks II and IIIa are seen to grow super-linearly with excitation
intensity. Thus, peaks II and IIIa are likely to be related to biexcitonic re-
combinations. The onset of the appearance of peaks II and IIIa is at 3.4µW;
this amounts to 9.1×1012 photons. Although some of these photons are ab-
sorbed and re-emitted by the AlGaAs barrier, and the number of photons
which are introduced into the QD as carriers are not entirely relaxed radia-
tively, it gives an estimate of the order of the maximum intensity in which
the creation of a single exciton occurs.

The peaks in group B of the spectra in figure 5.18 are shown figure 5.20.
Here, at least five discrete peaks are discernible. The intensities of these
peaks, along with the intensities of the peaks in peak group A of the spectra
in figure 5.18 are plotted for excitation intensity in figure 5.21.

As can be seen, peak group B appears abruptly as the intensity of peak
II and IIIa grow rapidly. At the same excitation intensity, peak IIIb appears.
A vertical line is drawn at this excitation intensity as a guide to the eye.
This intensity amounts to three times the maximum intensity in which the
creation of a single exciton occurs. Thus, peak IIIb is most probably related
to the existence of three excitons in a QD. It can also be seen, at the positions
of the other two vertical lines, that peaks I, II, and IIIa are seen to decrease
and then increase, while peak IIIb and the peaks in peak group B are seen
to do the opposite, in unison. This indicates some correlation between peak
groups A and B.
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Figure 5.18: Single QD micro-PL spectrum: a detailed image of the excita-
tion intensity dependence
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Figure 5.19: Group A peaks’ PL intensity-excitation intensity dependence
(the inset shows the peak assignment)
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Figure 5.20: PL spectra of the peaks in group B
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Figure 5.21: Peaks belonging to groups A and B - PL intensity-excitation
intensity dependence
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5.4 Conclusions

From the characteristics of single GaAs QD masked-micro-PL spectra, an
idea of a single GaAs QD PL spectrum is achieved. From this, along with
the arguments concerning “confining” QD density, the conclusion is that sin-
gle QD micro-PL measurement without the use of a mask is possible, and is
actually demonstrated in this thesis. This is an important point, as any use of
a mask involves the reduction of the signal-to-noise ratio, making the reliable
analysis of the spectra rather difficult. From single QD micro-PL measure-
ments without a mask, sharp peaks originating from carrier recombinations
confined in a single QD are clearly verified. The introduction of more than
one exciton inside the QD is achieved by observing the excitation intensity
dependence of the single QD micro-PL spectrum. From this observation, two
prominent peak groups (A and B) are seen to appear as excitation intensity
is increased. A correlation between the intensity of these peak groups is seen,
thus confirming that these peak groups originate from the same QD. From
the effective mass calculations in chapter 4, it is found that the energy level
spacings are to the order of tens of meV. Thus, peak group B will be con-
sidered to originate from carrier recombinations from higher energy levels in
the following analysis. The peaks in group A are expected to originate from
the ground state under various carrier correlation influences, which affect the
energy of the photon during the recombination of the carriers, and will also
be analyzed in detail.

5.4.1 Energy levels of the GaAs QD

Energy levels of individual QDs

The transition energies of the GaAs QD are calculated using the effective
mass calculation described in chapter 4, with the interdiffusion length l taken
into consideration; the calculated values are compared to the peaks’ spacings
of the single GaAs QD spectra to determine the origin of the peaks.

At this point, the QD size and its relation to the QD’s ground state
emission must be established. Generally, as the QD size becomes smaller,
the confinement energy increases, and the QD’s ground state emission shifts
to higher energies. Of course, one may adopt the size of the exciton radius
as the actual QD size; however, this requires that the electron-hole pair
confined in the QD is not in the strong confinement regime, i.e. that the
electron-hole pair can exist as an exciton inside the QD. So far, the electron-
hole pair confined in QDs have been referred to as excitons in this thesis;
however, the QDs under consideration have a size of the order of the bulk
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GaAs exciton radius and thus confines an electron-hole pair in the strong
confinement regime (i.e. as an electron-hole pair). The term “exciton” will
be used as well as “electron-hole pair” throughout the rest of this thesis to
describe an electron-hole pair confined in the same spatial region due to the
QD potential.

Thus, further arguments concerning the energy levels of the QD will be
conducted in terms of the QD’s ground state emission energy.

First, pre-annealed conical QDs are assumed with a distribution of base
sizes of 5, 10, 15, 20, and 25nm. This is done to ensure that the calculated
values of E1 and E2 are determined for a ground state emission in a wide
spectral range, thus simplifying the comparison of these values with the val-
ues determined by experiment. The height of the conical QD is kept constant
at 16nm. This assumption is made on the basis that the Ga droplet, once
crystallized, are covered by GaAs grown at low temperatures by MEE. Thus,
the height of the QD is expected to be more or less the same value. An
average height of the conical QD is chosen in order to reduce the number
of different-sized QD which are included in the calculations. Next, the ef-
fect of annealing, taking l as a parameter, is calculated using the method
outlined in chapter 2. The QD profile is thus smoothed out, as depicted in
figure 2.5. The possible values of l determined by macroscopic high pressure
spectroscopy measurements give only an estimate of the general interdiffu-
sion length l, and the actual value of l must have a distribution, most likely
dependent on QD size, but also on other parameters such as the local vari-
ations in Al concentration in the barrier. Thus, the actual value of l should
be slightly different from dot to dot. Therefore, a distribution of l is allowed
for each QD with different base sizes. The values of l used in the calculations
are 0.5,1.0,1.5,2.0,2.5, and 3.0nm. Finally, the effective mass calculations are
conducted for all 30 different-shaped QDs.

Material parameters are given in table 5.1. An Al concentration (x) -
dependent effective mass for the barrier is used in the calculations[18, 19].

