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Preface

Semiconductor quantum dots (QDs) are nanometer-sized three-dimensional
structures which confine electrons and holes in all three directions giving rise
to a discrete energy spectrum. Many types of QDs have already been devel-
oped such as electrostatically and lithographically defined QDs, chemically
synthesized QDs, naturally formed QDs by interface fluctuations, and epitax-
ially grown self-assembled QDs. The latter possess the advantage that their
size, shape, composition and location can be tailored to a large extent by
modern growth techniques. In addition they can be naturally embedded dur-
ing growth into more complex structures making them attractive for different
kind of electronic and photonic devices.

The growth of self-assembled QDs has been presently performed on a wide
variety of semiconductor alloys such as Ge/Si, InAs/GaAs, (In,Ga)As/GaAs,
(Ga,In)P/InP, CdSe/Zn(S,Se), and (In,Ga)N/GaN. The spectral region rea-
ches from the near infrared (~ 1.5um) to the blue-green region (~ 430-
500nm). Self-assembled dot growth leads to a distribution of dot sizes, and
hence a distribution of energy levels. On one hand, the inhomogeneous broad-
ening reduces the advantage expected from the zero-dimensional systems, on
the other hand the broad distribution of energy levels can be used for different
types of applications such as wavelength selective storage devices. Nowadays,
different companies are moving towards commercialization of devices based
on quantum dot ensembles. For example current QD diode lasers can out-
perform quantum well lasers with respect to threshold density, temperature
insensitivity, and gain bandwidth.

Within the last few years single quantum dot spectroscopy moved more
and more into the focus of many research groups to study the exciting physics
of individual and coupled pairs of QDs and to exploit their tremendous po-
tential for device applications. In fact, the full advantage of their superior
properties can be utilized if single quantum dots are used, e. g., as active el-
ements for single-electron and single-photon devices. Recently, a single-pho-
ton source based on a single QD embedded in a photonic nanostructure has
been demonstrated. The interest for such nonclassical light sources rapidly
increases since the generation of photons on demand is an important prereq-
uisite towards many novel technological applications in the field of quantum
information science. More recently, a coherently driven single-QD photodi-
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ode has been fabricated which works as an optically triggered single-electron
source which offers single electrons (or holes) on demand. Such a device com-
bines coherent optical excitations and electric currents and could be one of
the building blocks of a new generation of optoelectronic devices. Further-
more, a cavity-quantum electrodynamics effect, i.e. the Purcell effect, has
been demonstrated in the coupled quantum-dot cavity system and reaching
the strong coupling regime seems to be within reach during the next few
years. These exciting developments encouraged the editor to ask leading sci-
entists for articles for this book on self-assembled quantum dots with special
emphasis on single quantum dot properties.

The book is organized as follows: Pierre Petroff gives an introduction
into the crystal growth processes of self-assembled quantum dots and presents
some newer methods for controlling the ordering and positioning of the quan-
tum dots. Novel quantum dot based devices like a quantum dot memory
device and a spin polarized light emitting diode are also discussed in his
contribution.

Readers will find a fundamental introduction into the theory of the elec-
tronic and optical properties of self-assembled quantum dots in the contri-
bution by Pawel Hawrylak and Marek Korkusiriski. Especially the spectra of
a single exciton, the exciton in the presence of many electrons, and many-ex-
citon complexes are discussed in detail.

Manfred Bayer presents extensive spectroscopic studies of single In(Ga)As/
GaAs self-assembled quantum dots. The dependence of photoluminescence
(PL) and PL excitation spectra on the quantum dot symmetry and in mag-
netic fields is discussed. Special emphasis is put on fine structure effects and
on the exciton-phonon interaction in his contribution. The electronic struc-
ture and coherent coupling of the electronic states of quantum dot molecules
are also discussed in his contribution.

Quantum dot eigenstates can be manipulated in a well-controlled way by
applying either external electric or magnetic fields. In addition, II-VI semi-
conductor quantum dots offer the possibility to incorporate magnetic ions
isoelectronically into the crystal matrix giving access to magnetic semicon-
ductors. Gerd Bacher describes in detail giant magneto-optical effects like
huge effective g-factors and the formation of quasi-zero-dimensional mag-
netic polarons. In addition, the Stark effect for lateral and vertical electrical
fields is discussed.

As the quantum dot laser is one of the most important quantum dot
based devices so far, the contribution by Heinz Schweizer, Michael Jetter
and Ferdinand Scholz has been solely and comprehensively devoted to the
fabrication of quantum dot lasers and their static and dynamic properties.
Strong emphasis is put on carrier dynamics, i.e., transport, recombination
and relaxation processes which determine the modulation dynamics and the
spectral properties of the device.
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Paola Borri and Wolfgang Langbein review the dynamics of the optically-
induced interband polarization in (In,Ga)As/(Ga,Al)As quantum dots. Ra-
diative recombination, exciton—phonon interaction and Coulomb interaction
of excitons with other carriers are discussed as mechanisms responsible for
the excitonic dephasing. Optical Rabi oscillations of the excitonic population
in quantum dots are also reviewed.

Cavity-quantum electrodynamics effects such as the enhancement or inhi-
bition of the spontaneous emission rate, the funneling of photons into a single
mode and the control of spontaneous emission processes on the single photon
level can be investigated by use of self-assembled quantum dots embedded in
high-quality solid-state microcavities. These effects are particularly attrac-
tive to improve optoelectronic devices with respect to low threshold or high
modulation response or develop novel ones, e.g. a single quantum dot laser.
The progress on these topics is reviewed by Jean-Michel Gérard.

The last chapter of this book is written by myself where I review the
recent progress in the new fascinating field of nonclassical light genereration
using semiconductor quantum dots. The generation of triggered single photon
emission, correlated photon pair emission, and the prospects for the genera-
tion of entangled photons are discussed. Such light sources are required for
the rapidly evolving field of quantum information technology.

Finally, T would like to thank all my colleagues for writing the various
chapters and for spending much of their free time for our common book.
Very special thanks to my wife Silke for her unconditional support and the
appreciation for my absence during numerous weekends.

Stuttgart, September 2003 Peter Michler
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Epitaxial Growth and Electronic Structure
of Self-Assembled Quantum Dots

Pierre M. Petroff

Materials Department, University of California,
Santa Barbara, CA 93103, USA

petroff@engineering.ucsb.edu

Abstract. Semiconductor self assembled quantum dots have emerged as one of
the simplest means of exploring and exploiting the physics and device applications
of carriers and excitons in the three dimensional confinement regime. This chapter
covers the epitaxial growth processes involved in the formation of self-assembled
quantum dots. A number of approaches for self-ordering and positioning quantum
dots using direct epitaxial growth are also developed. The electronic structures
of quantum dots using capacitance and luminescence spectroscopy techniques are
presented to demonstrate the analogy between the quantum dots and “artificial
atoms”. To emphasize the difference with the properties of the isolated artificial
atom, the role of the quantum dot coupling to the outside environment and the
importance of many-body effects on the electronic properties of the quantum dot
are also discussed. Finally we give examples of several quantum dot devices that
exploit some of the quantum dot electronic and optical properties. Some of these
quantum dot devices could lead to the implementation of quantum computing or
quantum cryptography applications.

1 Introduction

The use of strain induced islands as a process for forming self assembled
quantum dots (QDs) [1] in III-V semiconductors using epitaxy has been
part of a large effort to exploit the novel quantum properties which arise
from the three dimensional (3D) quantum confinement of carriers and ex-
citons. The other methods for producing self assembled QDs are based on:

a) the monolayer thickness fluctuations of a quantum well [2]; b) the elec-
trostatically defined quantum dots in a two dimensional electron gas [3]; or
c) the self-assembly of colloidal clusters using solution chemistry [4]. Each

method has its strength and weaknesses and it is safe to say that presently,
the epitaxial self-assembly method provides the best means of incorporating
quantum dots into a wide variety of devices and exploit some of their unique
properties [5,6,7,8]. It should also be mentioned that the carrier confine-
ment provided by the self-assembled quantum dots is much larger than that
provided by the electrostatically defined quantum dots or by the quantum
well-quantum dots [2]. These self-assembled QDs have also provided a conve-
nient “laboratory bench” for studies of carrier confinement and many-body
effects in semiconductors. Because of the possibility of band gap engineering

P. Michler (Ed.): Single Quantum Dots, Topics Appl. Phys. 90, 1-25 (2003)
© Springer-Verlag Berlin Heidelberg 2003



2 Pierre M. Petroff

the self assembled QD structures, it has been possible to make a wide variety
of solid state devices such as electrically pumped QD lasers [6,9] or infrared
detectors [10] some of which are now near the industrial production stage.

The role of self assembled islands as an efficient strain relieving process
was first identified in the investigation of SiGe/Si strained layers [11] and
the growth of self assembled islands as a useful method to fabricate QDs [1]
was also recognized later. The direct crystal growth of self-assembled QDs
has been widely applied to a variety of strained layer semiconductor systems:
several III-V compounds systems as well as II-VI and group IV heterostruc-
tures systems [5,6,7] and wide band gap IIT-V compounds [12] allow a range
of wavelengths between 0.3 um and 1.5 um to be spanned.

The formation of QDs using epitaxy is based on the deposition of an
epitaxial film on a lattice mismatched substrate. The elastic strain energy
during the film deposition builds up as the square of the lattice strain. The
total energy in the film, including strain energy, interfacial energy and surface
energy, will be minimized during growth through the formation of coherently
strained islands at the surface. These islands are transformed into QDs by
embedding them into a larger band gap material.

This chapter covers the crystal growth processes involved in the QD for-
mation using epitaxy as well as some of the newer methods for producing
self-ordered QD lattices. We review some of the QD electronic properties rel-
evant to the shell atom model which applies to the self-assembled QD elec-
tronic structure. We then use examples of QD devices which may be involved
in the implementation of quantum computing and quantum cryptography.
Throughout this contribution, we will take the InGaAs/GaAs QD system as
a model system since it has been the most extensively studied.