Table 5.1: Material parameters used for the effective mass calculations
band mismatch (eV) mGaAs

r,z (m0) mAlGaAs
r,z (m0)

electrons -0.215 0.067 0.084
holes -0.160 0.51 0.57

The calculated values of E1 and E2 for different values of l are shown in
figure 5.22.

As can be seen, despite the fact that the same sized QDs were chosen at
the beginning, the ground state emission energy is determined to be quite
different for different interdiffusion lengths l. This means that the effective
size of the QD is reduced by the interdiffusion process, which is reflected in
the general blue-shift of the ground state emission energy for the calculated
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Figure 5.22: Calculated values of E1 and E2 for different values of l
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values using larger values of l.
The effects of interdiffusion on the QD energy levels can be seen here,

as the line drawn at a ground state emission of 1.660eV shows. At 1.660eV,
the values of E2 are much the same for values of l around 1.0nm and 2.5nm.
However, the values of E1 at 1.660eV are slightly different, with a difference
of approximately 14.9meV.

From this difference in transition energies for different l values, albeit a
small difference, the calculation results must be compared to the actual ex-
perimental data, and this is done in figure 5.23. From high pressure macro-
scopic PL spectra studies, the value of E2 is determined to be near the
value of 24meV; thus the peaks spaced by nearly 24meV from the ground
state emission energy are assigned here as the E2 transitions. These peaks
are the group B peaks. From several single QD micro-PL spectra taken at
high excitation intensity, the energy separations between the main peak (the
ground state emission) and the peaks in group B are measured and plotted
for the ground state emission. For the same ground state emission region,
the calculated values of E2 when l=0.5, 1.0, and 1.5nm, and when l=2.0, 2.5,
and 3.0nm are also plotted. As can be seen, the calculations reproduce the
experimental results quite well when l=2, 2.5, and 3nm.

From figure 5.23, it is found that the values of l are close to 2.5nm. Using
the values 2.0, 2.5, and 3.0nm for l, E1 and E2 are calculated, and are plotted
with the experimentally determined values of E1 and E2 from several single
QD micro-PL spectra taken at high excitation intensities. These are shown
in figure 5.24.

The E1 values are between 70 and 80meV, and are in agreement with the
expected value range of E1 as stated in chapter 4. It can be seen that both E1
and E2 are reproduced by calculations using values 2.0, 2.5, and 3.0nm for l.
Thus, most QDs of this sample are expected to have an interdiffusion length
l within this range. In chapter 2, the interdiffusion length l was set to

√
Dt =

l(T ), where the interdiffusion length is dependent on annealing temperature.
So far, all samples were post-annealed at the same temperature of 680◦C for
one hour. The value for l(680◦C) is in close agreement with that determined
by Sanguinetti, et. al.[18], which is 2nm. Most importantly, it can be seen
that a QD modeled by a cone with interdiffusion at the QD/barrier interface
is a valid model for GaAs/AlGaAs QDs made by MDE. Conversely, it can
be said that the actual shape of the buried GaAs QD is indeed close to that
of a sphere with the interfaces blurred by interdiffusion, the length of which
is determined to be distributed around 2.5nm.

The barrier line in figure 5.24 is the plot of the distance from the ground
state emission to the AlGaAs barrier PL peak. It can also be seen that,
although the value of E2 stays relatively constant, the value of E1 decreases
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as the ground state emission approaches the barrier. In fact, no E1 emission
is observed for QD PL with a ground state emission higher than 1.77eV.

Physically, this is readily understood. As the ground state of the confined
electron approaches the AlGaAs barrier, the first excited state of the confined
electron is “pushed out” of the potential well. Thus, it may seem that there
is no localized confinement of the first excited state electron when the ground
state is close to the barrier. It will be shown later that this is not necessarily
so. The hole does not experience the effect of the approaching of the barrier
so strongly due to their heavier masses, and thus E2 does not change much
as the ground state emission approaches the barrier energy.

Dipole forbidden recombination emission

So far, the E2 emission has been taken for granted, but in fact this emission is
rather remarkable. This peak is of interest because an inter-band transition
between carriers with different quantum numbers n, l, and m would normally
be dipole forbidden. Thus, different recombination processes must exist. The
emission from the recombination of a n=1,l=0 electron with an n=2,l=0
heavy hole has been reported to be theoretically possible due to the coupling
between optically allowed and forbidden transitions induced by Coulomb
interaction between electrons and holes[20, 21]. The reason why such an
emission can be observed is considered in detail in the next subsection, where
the theory of many-carrier correlations is discussed.

5.4.2 Many-carrier correlations in a GaAs QD

Here, in the theory of many-carrier correlations, the interaction between
carriers in a QD are treated as perturbations to the single-carrier confinement
energy levels. The arguments are restricted to uncharged QDs only, i.e. the
number of electrons and holes in each QD are assumed to be equal. The
energy levels of a QD can be calculated by solving Schrödinger’s equation
Hφ = Eφ, where φ is the total wavefunction that describes all electrons and
holes within the QD. The Hamiltonian for a multi-carrier system in a QD is
given as

H = −∑
i∈[e]

h̄2

2me

∇2
i −

∑
i∈[h]

h̄2

2mh

∇2
i +

∑
i∈[e]

Ve(�ri) +
∑
i∈[h]

Vh(�ri)

+
∑

i,j∈[e,h]

qiqj

4πε0ε∞ |�ri − �rj | , (5.1)
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where qi and qj are the carrier electrical charges, me and mh are the electron
and hole masses, respectively, Ve(�ri) and Vh(�ri) are the lattice potentials of
the electrons and holes, respectively, �ri and �rj represent the carrier posi-
tions, ε0 is the permittivity of vacuum, and ε∞ is the dielectric constant of
the material. This many-body problem is solved by using the Hartree-Fock
approximation, where the total wavefunction φ is constructed by the lin-
ear combination of the single carrier wavefunctions. Electrons and holes are
Fermions, thus their antisymmetry upon exchanging two electrons or holes
must be maintained by writing φ as products of Slater determinants

φ =
1√
Ne!

∣∣∣∣∣∣∣∣
ϕe1↑(�r1) · · · ϕeNe↑(�r1)

...
. . .

...
ϕe1↑(�rNe) · · · ϕeNe↑(�rNe)

∣∣∣∣∣∣∣∣×
1√
Ne!

∣∣∣∣∣∣∣∣
ϕe1↓(�r1) · · · ϕeNe↓(�r1)

...
. . .

...
ϕe1↓(�rNe) · · · ϕeNe↓(�rNe)

∣∣∣∣∣∣∣∣
× 1√

Nh!

∣∣∣∣∣∣∣∣
ϕh1↑(�r1) · · · ϕhNh↑(�r1)

...
. . .

...
ϕh1↑(�rNh

) · · · ϕhNh↑(�rNe)

∣∣∣∣∣∣∣∣×
1√
Nh!

∣∣∣∣∣∣∣∣
ϕh1↓(�r1) · · · ϕhNh↓(�r1)

...
. . .

...
ϕh1↓(�rNh

) · · · ϕhNh↓(�rNh
)

∣∣∣∣∣∣∣∣ ,
(5.2)

where the determinants are separated into the spin-up (↑) and spin-down
(↓) parts, Ne and Nh are the number of electrons and holes, respectively,
and the single-carrier wavefunctions ϕi are chosen to be orthogonal, so that
〈ϕi|ϕj〉 = δij .

In order to determine the various many-carrier interaction energies, the
last term in equation 5.1 must be solved for the electron-electron (e-e), hole-
hole (h-h), and electron-hole (e-h) interactions. The last term is treated
as a first-order perturbation to the single-carrier energy levels. Due to the
orthogonality of ϕi, the two-body operator 1/ |�ri − �rj | takes a simple form
when evaluated with the Hartree-Fock wavefunction defined in equation 5.2.
The expectation value of the last term in equation 5.1 is

〈
φ
∣∣∣ 1
|�ri−�rj |

∣∣∣φ〉 =
∫ ∫

ϕ∗
i,σi

(�ri,σi
)ϕ∗

j,σj
(�rj,σj

)
1∣∣∣�ri,σi
− �rj,σj

∣∣∣ϕi,σi
(�ri,σi

)ϕj,σj
(�rj,σj

)d�ri,σi
�rj,σj

−
∫ ∫

ϕ∗
i,σi

(�ri,σi
)ϕ∗

j,σj
(�rj,σj

)
1∣∣∣�ri,σi
− �rj,σj

∣∣∣ϕi,σi
(�rj,σj

)ϕj,σj
(�ri,σi

)d�ri,σi
�rj,σj

.

(5.3)

σi and σj represent the spin of the carriers. The first term in the right-hand
side of equation 5.3 is the Coulomb interaction, and the second term is the
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exchange interaction. The magnitude of these two interaction terms depend
on the overlap of the carrier wavefunctions and their spins, and are calculated
with the two-body operator Vij in the last term of equation 5.1 expressed as

Vij =
qiqj

4πε0ε∞ |�ri − �rj | ≡ g(�ri, σi, �rj, σj). (5.4)

Coulomb and exchange terms apply to e-e, h-h, and e-h interactions, and for
exchange terms, spin must also be taken into account.

For practical reasons, the following analyses are limited to a non-degenerate
QD with two confinement levels and an occupation of up to four excitons.
The possible recombinations of ground-state, anti-parallel electron-hole pairs
with the various “spectator”, or non-recombining carriers in the same QD
and their spins are listed in figure 5.25.

Figure 5.25: The possible recombinations of ground-state carriers with vari-
ous “spectator” carriers in the same QD

Here, we consider the wavefunctions of the single carriers which construct
the Slater determinant of equation 5.2. Despite the detailed model of the QD
which was chosen for the energy level calculations, here a cubic QD with im-
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penetrable walls is chosen. This simple model is used to establish the electron
and hole interaction energies relationship to QD size. Indeed, it has been re-
ported that the exchange interaction energy does not depend sensitively on
the assumed shape of the QD[22]. The cube dimensions are taken to be
(s,s,s), and the quantum numbers in the x−, y−, and z−directions are in-
dicated with nx, ny, and nz (1,2,3,· · ·). The corresponding electron and hole
wavefunctions are described as

ϕi = ui,b,�k=0(�r)ϕ
nxnynz

i (�r) = ui,b,�k=0(�r)

√
8

s3
sin(

nxπ

s
x)sin(

nyπ

s
y)sin(

nzπ

s
z),

(5.5)
with �r = x, y, z ∈ [0...s]. ui,b,�k=0(�r) is the part of the Bloch function with the
same periodicity as that of the lattice, and i denotes the carrier, b denotes
the band (C is the conduction band, and V is the valence band), and the

wavevector �k is taken to be 0 in the effective mass approximation. Here, in
the idealized QD with impenetrable walls, the envelope wavefunctions are
independent of the electron and hole effective masses, and both the electron
and the hole with the same quantum numbers (nxnynz) are described by the
same envelope wavefunction.