2 Formation of Quantum Dots, Quantum Rings
and Strain Effects on Island Nucleation

Thermodynamics and kinetics are both involved in the formation of self-
assembled quantum dots. To discuss the nucleation and growth of the islands,
we will take the InAs/GaAs system since this is the one which has been the
most studied. For this system, the InAs is in compression to accommodate
the strain associated with the smaller lattice constant of the GaAs. The initial
stage in the QD formation is the formation of islands during deposition of an
epitaxial layer with a small lattice mismatch (a few percent) on a crystalline
substrate. As illustrated in Fig. 1 for the case of II[-V compounds semi-
conductors deposited by molecular beam epitaxy, In and As atoms falling
on a clean GaAs substrate held at high temperature will self assemble into
smooth defect free epitaxial atomic layers if the lattice mismatch between the
material deposited and the substrate is not too large. The diffusion length of
some of the group III elements deposited by molecular beam epitaxy (MBE)
are sufficiently large to insure the layer by layer growth until a build up in
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Fig. 1. Schematic of the island growth process illustrated for the deposition of InAs
on GaAs. Capping of the islands will transform the islands into quantum dots.
An increase in the film thickness beyond the island formation stage will produce
island coarsening and the introduction of misfit dislocations. The graph shows the
critical thickness for island formation measured experimentally as a function of the
In content z in the In,Ga,As layer. The three fields in this plot distinguish the
three growth regimes: layer-by-layer growth, island growth and layer growth with
dislocations. The lower field region characterizes the thickness of the wetting layer
connecting the quantum dots

the strain and surface energy of the epitaxial film switches the growth to the
island growth mode. This change in the surface morphology is induced by
the minimization of the total film energy. This interplay between the strain
and surface energy of the film can be used, as we will see later, to control the
island nucleation and promote self-ordering of islands.

Figure 1 also shows that increasing the film thickness, for a given com-
position of the In,Ga;_,As alloy, beyond the island formation stage will in-
troduce misfit dislocations. The formation of a thin wetting layer is inherent
to the island formation process. However as indicated in Fig. 1, the wetting
layer can become very thick (up to 30 monolayers) for low In content in the
film. In this case, the wetting layer thickness approaches that of the QDs and
will play an important role in the carrier confinement and relaxation pro-
cesses and device characteristics since the active layer of the device becomes
a corrugated quantum well or quantum well coupled to a QD layer.

The growth of self-assembled quantum dots is achieved by covering the
smaller band gap material of the islands with a wider band gap epitaxial
film. The island covering step will drastically change the island composition,
shape and dimensions.

A listing of some of the general structural characteristics for this type of
QD is informative as a background for designing QD devices and understand-
ing some of their physical properties:

a) The islands and QDs are all deposited “in situ” in a reactor and are coher-
ently strained and their growth remains essentially defect and impurity
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free. This view is supported by the very high internal quantum efficiency
for optically pumped QDs.

b) The epitaxial QDs can easily be incorporated within an epitaxial struc-
ture thus making it possible to use band gap engineering techniques for
electrical or optical injection and developing novel devices.

¢) The QD size distribution is poorly controlled. Their size dispersion is in
general =~ 10% and is a function of the substrate deposition tempera-
ture and surface growth kinetics. Although the initial nucleation of is-
lands takes place preferentially at surface step edges, random nucleation
events on terraces will eventually dominate as the QD density is increas-
ing. Random island nucleation and coarsening kinetics during growth are
controlling the size distribution.

d) The exact shape, dimensions and composition of QDs are not known ac-
curately. Although the island shape and dimensions are well character-
ized using atomic force microscopy (AFM) [13,14], they will dramatically
change during the capping by the wider band gap film. Surface exchange
reactions and diffusion processes are playing an important role on the fi-
nal shape, dimensions and composition of the QDs. Detailed studies of
the QD composition in the InAs/GaAs system using X-ray diffuse scat-
tering and AFM have shown the presence of an In concentration gradient
within the QDs [15]. The existence of this gradient and its magnitude
should strongly depend on the deposition conditions. In many instances
the shape of the island is not a hemispherical cap and is more often a trun-
cated pyramid. The elongated base of this pyramid reflects the crystallo-
graphic orientation dependence of the diffusion coefficient of the species
during growth.

Several of these characteristics can affect the properties of quantum dot
devices and a great deal of effort has been directed to address some of these
problems.

3 Positioning and Ordering Quantum Dots

The absorption coefficient of QDs is small and for some device applications,
a very high local QD density would be desirable. This would be the case for
QD laser or far infrared (FIR) photodetector devices [9,10]. The optimization
of coupled QD-microcavity devices will also rely heavily on the controlled po-
sitioning and ordering of QDs. In fact, controlling the island nucleation sites
and density are difficult problems which involve both the thermodynamics
and kinetics of growth. We discuss in this section two techniques which are
yielding promising results.

The first method uses the directed migration of adatoms to a localized
surface site that will promote preferential nucleation. This can be achieved
by engineering the surface chemical potential [16,17,18] using a pre-patterned
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Fig. 2. Schematics of two possible configu-
rations for controlled nucleation on a pat-
terned substrate. (a) The strain distribu-
tion in the structure is illustrated by ar-
rows and the InGaAs layer growth will
preferentially occur in the valleys between
the mesas. In (b) a coherently strained In-
GaAs stressor layer is used to enhance the
strain on the mesa edge tops. The growth
InGanxAs of islands will preferentially occur on the
mesa tops where the strain build up is the
largest
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Fig.3. AFM pictures of the GaAs {100} surface with surface depressions after
a GaAs buffer layer regrowth and an InAs thin layer deposition. In (a) the In flux
was adjusted to grow between on average 2 InAs islands per depression. The features
observed between the depressions have been identified as surface defects and not
QDs. In (b), the statistical distribution of In allows the formation of a single InAs
island in some of the surface depressions [19]

substrate surface. A lowering of the surface chemical potential due to capillar-
ity effects induces a driving force for adatom diffusion towards a concave sur-
face site and causes island nucleation before the critical thickness for island-
ing is reached in other parts of the surface. Figure 2a illustrates a patterned
surface and the preferential growth of the In,Ga;_,As QDs taking place
preferentially in the concave surface sites. This preferential accumulation of
In,Gay_,As requires a fast In diffusion on the surface and is energetically
favored [19]. The local stress build up induced by a thicker In,Ga;_,As layer
will trigger the InAs island nucleation first in these areas. An illustration
of the technique is shown in the atomic force microscopy (AFM) pictures
(Fig. 3). In this example, the periodicity between the surface depressions
formed by e-beam lithography prior to the InAs deposition is 4 pm.

The InAs islands are found to form only in the surface depressions. The
measured In surface diffusion using this technique is ~ 15 um.
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One of the drawbacks of this approach is associated with the formation
of facets in the surface depression which takes place during the regrowth of
a thin GaAs buffer layer following the pre-patterning step. The formation of
an In rich wire like region at the junction of facets can take place prior to the
formation of the QDs and the resulting coupling between the wire like region
and the QDs may be problematic for some devices.

3.1 Island Nucleation and Quantum Dot Lattices

By controlling the island nucleation process to well defined areas, it is possible
to minimize random nucleation and improve the island size uniformity. The
interaction of strain fields between nucleating islands can promote nearly
identical growth rates for all islands. This method was initially introduced to
order islands on a mesa ridge where the diffusion kinetics favored a build up of
strain on one edge of the mesa [16]. Using this method, strings of InAs islands
were produced in a patterned GaAs surface and Monte Carlo simulations [17]
support the view that enhanced island interactions will induce a significant
narrowing of the island size distribution.

The thermodynamics and diffusion kinetics of the In atoms are changed
during growth by introducing a local sub-surface strain field. As shown in
Fig. 2b this can be achieved by growing a coherently strained film of InGaAs
below the surface. In this case, the InAs film will grow more rapidly on the
mesa tops and induce a preferential growth on InAs islands on top of the
subsurface stressors [20].

In this method, a substrate is first patterned using optical holography
and chemical etching on a GaAs surface to form a lattice of mesas. After
desorption of the native oxide from the GaAs patterned surface, a thin GaAs
buffer layer and an InGaAs stressor layer are deposited by molecular beam
epitaxy (MBE) (see Fig. 2b). The InGaAs islands are then deposited after
a thin GaAs layer is deposited on top of the InGaAs stressor layer. As shown
in the AFM pictures (Fig. 4), the lattice orientation can be adjusted by the
orientation of the mesa lattice on the pre-patterned substrate. The number
of islands in the lattice basis is found to depend on the mesa shape and width
and on the In flux.

A finite element calculation of the strain distribution in these structures
indicates that the InAs islands nucleate at the surface sites where the stress
is highest, i.e. the mesa edges and end points of the mesa ridges [20]. This
effect is supported by experimental results shown in Fig. 5a. InAs islands
lattice with a basis of one, two or three islands is deposited using a reduced
In flux compared to that shown in Fig. 4. The strain distribution on the mesa
surface controls the island nucleation sites. The number of islands per mesa
will greatly depend on the shape of the mesas and on the In flux. In Fig. 5b,
a double row of islands is observed on each mesa since the mesa top is larger
than ~ 60 nm.
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Fig. 4. Examples of ordered InAs island lattices [7]. The InAs islands are deposited
on a GaAs patterned substrate and the schematic of the unit cell of these two lattices
corresponds to each of the atomic force micrographs. The mesa lattice parameter
is &~ 250 nm [20]
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Fig.5. (a) Atomic force micrograph of a lattice of mesas on which InAs islands
were deposited using the strain engineered nucleation method. QDs appear as bright
spots on top of the mesa. Note that the number of islands per mesa varies between
one and three. The islands nucleate preferentially on the surface sites where the
strain is maximum. (b) A double row of QDs is deposited on each mesa when the
mesa top is larger. The mesa lattice parameter is 410 nm. Cross-section transmission
electron microscopy of these devices reveals the existence of a thin wetting layer on
the mesa top

Developing a processing that allows to reproducibly fabricate mesas with
the desired dimensions and shapes is crucial to further progress in this field.
The sub-surface stressor approach allows for the highest possible island den-
sity locally. Under optimal conditions and for a pyramidal shape mesa, one
should be able to form lattices with one island per mesa.

Once a two-dimensional island lattice is formed on the surface, the growth
of a three-dimensional island lattice using the strain coupling [21] between is-
land layers is easily achieved. As shown in Fig. 6, the two-dimensional lattices
of islands is replicated along the growth direction through the preferential
nucleation of islands on top of each other along the growth direction if the
interlayer spacing is smaller than ~ 12 nm.

The challenge for the future will be to reduce the size of the unit cell
by developing a patterning process which is cheap and suitable for a rapid
processing of large areas. Making this process compatible with the band gap
engineering of the desired devices could also be required. This may be difficult
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Fig.6. Cross-section TEM through a three-
dimensional quantum dot lattice. The InAs stacked
quantum dots along the (100) growth direction are
/ * 200nm | | 1 separated by a 10nm thick GaAs layer. The quan-

tum dots are detected through their strain fields.

ol . = The bottom schematic is an idealized reconstruction
10nm | ‘ /
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of the three-dimensional quantum dot lattice with
the dimensions of the unit cell indicated

in some instances since the InGaAs stressor layer behaves as a quantum well
which may interfere with the intended functionality of the device.