Coulomb interaction energy

The Coulomb interaction energy does not depend on the spin of the carriers,
and will not be included in the arguments in this subsection. The recombi-
nation energies that can be observed in a PL experiment are determined by
subtracting the calculated final state energy from the calculated initial state
energy. Here, the e-h Coulomb interaction energy can be written as

〈
ϕ111

e ϕ111
h |g|ϕ111

e ϕ111
h

〉
≡ −∆, (5.6)

where the Bloch terms have taken out of the integral and integrated sep-
arately by the slowly varying envelope approximation (SVEA)[23]. Due to
the fact that ϕnxnynz

e =ϕ
nxnynz

h , the following relations for the e-e, h-h and e-h
Coulomb interaction energy hold:

〈
ϕ111

e ϕ111
e |g|ϕ111

e ϕ111
e

〉
=
〈
ϕ111

h ϕ111
h |g|ϕ111

h ϕ111
h

〉
= −

〈
ϕ111

e ϕ111
h |g|ϕ111

e ϕ111
h

〉
(5.7)

〈
ϕ111

e ϕ211
e |g|ϕ111

e ϕ211
e

〉
=
〈
ϕ111

h ϕ211
h |g|ϕ111

h ϕ211
h

〉
= −

〈
ϕ111

e ϕ211
h |g|ϕ111

e ϕ211
h

〉
= −

〈
ϕ211

e ϕ111
h |g|ϕ211

e ϕ111
h

〉
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≡ −∆′

(5.8)

〈
ϕ211

e ϕ211
e |g|ϕ211

e ϕ211
e

〉
=
〈
ϕ211

h ϕ211
h |g|ϕ211

h ϕ211
h

〉
= −

〈
ϕ211

e ϕ211
h |g|ϕ211

e ϕ211
h

〉
≡ −∆′′.

(5.9)

By calculating the Coulomb interaction energy using the above equations
for all the carriers in the QD before and after the recombining pairs anni-
hilate and emit a photon, the Coulomb interaction contribution to the total
recombination energies can be determined. This is done for all the possible
cases listed in figure 5.25. Surprisingly, the result is that, regardless of the
number and arrangement of the “spectator” carriers, the net Coulomb inter-
action contribution to all the possible recombination energies is always −∆.
Although the actual value of ∆ will not be calculated here, the conclusion
is that the observed single QD recombination energies are shifted due only
to the e-e, h-h, and e-h exchange interaction energies, which are all offset by
−∆. Since the ground state excitonic recombination emission is also offset
by −∆, the effects of Coulombic interaction do not appear in the ground
state recombination spectra. The e-e, h-h, and e-h exchange interaction en-
ergies will be calculated and compared to the experimental data later in this
chapter.

Dipole forbidden emission and Coulombic interactions

The origin of the E2 emission is determined from the effective mass calcula-
tions in the previous subsection. The E2 emission is normally a dipole for-
bidden emission in bulk crystals. The reason why such a forbidden emission
is so clearly visible in QDs is due to the level coupling induced by Coulomb
interactions resulting in a transfer of oscillator strength to the lower energy
excitations. Specifically, the electron-hole Coulomb coupling occurs between
the optically allowed exciton transition (GS) and the optically forbidden
one (E2)[24], making the optical dipole matrix element for the E2 exciton
nonzero, i.e. the Bloch terms contribute to the optical dipole integration,
while the envelope wavefunctions are integrated separately, and due to the
coupling-induced modifications to the (E2 exciton) envelope wavefunctions,
this factor is nonzero. Thus, such an emission is observable.
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Exchange interaction energy

The exchange interaction energy applies to the e-e, h-h, and e-h pairs with
parallel spins. The exchange interaction energy is always zero for carrier
pairs with anti-parallel spin.

Here, the e-e pair exchange interaction energy is equal to a, the h-h pair
exchange interaction energy is equal to b, and exchange interaction energy
for the electron-hole pair with same n-numbers is equal to c. This is shown in
the upper-left hand side inset in figure 5.26. In this case, a is always less than
b, due to the fact that the confinement energies of the electron and hole are
different; the confined electron envelope wavefunction is more spread out in
space compared to that of the hole, thus their exchange interaction energies
are different. The more tightly confined holes have a stronger exchange
interaction energy than the electrons.

Figure 5.26: The possible recombinations of ground-state carriers with vari-
ous “spectator” carriers in the same QD

By calculating the exchange interaction energy using the above values
(a,b,c) for all the carriers in the QD before and after the recombining pairs
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annihilate and emit a photon, the exchange interaction contribution to the
total recombination energies can be determined. This is done for all the
possible cases listed in figure 5.26, and are written for each of the five cases
in the upper-left corner of each box.

At this point, it is necessary to compare these calculations to the actual
experimental results. As pointed out earlier, the numbering of the peaks in
figure 5.17 are so chosen to correspond to the possible recombination schemes
of figure 5.26; the peak assignment corresponds to the recombination process,
and differ in energy by the amount written in each of the boxes in figure 5.26.
Also, as pointed out in the study of figure 5.21, peak I is related to a single
exciton recombination; peak II is biexcitonic in nature, and peak IIIB is
triexcitonic in nature. This is in agreement with the possible recombinations
listed in figure 5.26.

The establishment of the e-h exchange interaction energy’s relationship to
QD size will be done by considering only short-range interactions, and assum-
ing that the exchange energy can be calculated by evaluating the probability
of finding the carriers at the same site[25, 26, 27, 28, 30]. Here, a cubic QD
is again assumed, and the QD size is determined directly from the ground
state emission energy. The Coulomb interaction energy will be ignored in
the following calculations.

The electron-hole exchange interaction energy c is given as

c = Exπa3
xE0 (5.10)

from references [25, 29, 30]. Here, Ex is the exchange energy of the 1s bulk
exciton, which is reported to be 20µeV for GaAs[22], and ax is the Bohr
radius of the bulk 1s exciton, which is reported to be 11.2nm for GaAs[31].
E0 is given as

E0 =
∫ ∫ ∫

|ϕeϕh|2 dxdydz =
27

64

1

(s/2)3
. (5.11)

The Bloch terms are not included in equation 5.11, but they are included in
the exchange integral; thus the orthogonal Bloch terms belonging to different
bands give non-zero contributions. The Bloch term exchange integral is the
bulk e-h exchange interaction energy. It is possible to establish the relation-
ship between QD size and e-h exchange interaction energy. As stated above,
the value of s, or the size of the cubic QD, is determined directly from the
ground state emission. In a cubic QD, the electron ground state confinement
energy is given from equation 1.1 as

∆E111
e (s) =

3π2h̄2

2m∗
es

2
(5.12)
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and the hole ground state confinement energy is given likewise as

∆E111
h (s) =

3π2h̄2

2m∗
hs

2
. (5.13)

Thus, the ground state emission energy EPL can be written as a function of
the size of the cubic QD s as

EPL = EGaAs + ∆E111
e (s) + ∆E111

h (s) (5.14)

where EGaAs is the bandgap of bulk GaAs with a value of 1.51eV. From
equation 5.10, the ground state emission energy EPL can be related to c via
s. The relationship of c to EPL is c ∝ E

3/2
PL . Thus, an increase in c with EPL

can be expected.
The theoretical calculations of c based on the QD ground state emission

energy is plotted, along with the actual values of c determined from the I-II
peak spacing of single QD PL spectra using the relation written in figure
5.26. The results are shown in figure 5.27.

A good fit to the data is seen. Both data and theory point out that as
the size s of the QD decreases, the e-h exchange interaction energy increases.
This shows the strong enhancement of the e-h exchange interaction by the
increased three dimensional confinement in the QD’s as the size of the QD
is decreased and the e-h envelope wavefunctions’ spatial overlap is increased.
The error bar is determined from the resolution of the spectrometer, but is
expected to be larger than 132µeV, due to errors in the peak fitting process,
etc.

Next, the e-e and h-h exchange interaction energies will be considered.
Due to Pauli’s principle, only two carriers of same charge and opposite spin
can occupy any energy level. Since a two confinement level QD is considered
here, the same-spin e-e and h-h pairs are always in different energy levels.
This is not necessarily so for e-h pairs, however. Thus, in the cubic QD model,
the e-e and h-h exchange interaction energy will always take the following
form (assuming ϕe and ϕh have the same enevelope wavefunction):

a = b =
〈
ϕ211

e ϕ111
e |g|ϕ111

e ϕ211
e

〉
. (5.15)

The e-e pair exchange interaction energy is equal to the h-h pair ex-
change interaction energy due to the fact that the electron and hole have
the same envelope wavefunctions here. This is due to the impenetrable QD
walls adopted in this case, and do not precisely reflect the actual situation.
However, the experimental value of a is almost equal to b, as can be seen in
the next figure which shows the experimental values of a and b determined
from the I-IIIA and I-IIIB peak spacings of single QD PL spectra using the
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Figure 5.27: Experimental plot of e-h exchange interaction energy (c)



CHAPTER 5. SINGLE GAAS QD MICRO-PL SPECTROSCOPY 121

relation written in figure 5.26. The results are shown in figure 5.28. The use

1.74 1.75 1.76 1.77 1.78 1.79 1.80 1.81 1.82 1.83 1.84 1.85 1.86
0.0

0.5

1.0

1.5

2.0

2.5

error 132ueV

 

 
e-

e 
(a

) 
an

d
 h

-h
 (

b
)

ex
ch

an
g

e 
in

te
ra

ct
io

n
 e

n
er

g
y 

 [
m

eV
]

Ground state emission energy [eV]

 a (Experiment)
 b (Experiment)

Figure 5.28: Plot of the experimentally determined e-e (a) and h-h (b) ex-
change interaction energies

of the same envelope wavefunction to describe both the electron and the hole
is thus justified, as the values of a and b are almost equivalent for all QDs
studied here. At the same time, the supposition that a<b is also seen to be
correct. From figure 5.28, it can be seen that the e-e and h-h exchange inter-
action energies tend to decrease with decreasing s. This can be understood
physically as the same carrier envelope wavefunctions having lesser spatial
overlap as the same spin electrons/holes tend to push each other away in
smaller QDs.

The validity of the relationships between the various carrier exchange
interaction energies to the peak spacings, shown in figure 5.26, is evaluated
by comparing the a,b,and c values to the actual I-IV peak spacing. As is
noted in figure 5.26, the I-IV peak spacing is equal to a+b+2×c. This is
calculated using the experimentally obtained values of a,b, and c, and are
compared to the I-IV peak spacing in figure 5.29. Here, only single QD PL
spectra in which peaks I to IV are all visible are taken into consideration.



CHAPTER 5. SINGLE GAAS QD MICRO-PL SPECTROSCOPY 122

1.74 1.75 1.76 1.77 1.78 1.79 1.80 1.81 1.82 1.83 1.84 1.85 1.86
3.0
3.2
3.4
3.6
3.8
4.0
4.2
4.4
4.6
4.8
5.0
5.2
5.4
5.6
5.8
6.0

error 132ueV

 

 

E
n

er
g

y 
d

if
fe

re
n

ce
 b

et
w

ee
n

p
ea

ks
 I 

an
d

 IV
 [

m
eV

]

Ground state emission energy [eV]

 I-IV
 a+b+2c

Figure 5.29: Plot of the I-IV peak energy difference and a+b+4×c



CHAPTER 5. SINGLE GAAS QD MICRO-PL SPECTROSCOPY 123

Single QD PL spectra in which peak IV is not observed have been obtained,
but are not considered in the current theoretical picture. Extra effects of
unknown origin are considered to take place in these QDs.

The good match between the I-IV peak energy difference and a+b+2×c
reflects the validity of the relationships described in figure 5.26. Thus, al-
though the a, b, and c values have not been determined numerically here,
their values as shown in figures 5.27 and 5.28 must probably be correct.