The nucleation site engineering method may be a very useful approach
for increasing the QD density and this may lead to large improvement in the
gain characteristics of QD lasers [9]. The lateral coupling of QDs on mesa
tops may also provide new avenues to control the absorption characteristics
in QD infrared detectors [10].

4 Strain Effects and Growth Characteristics
of Quantum Dots

Strain in the epitaxial layers controls not only the species surface diffusion and
interdiffusion on the surface but also the kinetics of nucleation and growth of
the islands. These effects are illustrated by experiments in which two electron-
ically uncoupled QD layers have been deposited under identical or different
growth conditions. These layers are close enough to each other to retain the
strain alignment of the QDs from one layer to the other yet it is too large
to allow electronic coupling of the energy levels between QDs of each layer.
Their photoluminescence spectra (Fig. 7) provide a rapid method of analyz-
ing their size and/or composition distribution. The distance (12 nm) between
the two QD layers is sufficient to insure strain coupling and a stacking of
the QDs in the 2 layers along the growth direction. This interlayer distance
is too large to provide an electronic coupling between the stacked QDs. The
growth conditions of the second layer are adjusted by using a partial cov-
erage of the islands (PCI) with various amounts of GaAs prior to the final
capping of the islands [22]. In Fig. 7 the PL spectra of island layers grown
under identical conditions show two peaks indicative of differences in their
size and/or composition.

According to the macro-PL spectra, the observed differences in the ground
state energies (= 50meV) can be reduced to zero by changing the growth
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Fig. 7. (a) Photoluminescence spectra (excitation power 0.1 uW, Aexc = 633 nm,
T = 10K) from samples with a high density of vertically stacked QDs (d = 120 A).
The seed layer QD; in each sample has 30 A of GaAs partial capping, while the
partial capping in the 2°¢ QDs layer is varied as indicated on each spectrum.
Gaussian curve fittings are applied to each curve to identify the two QD layer’s
ground state peaks. As the second QD2 layer’s PCI thickness is increased, the
ground state energy of that QD decreases [23]. The numbers associated with each
spectrum indicate the thickness (in A) of the PCI layer for the first and second
layer of QDs respectively. (b) Micro-photoluminescence spectra of a single QD pair
from the sample indicated by the arrow in (a). The different micro-PL spectra
correspond to different pump powers

conditions (PCI thickness of ~ 4.1 nm, Fig. 7a) for the second QD layer [23].
Not surprisingly, the micro-PL spectra of this sample show that even with
a single macro-PL peak, the energy difference between the ground state ex-
citon luminescence for individual QD pairs is not zero and varies between
9 and 15meV depending on the QD pair. The energy separation for these
lines cannot be associated with an electronic coupling between the QDs since
the tunneling distance of 12nm is too large. Rather, a small change in the
size or composition of the 2 QDs in a pair is responsible for the observed PL
structure. From this type of experiment and studies of the QD luminescence
in close proximity to a coherently strained quantum well, it has been shown
that the nucleation and growth of QD layers in a stack of layers is strongly
dependent on the presence of In floating or diffusing to the surface during
growth [23].

We conclude this section by noting that much remains to be done to
understand and control the nucleation, growth, positioning and ordering
of self assembled quantum dots. QD systems other than the well-studied
InGaAs/GaAs system should be explored. Surprisingly, little work has been
done with QD materials systems with wider band gap and larger confine-
ment energies. In QD systems such as AllnGaAs/AlGaAs [24] and GaN/
AlGaN [12,25], the conduction and valence band offsets are larger than in



10 Pierre M. Petroff

InGaAs/GaAs and the interband and inter-subband energy levels can be in-
creased without further reducing the size of the QDs. A good control of these
systems should permit the exploitation of QD devices which exhibit the full
potential of the three dimensional confinement at room temperature.

5 Fundamental Electronic Properties
of Self-Assembled Quantum Dots

The three-dimensional quantum confinement (3D) of carriers and excitons
confers “atom like” properties to the quantum dots. However, this analogy
should be carefully reconsidered since the contribution of the matrix (e.g.,
phonons) and the many-body effects should be taken into account. In this
section we review some of the important physical QD properties.

5.1 The “Atom-Like” Shell Model for the Quantum Dots

One of the striking properties of the epitaxially deposited semiconductor QDs
is their “atom like” electronic properties which originate from the three-di-
mensional carrier confinement inside the QDs. The expected discrete electron-
ic energy level shell structure was first observed using capacitance (C-V) and
infrared spectroscopy measurements on large ensemble of InAs QDs [26,27]
embedded into a GaAs/AlGaAs MIS device structure. Figure 7 shows the
schematics of the device and the associated conduction band diagram.

The capacitance versus voltage spectrum (Fig. 8) for a diode containing
~ 105 InAs QDs shows two series of peaks associated, respectively, with the
s- and p-shell loading when electrons are tunneling from the back nt gate
as a positive voltage is applied to the front one. The width of the peaks is
due to the QD size dispersion and the large number of QDs (= 10°) in the
measured device. The Coulomb charging energy corresponding to loading
of the second s electron peak into the s-shell is measured to be approxi-
mately 25 meV. The four peaks corresponding to the p-shell loading reflect
the growth axis cylindrical symmetry of the QDs confining potential. The
electron energy difference between the s- and p-shell levels is found to be
A Ee,_, ~50meV. A similar picture emerges for the hole shell structure of
InAs QDs. However the energy level differences for s- and p-shell holes are
smaller (A Ey,_ ~ 10meV) than for electrons [27]. Modeling of the capaci-
tance spectra based on the quantum tunneling of electrons from a back gate
reservoir into the QDs ensemble has confirmed the C-V spectra interpreta-
tion [28]. Measurements and modeling of the intra-subband levels using FIR
and capacitance spectroscopy have established that the confining potential
is roughly parabolic [5,26]. For the InAs/GaAs QD system, the conduction
and valence band offsets are ~ 400-500 meV and =~ 70-100 meV, respectively,
and the number of electrons which can be confined to the QDs is controlled
by their dimensions. Thus many-body effects due to exchange and Coulomb
interactions are expected to dominate at low temperature.
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Fig. 8. Capacitance voltage spectra of an InAs QD ensemble (10° QDs) showing
the loading of the s- and p-shell electrons. The electronic levels for the s and p-shell
loading are indicated schematically with the measured values of the energy level
differences. The schematic of the device structure and conduction band diagram
along the growth direction are also shown [5]. In this example, up to 6 electrons
can be confined to the QDs

5.2 Charged and Neutral Quantum Dots

Injection and trapping of charges can be done either through electrical [20]
or optical injection [29,30] and provides the QDs with a wide range of phys-
ical properties which can then be used in practical QD devices. The asso-
ciated many-body effects are important and readily observed using micro-
probe spectroscopy techniques that permit measurements of a single or a few
QDs. Micro-photoluminescence (micro-PL) spectroscopy measurements have
shown the formation of negatively or positively charged excitons or multi-
exciton complexes [31,32,33,34]. We review briefly some of the micro-PL spec-
troscopy results for the InAs/GaAs QD system.

5.2.1 Photoluminescence Properties of Quantum Dots

Macro-PL spectra of QD ensembles as a function of increasing pump power
reveal complex emission line structures which are difficult to interpret. This is
mostly due to composition and size broadening effects and carrier exchange
interactions and Coulomb interactions which can give rise to energetically
closely spaced radiative recombination lines.

Micro-PL spectra [31,32] of single QDs on the other hand under low
pump power conditions, can give rise to extremely narrow emission lines
(FWHM = 5 peV) corresponding to a single s-shell exciton recombination [34].
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Fig. 9. Micro-PL spectra of a single QD as a function of the number of electrons in
a single QD. The number of electrons is changed by applying a voltage bias while
an exciton is generated in the QDs by resonant pumping of the wetting layer. The
various charged states of the excitons are observed. The red shift of the luminescence
associated with each additional exciton is accounted for by many-body effects and
exchange interactions. Singlet and triplet states can be generated in the QDs after
the exciton recombination [31]

These narrow spectral lines are consistent with the delta function density of
states of the QDs.

To illustrate the importance of many-body interactions, we use as an ex-
ample the micro-PL studies of QDs in which a controlled number of electrons
is introduced using the device shown in Fig. 8. When excitons are generated
by optical pumping at 850 nm with a solid state laser, a series of ultra sharp
red shifted luminescence lines is observed as a function of the number of elec-
trons present in the QD. Figure 9 shows the controlled formation of several
excitonic charged states. The computed values of the red energy shift asso-
ciated with each exciton charged state are accounted for theoretically when
Coulomb and exchange interactions are taken into account [31].

The charged excitons X2~, X3~ and X*~ give rise to bright exciton lines.
This type of experiment allows the preparation of QDs with singlet or triplet



Epitaxial Growth and Electronic Structure 13

electron spin states after exciton recombination and offers great opportunities
for studies of spin coherence and spin dynamics in QDs [32].

Under non-resonant pumping and for increasing pump power, a multiplic-
ity of narrow, red shifted lines is also observed. The 2X bi-exciton and charged
exciton lines (X'~, X2~ X37) have been identified through a combination
of both experiments and theory [31,32,33,34,35]. At the highest pump power
blue shifted lines corresponding to the p-shell exciton recombination are ob-
served. The charged exciton and bi-exciton energies have been computed and
the differences in values reported by several group could very well be associ-
ated with the QD size and composition used in the experiments [36,37].

Studies of the recombination lifetimes for these various lines have clearly
established the existence of cascaded relaxation processes associated with the
recombination of the p-shell excitons followed by that of the s-shell exciton.
The long recombination lifetimes measured (= 1-5ns) are associated with
the efficient carrier confinement in the QDs. Intersubband electron relaxation
times are in the 10-30 ps range.

Micro-PL measurements of the line broadening as a function of tempera-
ture show the important contribution of acoustic phonons on the relaxation
processes of the QD excited states [38]. The presence of a superposition of
QD excited states with a continuum of wetting layer states is responsible
for the suppression of the expected phonon bottleneck in QDs [39]. At the
highest temperature (7" > 100 K), the luminescence intensity decays through
thermal ionization of the carriers out of the QDs.

5.2.2 Upconversion Processes in Quantum Dots

Shell filling and exciton confinement give rise to efficient photon upconversion
processes in the QDs [10,11]. As Fig. 10 indicates, upconversion of electrons
and holes injected by optical pumping of a GaAs/InAs QD sample with be-
low band gap photons (Fex. = 1.348 eV) will generate higher energy excitons
and emission of a GaAs (DX) at 1.428eV. A study of the pump power de-
pendence of this upconversion process supports a two-step photon absorption
process which could be favored by the strong carrier localization in the quan-
tum dots. Such processes could be important in the carrier relaxation and
thermalization dynamics processes in QD lasers [42].