The deviation of the I-IV peak energy difference from the a+b+2×c value
at lower ground state emission energies is most probably due to the existence
of a third confinement level with an occupation of up to six excitons; the
introduction of a third confinement level provides an “escape route” for the
same spin carriers, i.e. it allows the same spin electrons/holes to exist in the
same QD with less spatial overlap. Thus, a decrease in the actual exchange
interaction is seen.

Conclusions

The broadband spectra of a single GaAs/AlGaAs QD made by MDE is ob-
served for the first time, and the sharp spectral lines from a single QD spectra
are resolved.

Initially, a mask combined with a diffraction-limited microscope is used
to verify the spectral characteristics of the single QD spectrum. From this, it
is found that single QD spectroscopy is possible using the micro-PL method
with or without a mask, and so single QD spectra taken without a mask are
studied in detail.

From the excitation intensity dependence of the broadband spectra of a
single QD, the various spectral lines in the single QD spectra are assigned to
the energy levels and multi-carrier correlations within the QD. These results
are compared to the effective mass approximation calculations of the previous
chapter, and good agreement between data and theory is seen.

Dipole forbidden recombinations are seen in the broadband spectra of a
single QD, which occur due to many-body Coulomb interactions in the QD.

From the fine structure near the ground state energy level, multi-carrier
energy renormalizations of the ground state energy level are observed. Coulomb
interactions do not make themselves apparent in the renormalized spectra,
but the e-e, h-h, and e-h interaction correlations can be determined from
the renormalized spectra. This is possible due to the fact that the electron
and hole envelope wavefunctions keep the symmetry of the crystal due to
the lack of strain in the QD, and are easily analyzed because there are no
wetting layer-confined carriers, making the carrier interactions picture much
simpler. Thus, GaAs/AlGaAs QDs made by MDE are, in this sense, ideal
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QDs.
Furthermore, a study of the transient PL spectra shows a similar spectral

structure for a GaAs QD made by MDE [32], and their origin is explained
by the interactions of multiple carriers in the QD. Thus, it is safe to consider
that the multiple-carrier interactions are responsible for the fine structures.

e-e and h-h exchange interaction energies are determined to decrease with
the decrease in QD size, while the e-h exchange interaction energy is deter-
mined to increase with the decrease in QD size.

Earlier in this section, it has been stated that no E1 emission has been
observed for QDs with gound state emission energies above 1.77eV. This does
not mean, however, that there are no n=1,l=1 states for QDs with ground
state energies near the AlGaAs barrier bandgap; from the validity of the two
confinement level, multi-excitonic line analysis in this section, it can be seen
that the n=1,l=1 state (or the (211) state for cubic QDs) does exist for QDs
with ground state emissions close to the barrier bandgap.

The cylindrical symmetry of the QD is assumed, and the agreement
with theoretical calculations using cylindrical symmetry make the QD model
adopted here ligitimate. In the next chapter, the effects of QD shape anisotropy
and the effects of exchange interactions as well as the reduction in symmetry
on the QD carrier confinement will be studied using QWR-like QDs.
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Weimann, G., Quantum dots formed by interface fluctuations in
AlAs/GaAs coupled quantum well structures, Phys. Rev. Lett. 72, 3382
(1994)

125



BIBLIOGRAPHY 126

[10] Hess, H. F., Betzig, E., Harris, T. D., Pfeiffer, L. N., West, K. W., Near-
field spectroscopy of the quantum constituents of a luminescent system,
Science 264, 1740 (1994)

[11] Robinson, L. M., Rho, H., Kim, J. C., Jackson, H. E., Smith, L. M., Lee,
S., Dobrowolska, M., Furdyna, J. K., Quantum dot exciton dynamics
through a nanoaperture: Evidence for two confined states, Phys. Rev.
Lett. 83, 2797 (1999)

[12] Yoshita, M., Sasaki, T., Baba, M., Akiyama, H., Application of solid
immersion lens to high-spatial resolution photolumiescence imaging of
GaAs quantum wells at low temperatures, Appl. Phys. Lett. 73, 635
(1998)

[13] Zwiller, V., Blom, H., Jonsson, P., Panev, N., Jeppesen, S., Tsegaye,
T., Goobar, E., Pistol, M.-E., Samuelson, L., Björk, G., Single quantum
dots emit single photons at a time: Antibunching experiments, Appl.
Phys. Lett. 78, 2476 (2001)

[14] Lewis, A., Isaacson, M., Harootunian, A., Muray, A., Development of a
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Chapter 6

QWR-like GaAs QDs

6.1 Introduction

Single GaAs/AlGaAs QDs with highly anisotropic shapes are studied using
micro-PL. Here, the shape of the QD under investigation departs from that
of the QDs studied in the previous chapter to that of a QWR-like shape.
The difference in shape is expected to give a different confinement potential
and different carrier correlation effects from those of the QD in the previous
chapter.

The shift of very sharp luminescence lines in GaAs/AlGaAs QWR-like
QDs at increasing excitation density is seen. These sharp lines correspond to
the recombination of one dimensional excitons localized in a highly anisotropic-
shaped QD. The evolution of the fine-structured photoluminescence spectra
with increasing exciton density is iterpreted in terms of many-body effects
which lead to an increase of the exciton self-energy and to the formation of
excitonic complexes.

6.2 Experimental setup

6.2.1 GaAs/Al0.405Ga0.595As sample

The sample used here has a higher Al content in the barrier than the GaAs/
Al0.256Ga0.744As QD sample used in the previous chapter. Although the Ga
droplet formation conditions are the same as those of the sample used in the
GaAs/ Al0.256Ga0.744As QD sample, a QWR-like QD was formed instead of a
pyramidal QD, judging from the sample’s shift of the luminescence lines with
excitation intensity, as well as the high anisotropy of the PL spectrum. The
effects of the barrier’s Al content on the QD shape is unknown, however the
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slight difference in the time between droplet formation and crystallization
most probably played an important role in the definition of the QD shape.
This is an issue which requires further inspection.