Efficient upconversion processes involving the recombination of QD bound
states with states in the continuum of the wetting layer have also been ob-
served in micro-PL, and micro-PL excitation experiments [11].

5.2.3 Excitons in Coupled Quantum Dots

The electronic coupling between two vertically stacked InAs QDs may offer
a possible route for generating entangled states by forming a “QD molecule”.
However as already discussed in Sect. 3, the electronic coupling between two
QDs using a simple growth approach cannot be achieved. The growth of two
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Fig.10. (a) Photoluminescence spectra of a QD ensemble. (b) Excitation spec-
trum of a QD ensemble for an excitation energy of 1.348 eV. The schematic indi-
cates a possible upconversion path corresponding to a two-step photon absorption
process [40]

QDs with exactly the same size will be a very fortuitous event and a more
practical approach to this problem is to imbed the QD pairs into a device
structure which allows tuning of the QD electronic levels through an electric
field [43]. This is achieved for example, by incorporating the QD pairs into
an n-I-n* structure (Fig. 11a).

Figure 11b shows the micro-PL spectra of such a device. When the QDs
forming a pair are grown under identical conditions, the voltage dependent
micro-PL spectra of a single QD pair (labeled QD; and QD2) with a spac-
ing of 45 A contain multiple peaks. These spectra are interpreted by model-
ing the carrier transport in the device as a function of the applied electric
field [13]. Changes in this electric field allow transfer of an electron from the
QD> “s” state to the adjacent QD; “f” state. From a comparison between
the experimental spectra and the model (Fig. 11c), it follows that the main
peaks in the extreme voltages spectra (0.8 V) are related to several config-
urations of neutral excitons in QD1: 1Xg (1.2599eV), 2Xg (1.2577eV), 3Xg
(1.2484 eV, 1.2582¢V), 3Xp (1.291 V). The spectrum at 0V is dominated by
configurations of negatively charged multi-excitons: 1Xg (1.2574eV), 2Xg
(1.2529eV), 2X5 (1.2907eV), 3Xg (1.2483eV, 1.2503eV, 1.2517eV), 3X;
(1.2853 €V, 1.2928 eV). These micro-PL spectra were modeled by taking into
consideration: a) a field dependent charge transfer with an acoustic phonon
assisted tunneling and b) the many-body spectrum and exchange interactions
in a quantum dot pair for different carrier configurations. The calculated spec-
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Fig.11. (a) Device schematic. (b) Measured and computed (c¢) micro-PL spectra
of QD pair separated by 45 A as a function of the applied voltages. The computed
spectra include a broadening parameter of 0.5 meV. The various charged states of
the excitons are also indicated [43]

tra reproduce well the main experimental features when the field dependent
carrier kinetics in the QD pairs and the many-body spectrum in the carrier
population are simultaneously taken into account. However, in these exper-
iments, there is no evidence of an electronic coupling or formation of a QD
molecule. Similar experiments on QDs with nearly identical sizes, shapes
and/or composition will have to be carried out to achieve electronic control
of a QD molecule.
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6 Quantum Dot Based Devices

Novel QD devices are making use of their unique physical properties and
have been rapidly developing. Among the important QD characteristics which
should impact the QD devices we find:

a) An ultra sharp density of states which confer to the QD “atom like prop-
erties”. This analogy has been useful in applying some of the concepts
of atomic quantum optics to the field of semiconductor QDs. Recent ef-
forts to understand and control the spin dynamics and exciton dynam-
ics [42,44,45,46,47] in QDs will certainly open up new avenues for produc-
ing and using entangled states for devices.

b) The three dimensional quantum confinement of carriers and excitons bring-
ing into play important many-body effects and exchange interactions [35].

¢) Carrier and exciton localization which reduce their interactions with the
surrounding material and allow their manipulation using band structure-
engineering techniques. Carrier localization in QDs makes possible their
incorporation into extremely small devices since surface recombination
effects will be greatly reduced [43].

d) The sequential character of the relaxation process for a QD filled with
many excitons [44]. This characteristic allows the generation of single pho-
tons on command and will have a great impact in the field of quantum

cryptography.

A wide variety of optoelectronic QD devices has already been investi-
gated and spectacular progress has been made in the field of QD lasers [9]
and QD infrared detector devices [10]. Since it is beyond the scope of this
contribution to describe all the existing types of QD devices which have been
made, we give two examples of devices which may find applications in the
field of quantum computing and/or quantum cryptography. These are:

a) An exciton storage which uses carrier localization in QDs to write and
read information using photons.

b) A quantum dot spin injection light emitting diode which shows the pos-
sibility of injecting spin polarized electrons or holes into QDs.

6.1 Information Storage using Quantum Dots

Trapping of carriers and excitons in a QD drastically reduces their recombina-
tion rate with ionized impurities or other defects in the surrounding material.
This QD characteristic can be used for a memory device in which informa-
tion is written and read by controlling charge storage in QDs. In the device
example discussed here, light is used to write and read the information.

As shown schematically in Fig. 12, an exciton introduced in a narrow
GaAs QW rapidly (= 0.5 ps) follows the electron relaxation to a lower energy
X band minimum in the adjacent AlAs layer. The electron ends up in the
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Fig. 13. Luminescence intensity from the peak emission line (1.25eV) of the InAs
QDs as a function of time. A 100 us optical pulse excites the sample at ¢ = 0, and
a 10 ps bias pulse (3 V) is applied at ¢ = 10s. The dashed line represents the average
background signal. The inset shows the readout integrated intensity as a function
of delay time. The loss of signal as a function of storage time may be related to the
presence of hole trapping centers in the AlAs layers [8]

adjacent InAs QD while the hole remains in the quantum well. The induced
dipole produces an internal band bending (Fig. 12). The electron and hole
are stored as a pair in the strain coupled, closely spaced, quantum dots. After
storing, the exciton is reassembled by using an applied electric field to drive
the hole into the quantum dot that contains the stored electron.

As shown in Fig. 13, very long storage times (well over 10s) can be
achieved with this device. These storage times are remarkably long when
compared to the exciton lifetime in QDs (= 1ns).
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Fig. 14. Spin quantum dot light emitting diode layer structure and schematic band
diagram. Polarized holes are injected from the GaMnAs layer into the QDs and the
emitted circular polarization of the light is measured [53]

The carrier storage efficiency is preserved at temperatures up to ~ 100 K.
Above this temperature, thermal ionization of carriers out of the QDs is
occurring and destroys the light storing properties of the device. The re-
combination of the exciton is then read using standard photon detection
techniques. The device uses the strain field associated with the InAs QDs to
induce a GaAs QDs in a narrow GaAs quantum well adjacent to the InAs
QDs [30]. However, a device with similar function could be engineered using
a pair of strain coupled QDs of different materials or different sizes separated
by a thin tunneling barrier.

6.2 A Spin Polarized Quantum Dot Light Emitting Diode

The recent demonstration of long spin coherence times in ITI-V compound
semiconductors [19,50] and the possible use of spins for implementing quan-
tum computing are important to the development of spin based optoelec-
tronics. Quantum well (QW) based light-emitting diodes (LEDs) using mag-
netic semiconductors [51,52] have been used to demonstrate the possibility of
coherent spin transfer across semiconductor heterojunctions. Polarized spin
injection through the interface between the magnetic semiconductor and the
QW will produce circularly polarized electroluminescence (EL).

Injecting polarized spins with high efficiency into QDs is attractive since
the lateral quantum confinement of carriers broadens the selection rules for
emitting circularly polarized light. Longer spin coherence times are expected
since carriers are confined and interact less with their surrounding. Here
we discuss a QD spin light emitting diode (SLED) which emits circularly
polarized light with a magnetic field dependent polarization. The device is
a hybrid structure composed of a GaMnAs (p™) ferromagnetic semiconductor
layer and GaAs (i)/InAs (i)/GaAs (n) semiconductor QD layers [53]. Under
forward bias electrons and spin polarized holes are injected from the magne-
tized GaMnAs layer into the QDs while holes are injected from the GaAs (n)
layer (Fig. 14).
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Fig. 15. Electroluminescence spectrum of the QD spin-LED at a forward bias of
1.7V at 5 K. The quantum dot and emission wetting layer are indicated. The shaded
areas correspond to the energy range over which the circular polarization is mea-
sured [53]

The electroluminescence (EL) circular polarization is analyzed as a func-
tion of the in-plane magnetization of the GaMnAs layer and temperature.
The magnetic field is applied along the (110) easy magnetization axis and
the emitted light is collected from the edge of the QDs SLED. Figure 15
shows the EL spectrum of the QDs at T'= 5K for a forward bias of 1.7 V.

The remanent circular polarization of the integrated EL at 5 K is shown in
Fig. 16. The magnetic field dependence of the remanent circular polarization
shows a clear hysteresis loop which coincides well with that of the GaMnAs
measured using a SQUID magnetometer. On the other hand the polarization
measurement of the photoluminescence (PL) of the same QD SLED does not
show a measurable magnetic field dependence (Fig. 16). This result provides
a clear indication that the injected spin polarized holes are responsible for
the EL circular polarization.

The remanent circular polarization disappears above the Curie tempera-
ture (T, ~ 70K) and also gives a clear indication that the injection of spin
polarized holes from the GaMnAs layer is responsible for the magnetic field
dependence of the polarization. These experiments indicate that the amount
of polarization of the EL is small (1-2%) and suggest that few spins make it
to the QD layer without losing their polarization. Similar experiments car-
ried out on quantum wells [52] also show a polarization dependence on the
distance between the QW and the magnetic GaMnAs layer. A maximum po-
larization of 14% was reported in QWs. The small efficiency of the coherent
spin transfer in this type of spin-LED is not yet understood.

Another promising avenue for injecting spins in QDs is the optical injec-
tion method. In a series of elegant experiments Cortez etal. [32] have used
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Fig. 16. Remanent circular polarization of the integrated EL for a QD SLED as
a function of the in plane magnetic field at T" = 5 K. The circular polarization of the

photoluminescence (PL) for the same device is also shown as a function of magnetic
field [53]

QDs which contain on the average a single electron. They demonstrate the
writing of a spin in the QD by using circularly polarized light to spin polarize
the resident electron in the QD. Reading of the spin as a function of a time
delay with the polarization pulse is then carried out using a linearly polar-
ized light pulse. Spin coherence times larger than 15 ns are observed at 5 K.
These results are very promising and point out the potential applications of
spin-polarized devices based on QDs to the field of spintronics and possibly
quantum computation or quantum cryptography.