6.2.2 micro-PL

In the micro-PL measurements, essentially the same setup as that in chapter
5 is used (see figure 5.2). Additional features include a superconducting
magnet with the center of its field at the sample, and a quarter-wave plate
and a linear polarizer which are placed in front of the monochromator slit.
The magnetic field can be increased up to 5T, making it possible to study
the magneto-micro-PL spectra. Standard excitation intensity dependence is
also studied at zero magnetic field and the quarter-wave plate and the linear
polarizer removed. Finally, the polarization of the PL is also studied with a
linear polarizer placed in front of the monochromator slit.

The same method used in chapter 5 is employed to check if the observed
spectra is from a single QD or not. Thus, all the following results are from
single QWR-like QD spectra.

6.3 Results

6.3.1 Zeeman splitting

The Zeeman splitting of the exciton confined in the QWR-like QD, deduced
from the σ+- and σ−-polarized, single QWR-like QD micro-PL peaks’ posi-
tions at 5T, was negligible, and it can be said that the confinement effects
of the anisotropic confinement potential is stronger than the confinement
induced by the magnetic field. This reflects the strong anisotropy of the QD.

6.3.2 Excitation intensity dependence

An example of the single QWR-like QD micro-PL spectrum-excitation in-
tensity dependence is shown in figure 6.1. The intensity is shown in the
logarithmic scale, in order to emphasize the peaks with small intensities.
The spectra are vertically offset for clarity. These spectra are taken at 10K,
with 0.1meV monochromator resolution.

Fine structured PL spectra evolution with increasing excitation intensity
is seen, similar to that of the QD’s studied in chapter 5. A distinct dif-
ference is seen in the peak positions with increasing excitation intensity, a
phenomenon not seen in the QDs studied in chapter 5. In the QDs studied
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in chapter 5, no shift of the spectral lines are seen with increasing excitation
intensity; in the QWR-like QDs, however, a clear shift of the spectral lines
are seen with increasing excitation intensity. To clarify this shift, the amount
of shift relative to the peak position as it initially appears is plotted against
the excitation intensity in figure 6.2. The separate peaks are labeled in figure
6.1.
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Figure 6.2: Energy shift relative to the peak position as it initially appears
(a positive value indicates a red shift)

An initial blue shift of approximately 100µeV is seen for the main peak,
and with higher increasing excitation intensity, an overall red shift of ap-
proximately 100µeV is seen. The initial blue shift most probably results
from the mutual exciton-exciton interactions in the dense limit, leading to a
renormalization of the exciton self-energy[1, 2]. Here, the sample is still in
an electronically highly excited state, but with the electron-hole pairs in the
form of a dense gas of excitons. However, this long-range direct Coulomb
correlations of a given exciton with other neutral bound pairs, which cor-
respond to the usual van der Waals attraction in an exciton gas, are very
small effects that even in three dimensions are dominated by the short-range
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exchange effects. These short range exchange effects, or the repulsion due to
Pauli’s exclusion principle, dominates the “screening” which is responsible
for the red shift[3]. In bulk semiconductors, these two effects cancel each
other out exactly, and a constant exciton recombination energy at increasing
exciton density is expected[4]. In this case, the initial blue shift is a man-
ifestation of the one dimensional nature of the linearly-aligned excitons in
these QWR-like QDs[2, 5]. The existence of a permanent dipole between an
electron and a hole in their ground state, which is caused by the asymmetric
confinement potential inherent to the shape of the QWR-like QD, cannot be
ignored. To summarize, these shifts are ascribed to a lack of balance between
van der Waals attractive forces and repulsion due to Pauli’s exclusion prin-
ciple in an exciton gas, caused by the asymmetric shape of the confinement
potential.

6.3.3 PL polarization

The polarization of the PL is studied using a linear polarizer placed in front
of the monochromator slit. This simple setup is used, because the polariza-
tion of the excitation light is not selected. The spectral dependence on the
observed linear polarization is shown in figure 6.3. The angle of the linear
polarizer is determined by rotating the polarizer and taking the angle which
produces the largest observable change as 90◦, and then taking the spectra
while rotating the polarizer by 30◦.

From figure 6.3, it can be seen that the shift originate from a combination
of two perpendicularly polarized PL directions. Thus, the PL spectra from
this QWR-like QD consists of two perpendicular spectral components which
most likely correspond in direction to the 〈110〉 and

〈
110

〉
directions of the

sample surface.
Figure 6.4 shows the spectral peak intensity dependence on the observed

linear polarization. From this it is clear that the peak labeled “B” consists of
two discrete peaks, which are mostly overlapped by a component of stronger
intensity, resulting in a broader peak.

These results show the anisotropy of the confinement potential, which
gives a different spectra for different confinement directions. This is a result
of the lifting of the degeneracy in the confinement directions.
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6.4 Conclusions

The anisotropic shape of the QD is probed by single QWR-like QD micro-
PL. It is found that the asymmetric confinement potential is responsible for
a lack of balance between van der Waals attractive forces and repulsion due
to Pauli’s exclusion principle in an exciton gas. Furthermore, it can be said
that the degeneracy of the confinement directions are lifted, and its effects
are apparent in the difference in the degree of the polarization of the PL.