7 Conclusions

The growth of QDs is still an art and a science in progress. For the InAs/GaAs
system discussed in this contribution, much remains to be done using crystal
growth kinetics to achieve a better control of the nucleation, size, composition
and shape of the QDs. This chapter presents one avenue for controlling the or-
dering and positioning of the QDs. However, there may be other fruitful ways
to control nucleation and ordering by using surface reconstruction or vicinal
surfaces. We believe that controlling QD positions and ordering will be im-
portant to the future application of QD devices. We have seen that the atomic
“electron shell” model accounts well for the observed loading of electrons (or
holes) in QDs but future use of this model will have to take into account the
important coupling of the QDs to its crystal environment (acoustic phonons
and wetting layer effects). The optical properties are dominated by many-
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body effects and the exchange interaction energies between carriers confined
in the QDs. These will be important for understanding the exciton and spin
dynamics in QDs. We have described here only a few devices which may have
potential applications to the field of quantum computing and/or quantum
cryptography. One of the remaining challenges to bring these devices into
the realm of commercial products will be to develop a QD material system
which minimizes or eliminates carrier thermal ionization out of the QDs at
room temperature. A promising system is the GaN/AIN system where the
band offsets for electrons and holes are much larger than for the InAs/GaAs
system.
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Abstract. Theoretical investigation of electronic and optical properties of self-
assembled quantum dots is reviewed. The single particle states of lens-shaped, disk-
shaped, and vertically coupled dots are discussed. The spectrum of a single exciton,
the exciton in the presence of many electrons, and many-exciton complexes are
covered. The emission, absorption, far infrared spectroscopy, capacitance, photo-
current spectroscopy and inelastic light scattering as a probe of the ground and
excited states of quantum dots charged with electrons and excitons are discussed.

1 Introduction

We discuss here our theoretical work on self-assembled quantum dots (SADs),
stimulated primarily by experimental programs at the Institute for Mi-
crostructural Sciences (IMS), National Research Council of Canada. The self-
assembled dots grown at IMS are classified into three categories: lens-shaped
dots, lens-shaped dots with height trimmed by the indium flush method,
and vertical stacks of indium-flush dots. The next generation of structures,
not discussed here, uses patterned substrates for positioning and alignment
of individual dots. While many groups investigate quantum dots, the term
“quantum dot” should only be applied to those structures where quantiza-
tion of energy levels has been convincingly demonstrated. All the structures
grown and studied at IMS show clear evidence of excited states, and their
grouping into shells. The simplest way to demonstrate the excited states is
in the interband emission spectrum under high excitation conditions. The
spectrum shows up to five groups of peaks which split and restructure upon
the application of a magnetic field. The actual spectrum, i.e., the number
and spacing of peaks, depends on the lateral size and shape of the dot. This
experimental evidence has been the cornerstone of our theoretical approach.
We use simple one- and multi-band effective mass approaches to extract the
dependence of single particle spectra on the shape and size of the quantum
dot. We find convincing evidence that the lens-shaped quantum dots produce
spectra which can be approximated by a spectrum of a pair of harmonic os-
cillators, with its characteristic spacing and degeneracies. Just as the plane
waves were the single-particle states of choice in the jellium model of metals,
we believe that the harmonic oscillator states are the single-particle states of

P. Michler (Ed.): Single Quantum Dots, Topics Appl. Phys. 90, 25-92 (2003)
© Springer-Verlag Berlin Heidelberg 2003
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choice for self-assembled quantum dots filled with electrons and /or with exci-
tons. Starting with the shell structure of 2D harmonic oscillators, we develop
a theory of many particles, electrons and/or excitons, in self-assembled quan-
tum dots. This theory covers a single exciton, many-excitons and a principle
underlying their electronic structure, and Hund’s rules and their impact on
optical properties of dots charged with electrons. The goal here is the design
of electronic and optical properties of many-particle systems. The design
starts with single-particle levels but extends to many-particle states. This
extension is crucial, as many nontrivial properties, from ferromagnetism, ex-
citon condensation, to superconductivity are collective properties impossible
to understand at the single-particle level. The effective mass approach misses
on composition aspects and atomistic character of quantum dots in the same
spirit as the jellium model does not differentiate sodium from aluminum ex-
cept for density. Nevertheless, it is an interesting model in itself and serves
as a guide to what is possible in the design of quantum systems. The model
has been successfully confronted with experiment, and we refer the reader
to relevant literature [1,2,3]. The chapter is intended to cover primarily our
own work, and only a rudimentary attempt is made to cover very extensive
literature on the subject.

2 Single-Particle States

This section reviews our understanding of single-particle levels, both of elec-
trons and holes, in self-assembled quantum dots. The basic premise is that
the dots are semiconductor structures and in semiconductors the concept of
“electrons” in conduction band and “holes” in valence band as basic quasi-
particles worked very well in the understanding of quantum wells and wires.
We assume that when these quasi-particles are confined to a quantum dot by
conduction/valence band offsets of the dot and barrier materials, they repre-
sent well the low-lying excited states, or quantized energy levels, of a quantum
dot. The energy spectrum, with typical level spacing of tens of meV, much
smaller then the gap of the dot material, is expected to be a sensitive func-
tion of the shape of a quantum dot, allowing for wave function engineering.
In Fig. 1 we show a schematic energy spectrum which could be engineered
by confining a particle with effective mass in different types of quasi-two-
dimensional quantum structures: quantum disk, lens, ring, and a stack of
quantum disks. In Fig. 2 we show transmission electron microscopy pictures
of InAs quantum dots grown on GaAs at the Institute for Microstructural
Sciences. These structures are designed to be in the form of lenses or disks,
or stacks of them. In what follows we describe the calculation, in increasing
degree of sophistication, of their energy spectra. These spectra turn out to
be very well described by the schematic spectra of Fig. 1. In particular, as
mentioned before, the spectrum of both electrons and holes in lens-shaped
quantum dots, with its shell structure and degeneracies, turns out to be very
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Fig. 1. Schematic energy levels of a quantum disk, lens, ring and a stack of disks

well approximated by that of two harmonic oscillators. We start with strain
calculations to determine the details of the confining potential. We continue
with the effective mass and k - p calculations which relate the shape to en-
ergy spectra. Since we might wonder why these approaches work so well,
we end with a brief review of alternative tight-binding and “first principle”
approaches.

2.1 Strain Effects

The strain in SADs is due to the mismatch between the lattice constants
of the barrier and well materials. For example, the mismatch for InAs dots
embedded in GaAs material is 6%, while for InAs in InP it is only ~ 3%.
Since the dot material has larger lattice constant, it is compressed, and upon
partial relaxation, displaces the atoms of the surrounding barrier material
from their equilibrium positions. Finding this displacement field, i.e., the
vector field d = ' — r, with ' (r) being the displaced (unstrained) position
of an atom, is the goal of the calculation. Once the displacements have been
established, the strain tensor matrix elements are calculated as

_1(0d; | dd
E” - 2 (87“]‘ + 87“1') ’ (1)
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Fig.2. TEM pictures of lens-shaped
quantum dots (a),(b) and indium-
flushed quantum disks (c) (courtesy of
Dr. J. P. McCaffrey, IMS NRC Canada)

with ¢, 7 = x, y, 2. These matrix elements enter the Bir—Pikus and the piezo-
electric Hamiltonians.

The methods of calculation of the displacement field fall, in general, into
two categories: the continuous elasticity models and the atomistic models.

The first group of methods is based on the assumption that the SAD and
the barrier material are continuous, classical elastic media. Their elastic prop-
erties can be described either by a set of elastic constants or by the Poisson
ratio and Young’s modulus [1]. Thus these methods are natural extensions of
classical theories of elasticity, based on Hooke’s law. In this framework many
detailed approaches have been developed, from the theory of inclusions [5,0]
to finite element analysis [7].

Perhaps the most straightforward, although approximate, treatment of
strain was put forward by Downesetal. [6] and Davies [3]. The key obser-
vation here is that the displacement field produced by an isotropic spherical
inclusion of the dot material into the barrier material is identical to the
electrostatic field produced by a spherical charge. If we now consider the
quantum dot as a structure built out of infinitesimal spherical inclusions and
assume the existence of a strain analogue of the superposition principle, we
can formulate the isotropic displacement problem as a Poisson equation, in
which the lattice mismatch plays the role of “charge density”. To obtain the
displacements we can now readily apply one of the widely available Poisson
solvers. Here we shall only mention that in the case of disk-shaped dots with
a natural choice of cylindrical coordinates we deal only with two nontrivial
strain components: the in-plane strain along the radius, and the strain along
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the z axis. Due to the isotropy the tangential strain component is identically
zero, and the hydrostatic strain outside the dot vanishes in close proximity
to the interfaces.

A more general method of calculation, not restricted to the isotropic case,
requires a minimization of the total elastic energy of the system [1]:

1
Eelastic = /dr§cll(r)(532m + €§y +e2,) + Cra(r) (eaatyy + yyez

+€22622) + 2044(7')(5;1, + 5g2;z + 5330)
—a(7r)(€ga + €yy +€22)e0 - (2)

The integration is carried out over the volume of the dot and the appro-
priately chosen part of the surrounding barrier. In the above formula, ap-
plicable for cubic crystals, the parameters Cj;;, or the elastic moduli, are
written explicitly as position-dependent, which permits us to model the elas-
tic properties of the barrier and quantum dot materials, and also consider the
appropriate type of interface — sharp or soft, depending on the system. The
lattice mismatch is introduced by the parameter a;, whose value is C11 +2C12
in the dot and zero in the barrier.

The implementation of this method [9,10,11,12] involves a discretization
of the system’s volume onto a grid of points and approximation of the strain
tensor matrix elements in (1) by finite differences of displacements defined
on these points. The elastic energy (2) is further minimized by finding the
optimal field of displacements of each node.

As an example we present the values of strain tensor matrix elements in
an InAs disk of radius 8 nm and height 2.5 nm embedded in the GaAs bar-
rier material. The material parameters used in our calculations are similar
to those used by Pryoretal. in [9]. Our results are presented in Fig. 3. We
show the distribution of the strain tensor matrix elements ¢,, and ., on
the planes X Z and XY of the sample. Light-coloured areas exhibit negative
strain (compression), and dark-coloured areas — positive strain (decompres-
sion). We see that the disk material is compressed along the z direction (g4,
is negative), and decompressed in the growth direction (e,, positive). More-
over, the strain effects extend far along the z axis. This particular effect is
used in layered growth of dots. This process involves a deposition and cap-
ping of one layer of dots, followed by the growth of another layer of dots on
top of the existing structure. The propagating strain forces the dots of each
subsequent layer to grow on top of the already existing buried dots.

The second group of strain calculations consists of atomistic models, which
express the total elastic energy in the language of stretching and bending of
interatomic bonds. The actual formula for the total elastic energy is usually
taken in the following form [10]:

Eolastic = Z Vo(r; —rj) + Z Vs [(rj —ri), (re — i), 0i5] (3)
27 oy
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-

Fig. 3. Distribution of the strain tensor matrix elements €, and €., on the XZ
(two left-hand panels) and XY (two right-hand panels) plane of the sample. The
light (dark) colour denotes areas with compressive (tensile) strain

where V3 is a two-body term describing the bond stretching, and V3 is a three-
body term describing the bond bending (8;; is the angle created by atoms i,
j and k, subtended at the atom 7). The summation extends over all atoms
involved. Similarly to the discretization method in the continuous elastic-
ity model, the above formula is calculated for a suitably chosen supercell,
containing the quantum dot surrounded by a sufficient amount of barrier
material. The choice of the potentials Vo and V3 depends on the degree of
detail required. For strain calculations in low temperatures Keating for the di-
amond structure [13] and Martin for the zinc-blende crystals [14] assume the
two-body and three-body terms as quartic functions of bond and angle distor-
tions. This simple approach does not satisfactorily account for anharmonicity
of the interatomic potentials [15], but is convenient in static calculations of
the strain distribution. Its modified version has been successfully used to
predict phonon spectra of diamond and zinc-blende semiconductors [16].

In order to describe such phenomena as melting of the crystal more real-
istic approximations are needed. Stillinger and Weber [17] in their study of
melting of silicon crystals use a combination of power-law and exponential
terms in V5 and V3 taken to allow for bond breaking. This pair of potentials
is parametrized by seven material constants obtained by fitting of the results
of the simulation to the experimental data — either general properties of bulk
crystals, such as cohesive energy and density [18], or the lattice sums, melt-
ing point and structure of the liquid [17]. Application of the Stillinger—Weber
potentials to Si/Ge quantum dots has also been reported [19].
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Tersoff [20] proposed another pair of interatomic elastic potentials, of the
form of Morse potentials, but with the local bond strength parameter. This
model, similarly to the Stillinger—-Weber approach, is also parametrized by
seven empirical constants. It has been recently used to simulate the strain
relaxation in InGaAs/GaAs quantum dots with nonuniform composition and
illuminated such details of dot growth as variation of the indium distribution
within the pyramidal island [21]. In this study the total number of atoms was
of order 5 x 10°.

As was mentioned before, these approaches may be used in two ways. The
first implementation would be essentially equivalent to that of the discretized
continuous elasticity: one minimizes the total elastic energy to find the opti-
mal displacement field. The second implementation, consisting of a molecular
dynamics study, allows one to compute the phonon spectra of any device small
enough to be tractable.

2.1.1 Strain-Induced Corrections to the Dot Potential

As the unit cell of the crystal is deformed by strain, the bond lengths and
angles change. This in turn influences the band structure. This is described
within the k-p formalism by Bir and Pikus [22] for the diamond-type lattices.
Bahder [23] extended their approach to the zinc-blende binary semiconduc-
tor alloys using the Lowdin perturbation theory and obtained an eight-band
k - p Hamiltonian. This Hamiltonian can be used to calculate the local band
edge profiles at each point of the grid used previously in the strain calcula-
tions [9]. If one is only interested in the band structure at the I" point of the
Brillouin zone, the conduction band is not coupled to the valence band, and
the strain-induced modification of the conduction band edge consists only of
a shift proportional to the hydrostatic strain. The valence band, on the other
hand, is much more complicated. All heavy and light hole band edges are
shifted by a factor proportional to the hydrostatic strain. Further, the strain
introduces a splitting between the heavy and light hole band edges propor-
tional to the biaxial strain. Interestingly, the sign of the biaxial strain can
change on the dot-barrier interface, which causes the light-hole and heavy-
hole band edges to cross. This behaviour appears to take place for our model
InAs/GaAs quantum disk at the top and bottom bases of the dot. The results
of our calculations are shown in Fig. 4. Here we used the strain tensor matrix
element distributions shown in Fig. 3. In general the qualitative behaviour
of the band edges can be easily predicted even by inspection of these strain
profiles. The strain tensor matrix elements e,, and €., do not change their
sign as we move through the interface along the disk radius, but they do
change if we move along the z axis. As a result, in the radial cross-section
the heavy-hole band is always lower in energy than the light-hole band. On
the other hand, at the top and bottom base of the disk we observe a band
crossing.
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Piezoelectric Potential. The second strain-induced correction to the po-
tential profile of the quantum dot is the piezoelectric potential. Its calculation
starts with consideration of the piezoelectric charge density [15], which is in-
duced by the shear strains. The piezoelectric potential can now be calculated
as the solution of the Poisson equation, and turns out to be small, but long-
range. Therefore care must be taken to solve this Poisson equation in a space
larger than the computational supercell assumed for the strain calculation,
and with Dirichlet boundary conditions [15]. In the InAs/GaAs systems the
piezoelectric modulus is small and therefore the piezoelectric potential con-
tributes little to the overall energy landscape of the system. Their importance
lies in the fact that they lower the symmetry of the system — for example,
for pyramidal dots the symmetry is lowered from Cy to Cy [9].

2.2 Effective Mass Adiabatic Models

This section describes the model calculation of the energy spectrum of a par-
ticle with effective mass confined to a quantum dot with disk and lens shape.
The effective mass is treated as a phenomenological parameter.

2.2.1 Disk-Shaped Dots

We consider a disk-shaped quantum dot with height H and radius R, po-
sitioned on a wetting layer of width W, as described in [12]. The system is
shown schematically in Fig. 5 (bottom part). The dot height above the wet-
ting layer is H — W. This system is surrounded by the barrier material. The
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Fig. 5. Bottom part: A schematic picture of the quantum disk positioned on the
wetting layer and capped with the barrier material. Numbers represent typical
values of diameter and height characteristic for the InAs/GaAs structure. Top part:
the effective vertical potential obtained from the analysis of vertical motion in the
adiabatic approximation

conduction band offset between the barrier and dot materials is V. The ma-
terial parameters enter through the effective Rydberg R = mee?/ 2¢2h? and

= mee
the effective Bohr radius ap = €h? /mee?. The Hamiltonian of the disk-shaped
quantum dot in polar coordinates is

- 1/09 9 & 0?
H=- (Ea +892> Ey) +V(rz), (4)
where the potential V(r, z) = i

—Vb inside the dot and the wetting layer, and
V =0 in the barrier. Since the dot is disk-shaped (the potential V' does not

depend upon angle 6), the angular motion can be readily decoupled, and the
electron’s angular momentum is a good quantum number.

Since the height of the dot is much smaller than its radius, the electron
motion in the growth direction is strongly confined. Semiclassically, one could
consider an electron being reflected off the bases of the disk with high fre-
quency, whereas its planar motion is slow. This gives rise to the adiabatic



34 Pawel Hawrylak and Marek Korkusinski

approximation, where we assume that these two motions (planar and verti-
cal) can be separated. Therefore we can write the approximate wave function
of the electron as 1 (r, 6, z) = (1/v/27)e™’g¥(2) f¥ (r). The exponential term
in the above function describes the angular motion of the electron, with m
being the angular momentum. The function g¥(z) describes the vertical mo-
tion. It is labelled by index r because the potential in the z direction seen by
the electron depends upon the radial coordinate: it is different inside the dot,
when r < R (a wide quantum well), and different outside the dot (a narrow
quantum well — the wetting layer). The solution of motion in the vertical
direction will yield ground and excited states. These states are labelled by
the subband index v.

For each angular momentum channel m and each subband index v the
functions f and g satisfy the following set of equations:

{_;}— V()] a2() = Buat ). 5)
2 (r2r 2 -} + Bt ) = B0, (6)

Since the disk height is much smaller than its radius, the energy separation
of subbands v = 0 and v = 1 is larger than the typical energy separation of
the radial states. Therefore we shall confine our considerations to the lowest
subband v = 0, whose energy Ey(r) will be established by solving the first
equation. Ey(r) will be further substituted into the second equation as an
effective potential for the radial motion.

As was mentioned before, for the vertical motion we distinguish two re-
gions in our system. For r < R we have a wide quantum well of width H
(the quantum dot on the wetting layer), and for r > R we deal with a narrow
quantum well with width W (the wetting layer alone). To find the ground
state energy Eo(r) we employ the transfer matrix formalism. For a given
energy E we define the function g¥(r) in three regions: (i) barrier below
the structure, z < z1, where z; is the position of the barrier-dot interface,
k1 =V—E, g¥(z) = Ay explr1(z — 21)] + Bi exp[—r1(z — 21)]; (ii) the quan-
tum well, 21 < z < 22, ko = Vo + E, g¥(r) = Az exp(—ikaz) + B2 exp(ik22);
(iii) barrier above the structure, z > 29, k3 = V—FE, g¥(r) = A3 exp[—k3(z —
z2)] + Bz exp|ks(z — z2)]. The wave function ¢gZ(r) must be smooth and con-
tinuous at each interface. These conditions allow us to write the coefficients
Ay, By in terms of As, Bs:

Ay =T (E)As + Ti2(E)Bs,
B = T21(E)A3 + T22(E)B3 ,

with the transfer matrix defined as

T = Lil(lil,Zl)U(kQ,Zl)Uil(kQ,ZQ)R(KJ;g,ZQ). (7)
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By virtue of the fact that k1 = k3 and setting z; = 0, the matrices L, U and
R are defined as:

11 efikz eik:z 11
L= |:/€—I'€:|7 U[_ikeikz ikeikz:|7 R[—HH]. (8)
It is convenient to carry out the multiplication W = UU~! to arrive at

a modular expression for the transfer matrix:

_ [ cos(kh) —sin(kh)/k] |

ksin(kh) cos(kh) (9)

where h is the width of the quantum well. Now the transfer matrix can
be written simply as T = L~ !WR. We find the allowed values of energy
by imposing the boundary conditions B; = 0 and Bs = 0 (i.e., absence of
exponentially growing terms in the wave function inside the barrier). Since
Bl = T21(E)A3 + TQQ(E)B:;, if Bg = 0 we must have T21(E) = 0. Hence the
solution of the Schrodinger equation for the vertical motion has been reduced
to finding zeros of the transfer matrix element To;.