It has been reported that, for similarly shaped CdSe/ZnS nanorods, the
one-dimensional exciton ground state which changes from the optically for-
bidden (“dark”) state to the optically active state as the size is reduced[6].
Thus, future work includes the determination of the degree of linear polar-
ization of the PL, as well as the size dependence of the PL decay times.
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Chapter 7

Conclusion

As QDs become important optical and electronic components in future de-
vices, it is imperative that the studies of the energy levels of these QDs be
made now, and such an investigation has been conducted in detail in this
thesis. From a purely scientific standpoint, the multi-particle interactions
within a single QD are also of great interest. These multi-particle interac-
tions may also have applications in the engineering of novel devices using
QDs.

The novel devices expected to appear in the near future will utilize single
QD operations. A distribution in QD material composition, size, and shape
will be, to some extent, inevitable; thus it is important to know what opto-
electronic properties are to be expected from various single QDs with different
material compositions, sizes, and shapes. Such studies were pursued in this
thesis.

QDs made by droplet epitaxy have no dislocations, strain, nor wetting
layer, and are considered to be the ideal QD embedded in a crystal matrix.
In this thesis, QDs made by droplet epitaxy were studied.

In this thesis, the following crystal growth and optical studies have been
performed.

Quantum dot growth and sample evaluation

Modified droplet epitaxy was used to grow low density GaAs/AlGaAs QD
samples. Along with a relatively low density, a bimodal growth of small and
large QDs was observed, thus reduced the “confining” QD density to nearly
3×108cm−2. From this sample, for the first time, broadband PL spectra
of single GaAs/AlGaAs QDs made by modified droplet epitaxy have been
observed and analyzed. InGaAs/GaAs QDs samples made by heterogeneous
droplet epitaxy have also been the subject of study.
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Resonant Raman spectroscopy of InGaAs QDs

InGaAs/GaAs QDs samples made by heterogeneous droplet epitaxy, which
have well defined shapes, no wetting layer, and a barrier that is transparent
to the QD PL line, were annealed at different temperatures and studied by
resonant Raman spectroscopy. The TO, LO, and SO phonon-exciton interac-
tions have been observed by resonant Raman spectroscopy. The appearance
of TO lines indicate the existence of deformation potential interactions be-
tween the QD confined exciton and the TO phonon, while the appearance of
LO and SO lines indicate the existence of Frölich interactions between the
QD confined exciton and the LO and SO phonons.

As intermixing at the QD-barrier interface is increased with increasing
annealing temperature, it was seen that both Frölich and deformation po-
tential interactions are enhanced, judging from the intensities of these peaks
in the resonant Raman spectra of samples with different annealing temper-
atures. The effect of annealing is more prominently seen in the Frölich in-
teraction. Thus it can be said that interdiffusion enhances the exciton-LO
phonon coupling in the QD. The observation of SO phonon-exciton interac-
tions suggest that the annealed QDs are not perfect spheres; this coupling
between the charge distribution and the surface modes is observed due to the
lower symmetry of the shape of the QD, and give rise to issues such as the
non-adiabaticity of the exciton-phonon systems. These issues require further
investigations.

Pressure dependence of GaAs QD PL

PL from high density GaAs/AlGaAs QD samples made by modified droplet
epitaxy were studied under high hydrostatic pressure to determine the band
offset and, consequently, the QD/barrier band lineups. The results were used
in effective mass approximation calculations using the cylindrical symmetry
of the QD, to determine the ground-to-excited state transition energy sep-
aration (E1), as well as the ground-to-excited hole state transition energy
separation (E2) of the QD. The effects of interdiffusion on the QD potential
were introduced into these calculations; this validates the cylindrical symme-
try of the originally pyramidal QD shape. The ground state and first-excited
state hole energy levels were resolved from the QD PL spectra taken at high
pressures, and from the value of the spacing of these energy levels, E2 was
determined, thus giving an estimate of the E1 value from the effective mass
approximation calculations.
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Single GaAs QD micro-PL spectroscopy

The broadband spectra of a single GaAs/AlGaAs QD made by MDE was ob-
served for the first time, and the sharp spectral lines from a single QD spectra
were resolved. Furthermore, from the excitation intensity dependence of the
broadband spectra of a single QD, the various spectral lines in the single
QD spectra were assigned to the energy levels and multi-carrier correlations
within the QD. These results were compared to theoretical calculations, and
good agreement between data and theory was seen.

An interesting point in these single QD spectra was that a normally dipole
forbidden recombination emission was observed, due to many-body Coulomb
interactions in the QD.

From the fine structure near the ground state energy level, multi-carrier
energy renormalizations of the ground state energy level are observed. Coulomb
interactions do not make themselves apparent in the renormalized spectra,
but the e-e, h-h, and e-h interaction correlations can be determined from the
renormalized spectra. The e-e and h-h interaction correlations were found
to decrease with decreasing QD size, which can be understood as the same
carrier wavefunctions having lesser spatial overlap as the same spin elec-
tron/holes tend to push each other away in smaller QDs. On the other hand,
it was found that the e-h interaction correlations were found to increase with
decreasing QD size, which can be understood as the electron-hole wavefunc-
tion spatial overlap increasing in smaller QDs. This observation was possible
due to the fact that the electron and hole envelope wavefunctions keep the
symmetry of the crystal due to the lack of strain in the QD, and were easily
analyzed because there are no wetting layer-confined carriers, making the
carrier interactions picture much simpler. Thus, GaAs/AlGaAs QDs made
by MDE are, in this sense, ideal QDs.

Quantum wire(QWR)-like GaAs QDs

Using the same micro-PL setup as used in chapter 5, highly anisotropically
shaped QD was studied, and their many-carrier correlations were studied.
The anisotropic shape of the QD was probed by single QWR-like QD micro-
PL. It was found that the asymmetric confinement potential is responsible for
a lack of balance between van der Waals attractive forces and repulsion due to
Pauli’s exclusion principle. Furthermore, it can be said that the degeneracy
of the confinement directions were lifted, and its effects were apparent in the
difference in the degree of the polarization of the PL.
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