With this procedure we find the ground state energy Fy of an electron
in both radial regions » < R and r > R. We obtain thereby the effective
potential Ey(r) for the radial motion, visualized in the top part of Fig. 5. This
potential is constant in each radial region, with a step at » = R. To solve for
the electronic energies F in the radial direction we will also use the transfer
matrix method. However, because of the cylindrical symmetry of the system
we will build the wave function in terms of the Bessel functions. Inside the
dot, i.e., for r < R, we have a propagating solution, so we set k1 = \/E — E}
and form a function f9(r) = Al J,,(kir) + B), Y. (kir). Outside the dot,
i.e., for r > R, the solution is decaying, so we set ko = \/Es — F and take
fo(r) = A2 K, (kar) + B2 I, (kaor). At the interface we match the wave
function and its derivative to obtain the transfer matrix 7. This matrix can
now be written as T = C~'(R;)D(R;), where

_ | Im(k1R1)  Yiu(k1Ra)
) = [lifn(klRl) klm(klRl)] :

Km(HQRl) Im(/€2R1)
HQK,'IW(HQRl) Iﬁ)gL/n(lﬁ:QRl) ’

(10)

D(Ry) = [ (11)
The zeros of the transfer matrix element T, give the eigenenergies of the
entire system. Results of the adiabatic calculation for a disk as a function
of the disk radius R are shown in Fig. 6. As can be seen, for the smallest
radii R ~ 50 A we only have one confined shell (the s-shell). Upon the in-
crease of the disk radius first the doubly degenerate p-shell states (angular
momenta +1), and then the d-shell states emerge from the wetting layer
continuum. Note the characteristic splitting of the d-shell. It consists of two
low-energy states with angular momenta +2 and one high-energy state with
angular momentum 0.
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2.2.2 Lens-Shaped Dots

The transfer-matrix approach described above has been applied to lens-
shaped quantum dots [24], depicted schematically in Fig. 7. These dots are
typically flat at the bottom, but their top surface has a shape of a spherical
cap. The typical height-to-radius ratio is 0.25. In the transfer-matrix ap-
proach this surface is approximated as a series of concentric step-like rings,
representing a shallow potential near the perimeter of the dot, and descending
deeper as we move towards the dot centre. The consideration of the vertical
motion consists of solving the Schrodinger equation in each ring separately.
This yields the electronic ground states which constitute the effective radial
potential Eo(r), depicted in the top panel of Fig. 7. This potential has, of
course, also a step-like structure, which enables us to use the transfer-matrix
formalism in the radial problem too. However, in this case the formalism is
more complicated. To explain it let us consider a simplest case of the poten-
tial being composed of two steps. In the innermost region, i.e., for r < Ry,
the effective potential is constant and equal to E}, in the intermediate re-
gion, i.e., for Ry < r < Ry, the potential is EZ > E{, and finally in the
outermost region, r > Ry, the potential is E§ > EZ, which is the ground
state energy in the wetting layer. In the first, innermost region we can only
have propagating solutions, formulated using the Bessel functions .J,,, and
Y., as in the case of the disk. In the third, outermost region the bound
state wave function must decay, so its wave function contains Bessel func-
tions K, and I,,. However, in the intermediate region both propagating
and decaying solutions are possible, and the wave function has to be defined
separately in each case. Thus, for decaying solutions (E} < E < E2) we
define kg = \/E? — E and take f2(r) = AsK,,(k2r) + B2l (k2r). For the
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propagating solution (EZ < E < E3) we define ks = \/FE — E? and take
f2.(r) = AaJp (kar) + Ba Yy, (kar). Now the transfer matrix can be written as
T = C~Y(R1)S(R1)S™Y(R2)D(R3), where the matrices C' and D are defined
analogously to (10), (11), and the matrix S has to be defined separately for
the decaying and propagating solutions:

Sdec(R) = { Km(k2R)  Im(k2R) } ,

KoK/, (kaR) koIl (ko R) (12)
prop(py _ | JIm(k2R) Y (k2R)
I = {b%(im) sz;ﬁb(lz)@R)} : (13)

Again, in order to establish the eigenenergies of the system, we look for the
zeros of the transfer matrix element T5;. Results of this procedure are shown
in Fig. 8. Similarly to the disk, in the case of the lens-shaped dot of radius
small enough only the s-shell is bound. Upon the increase of the dot radius
first the p, then the d-shell become bound. However here, unlike in the case of
the disk-shaped dot, the d-shell consists of three almost degenerate states with
angular momenta 0, 2, respectively. This degeneracy is a result of dynamical
symmetry associated with the parabolic form of confinement. The parabolic

37
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confinement translates into a Hamiltonian of two coupled oscillators [25] with
characteristic shell structure shown in Fig. 8.

2.3 k-p Models

The 8-band k - p models are most commonly used in calculating the energy
spectra of InAs quantum dots [9,11,15,26]. The eight bands include two con-
duction bands (spin up and down), two heavy hole, two light hole, and two
spin-split off bands. The 8-band model captures correctly the small wave vec-
tor (long-wavelength) behaviour of electron states in InAs based materials.
The coupling of valence and conduction bands is needed due to the small
bandgap of InAs. The parameters which enter the model are all extracted
from the bulk and miss the atomistic character of interfaces between the dot
and barrier material. Still, this model avoids the difficulty of defining the
effective mass, and is the first step toward the understanding of the valence
band. The model is too complicated for an approach other than numerical.
The purpose here is to understand the confinement of holes, and this can be
accomplished by considering the simplest 4-band model [27]. At the end we
show the results of 8-band calculations for lens shaped quantum dots. These
results support the notion of a harmonic oscillator spectrum for electrons,
but reveal a somewhat more complicated picture for holes.
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We consider a single hole on a quantum disk with radius R and height w
in an external magnetic field applied in parallel to the rotational axis of the
system (the z axis). The Luttinger-Kohn 4 x 4 Hamiltonian in cylindrical
coordinates reads

P, R -5 0
R*P. 0 S
HL_ _S* 0 P. R ) (14)

0 S* R* Py
where the basis of the above Hamiltonian consists of functions with total
angular momentum J = 3/2 and J, = 3/2, —1/2, 1/2, —3/2, respectively.
The matrix elements of the Hamiltonian are
2

Py = 2me (71— 272)k2 + (1 +’Yz)k§] ) (15)
2

= 2me (71 +272)k2 + (11 — ’Yz)k?;] ) (16)
52

R = 2 <—\/§) Yozk? (17)
2

S= 5 (2\/5) sk ks, | (18)

where k = —iV — (e/ch)A (e > 0), k_ = k, — ik, and k2 = k2 4 k2. We use
the axial approximation: y23 = (2 +3)/2. The vector magnetic potential is
taken in the symmetric gauge A = B/2(—y,x,0).

The disk confinement is introduced as a potential V' (p, z) so that the total
Hamiltonian is

H=H,+V(p,z2). (19)

However, in order to investigate the importance of the heavy hole-light hole
mixing, we assume a simple confinement, i.e., a disk with infinite walls
(V(p,z) = 0 inside, and infinity outside the disk), yielding simple wave
functions.

In the absence of the mixing the wave functions for holes can be written
as
_ \/5 m 1 imo v
The above wave function consists of two parts: the periodic part of the Bloch
function w,,, (), for which m; = 43/2 for heavy holes and m; = +1/2 for
light holes, and the envelope function. As the system possesses rotational
symmetry, the angular momentum m is a good quantum number, and the
angular part of the envelope function is a simple exponent. The radial part
of the envelope function is the Bessel function J,,, for the given angular mo-
mentum channel m, with k" being the hole wave vector defined in terms of

<T‘m7n71/7 mj>
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the roots o' of the Bessel function: k] = o'/R, with n being the radial
quantum number. Finally the vertical part of the wave function £”(z) for
a hard-wall disk can be expressed as £°(z) = 1/2/w cos(7z/w) for the lowest
subband, and &!(2) = \/2/wsin(27z/w) for the second subband.

Upon the inclusion of mixing (terms R and S in the Hamiltonian Hr,)
the angular momentum of the envelope function m and that of the Bloch
function m; are no longer good quantum numbers. However, the eigenstates
of the total Hamiltonian can be classified by the z component of the total
angular momentum: L = m 4 m;. Moreover, the inversion symmetry of the
system introduces yet another quantum number: the parity o =] or o =T.
Now the eigenstates of the Hamiltonian (14) take the form of spinors:

Lé_ljf(p, ¢)sin(2mz/w)|m; = 3/2)

2 | S0 0)sin@mz fw)m; = —1/2)
|L,N,|) = \/Z 3 Criim, P20, ) Cos(ﬂ'z/w)|m]j _1/2) (21)

£+3/2(p, ¢) cos(mz/w)im; = —3/2)

for parity o =], and

+ %2, ¢) cos(mz/w)|m; = 3/2)
2 T2 (p, ) cos(mzfw)|m; = —1/2)
LN, 1) =4/=Y DLN D J 22
D= 2P | v, o) oz pupmy 1720 |
F 2 (p, ¢) sin(2mz fw)m; = —3/2)

for parity ¢ =7. The quantum number N enumerates the states with given
total angular momentum and parity, and the function f denotes the radial
and angular part of the envelope function defined in (20).

We have calculated the eigenenergies of the 4 x 4 Luttinger—Kohn Hamil-
tonian for the p-type SiGe quantum disks [27]. In this system the holes are
strongly confined, whereas the electrons exhibit only weak quantum confine-
ment effects. This justifies our use of the 4 x 4 model, and substantiates the
hard-wall disk approximation. The results of our calculations are shown in
Fig. 9. At zero magnetic field the states with the same L but opposite parity
are degenerate (they form parity doublets). The energies of these states form
a shell structure. The s-shell is composed of the states with L = 0. The p-shell
consists of two parity doublets: states with L = —1 and L = 1, however these
doublets do not have the same energy. Then there is a very broad d-shell,
consisting of the parity doublets with L = —2 and L = 2 similar in energy,
and the parity doublet with L = 0, whose energy is larger.

The parity degeneracy is removed in the magnetic field. Moreover, the en-
ergy spectrum evolves with the magnetic field into Landau levels. The lowest
Landau level comprises states with parity ¢ =7 and has a slope correspond-
ing to holes of large mass. The second Landau level is composed of the states
with parity ¢ =| and has a more light-hole character.
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The above considerations were carried out with an explicit assumption
that the heavy- and light-hole band edges are degenerate. As described in
the previous section, strain removes this degeneracy, so that the heavy hole
band edge corresponds to a lower (less negative) energy than the light hole
band edge. It means that as a result of the 4 x 4 Luttinger-Kohn approach
the lowest hole states are expected to be predominantly of heavy-hole char-
acter. Moreover, in narrow-gap semiconductors the conduction—valence band
mixing is large and it is necessary to consider an 8 x 8 Luttinger—-Kohn
model [9]. Calculation of the single-particle energies and eigenstates using
the 8 x 8 model Hamiltonian proceeds along the following guidelines. First
the distribution of the strain tensor matrix elements is calculated using the
discretized continuous elasticity. The strain information is then used to cal-
culate the piezoelectric charge density, which is input to a Poisson solver
giving the piezoelectric potential. Then the Luttinger—Kohn and Bir—Pikus
Hamiltonians together with the piezoelectric potential are constructed on the
same discretization mesh as the one used for strain calculation, and diagonal-
ized numerically [9,11]. Results of such a calculation for a model InAs/GaAs
lens-shaped dot [28] with radius R = 15.3 nm and height » = 2.3 nm and
perfectly sharp interface between InAs and GaAs (no intermixing) are shown
schematically in Fig. 10. The gray area inside the structure in the right hand
part of the figure represents the 98% probability isosurface for the lowest
(s-type) state of predominantly electron character. The left-hand part of the
figure shows the calculated energy levels: predominantly electron-like and pre-
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Fig. 10. Right: A schematic representation of the lens-shaped InAs/GaAs quantum
dot used in the 8 x 8 Luttinger—Kohn calculation. The gray area inside the structure
represents the 98% probability isosurface for the lowest electron state. Left: The
calculated single-particle energies in the lens-shaped dot. (From [28])

dominantly hole-like. The electronic levels exhibit a clear shell-like structure
with the equal energy spacing and proper degeneracies, with nondegenerate s
state, doubly degenerate p-shell, and three-fold degenerate d-shell. The hole
levels, just like electronic levels, are almost equally spaced for this quantum
dot. However, the degeneracies are not present. There is a splitting of the
p-shell levels, and a larger splitting of the d-shell. The splitting of degener-
ate shells is due to the shear strain, which, as mentioned before, reduces the
symmetry of the system. This symmetry-breaking effect is strong if the dot—
barrier interface is sharp. Intermixing softens the interface and the amount
of shear strain decreases. Thus the splitting of p and d hole shells is expected
to decrease and the hole wave functions are expected to resemble those of
a two-dimensional harmonic oscillator, justifying our approximations of en-
ergy levels of lens-shaped dots by the two-dimensional harmonic oscillators.

2.4 Tight-binding Models

The one-band and multi-band k-p methods described in previous sections do
not include the atomistic structure of the quantum dot, including the effect of
the interface between the dot and barrier materials. Yet, the results obtained
from these effective mass approaches seem to work very well if one accepts
the existence of very few effective parameters. This suggests that perhaps
the details of atomic arrangement are washed out due to alloy fluctuations
and only a small number of effective parameters, such as effective mass and
band-offset, suffice to describe the ground and excited states. Obviously, one
would like to know how to extract these microscopic parameters, including
dielectric constant and confining potentials, from microscopic, i.e., atomistic
structure of a quantum dot. A simulation of a structure containing an InAs
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self-assembled quantum dot embedded in GaAs material with a total size
of 40nm x 40nm x 15nm would require a simulation of ~ 1 million atoms.
With sp? orbitals per atom, i.e., 8 electrons, this means dealing with ~ 10
million electrons. One method, interpolating between first principle meth-
ods and k - p methods is the tight-binding approach. In the tight-binding
method one selects most relevant orbitals |a, i) localized on the atom “a”.
The wave function of a system is expanded in the basis of these localized
orbitals. The expansion coefficients and the energy spectrum are obtained by

diagonalization of the tight binding Hamiltonian
H = Z tfjbcjzcbd ’ (23)
a,b,i,j

+

a,t

C( »”

where ¢ . creates an electron on orbital “” of atom . The energy spec-

trum is completely characterized by hopping matrix elements ¢; ] In a solid,
one needs to know only a small number of the hopping matrix elements de-
scribing a unit cell. These elements control the energy spectrum, including
gaps, bands, and the density of states. They are usually treated as phe-
nomenological parameters fitted from an experiment. In a quantum dot one
needs to modify these coefficients according to local strain, computed, e.g., by
the valence force field (VFF) method. Full-fledged sp®d tight-binding models
have been implemented by Klimeck and co-workers [31] and Bryant and co-
workers [30]. A non-obvious extension of the tight-binding method to include
optical transitions and excitonic effects was reported in [32]. This method
requires a very sophisticated numerical apparatus and, in our opinion, the
methodology is still under development. A simplified version of the tight
binding model, the effective bond orbital model (EBOM), was developed by
Chang and co-workers [29]. This approach uses one s-like anti-bonding and
three p-like bonding effective orbitals. The effective orbitals, or rather tight-
binding hopping matrix elements, are chosen in such a way as to reproduce
the k - p band structure of constituent materials near the centre of the Bril-
louin zone. Thus the EBOM model is a real space version of the k - p model
with proper effective masses, but also with elements of atomistic descrip-
tion built in. The electronic structure obtained using EBOM reported in [29]
appears, not surprisingly, to be in good agreement with k - p calculations.

2.5 First Principle Methods

At the moment the first principle methods are limited to the empirical pseu-
dopotential methods employed by Zunger and co-workers. They are nicely
summarized in [34]. The “first principle” or “ab-initio” methods for “million
atom” nanostructures are of course not solutions to the 10 million electron
problem. Such a problem is beyond present capabilities. What these methods
involve is a series of thoughtful approximations, starting with the replacement
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of the many-body problem by an effective one-body Kohn—Sham problem:
1
HY,;(r) = {—§V2 + V[p(r, r)} } U;(r) = E;Y;(r). (24)

The effective potential in (24) is a self-consistent potential which is a func-
tional of the charge density. Even when the self-consistent solution of the
Kohn—Sham problem is reached, there is still an unresolved issue of being able
to compute the response of the system to external perturbation. For a com-
parison of quantum-chemical and “solid state” methods applied to very small
clusters, i.e., 6 atoms, the reader is referred to [33]. The extension and valid-
ity of solid-state methods, such as GW-Bethe-Salpeter equation and quantum
Monte Carlo to a million atom cluster is obviously an issue.

Assuming that the self-consistent solution for a constituent material, e.g.,
InAs and independently GaAs, is reached, the Kohn—Sham self-consistent
orbitals and effective self-consistent local density approximation (LDA) po-
tentials are known. Since the gaps from LDA differ from the gaps obtained
from experiment by a large margin (= 30%), one replaces the LDA poten-
tial with an “empirical pseudopotential”. This “empirical pseudopotential”
aims at reproducing some properties of the constituent materials such as ex-
perimentally observed optical gaps and effective masses, similar in spirit to
what is done in a tight-binding approach. Once the pseudopotentials for con-
stituent atoms are developed, they are “glued” together at interfaces between
the quantum dot and barrier atoms.

The overall computational procedure of Zunger and co-workers follows
the following steps:

1. Assume the size, shape, and composition of the nanostructure.

2. Relax the atomic positions to minimize strain. If the dot is embedded in
another material, the VFF model is used to relax all atomic positions.

3. Construct empirical pseudopotentials — “realistic” pseudopotentials that
reproduce correct band gaps give (unlike LDA) correct effective masses and
their anisotropies, and whose plane wave description can be accommodated
with a small basis set (e.g., a cut-off of 5 Ry) are used.

4. Solve the single particle Schrédinger equation using one of the following
methods: the folded spectrum method (FSM) or the linear combination of
bulk bands (LCBB) method.

5. Calculate the dielectric screening function and the interparticle Coulomb
and exchange integrals.

6. Using the single-particle levels and interparticle interactions, solve the
problem of interacting electrons and holes.

This method is highly numerically involved, with results most likely depen-
dent on the choice of pseudopotentials. To ascertain the predictive capability,
let us recall that the “ab initio” LDA methods give excited states (optical
gap) of bulk materials with accuracy of at most several percent. It is difficult
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to expect that this method is capable of quantitatively predicting excited
states of quantum dots with accuracy of a few meV. Such accuracy appears
to be required in the understanding of the effect of geometry on the sec-
ond and third shell of quantum dots. However, the “first principle empirical
pseudopotential” method is very useful in exploring material-related trends
in electronic and optical properties of quantum dots. For details of the suc-
cess of the method and relevant references the reader should consult [34] and
references therein.

The calculations described in this section all assume the shape and compo-
sition of the quantum dot. In principle, one would like to be able to predict
the shape and composition based on first principle calculations, calculate
their optical properties, and correlate, e.g., the PL and absorption spectrum
with growth conditions. While this program, to our knowledge, has not been
realized, an effort toward the understanding of size, shape, and composition
of quantum dots from growth condition has been undertaken by Scheffier
and co-workers [35].

In summary, much work remains to be done toward the development of
reliable microscopic theoretical understanding of the relationship between
the substrate, constituent materials and growth condition and optical and
electronic properties of self-assembled quantum dots. In the end, however,
we must obtain a small number of excited states which can hopefully be
understood based on a simple empirical model such as, e.g., the harmonic
oscillator model.

2.6 Coupled Dots

Previous sections discussed different methods of calculating single-particle
energy levels in a quantum dot. Different shapes were considered as means
of tailoring the energy levels. A natural extension of this engineering of wave
functions and density of states is to couple different dots.

In this section we will apply the effective mass adiabatic method to a ver-
tically coupled dot system [12]. The method is applicable to an arbitrary
number of dots, but for simplicity only two dots are discussed. The system
is shown schematically in Fig. 11a. It consists of two disk-shaped quantum
dots of height H and radii Ry and Ra, respectively (R; < Rs3). Both disks are
positioned on their respective wetting layers, and the wetting layer distance
is D. Since we already understand the single-particle spectrum of a single
disk, we want to understand how the single-particle energies evolve in this
coupled system as we change the distance D. As described before for a single
dot, our adiabatic calculation starts with considering the vertical motion of
the electron. In our system we deal with three vertical regions with different
potential profiles, as denoted with vertical lines in Fig. 11a. In the first (inner)
region we have a symmetric double-well potential, each well comprising the
combined thickness of the disk and the wetting layer. In the second region
the bottom part consists only of the narrow wetting layer, whereas in the



46 Pawel Hawrylak and Marek Korkusinski

top part we still have the broad quantum well due to the disk. Finally in the
third (outer) region we deal with two narrow quantum wells due to the pres-
ence of the wetting layers. We must now solve for the vertical motion in each
of these three regions separately. We can use the transfer matrix formalism
described for a single disk, but now we must modify it to account for the
barrier between the wells. The expression for the transfer matrix in this case
takes the form:

T = L™ "Wy, BiW>R, (25)

where the matrices L, R and W (k, h) have been defined before (8), (9). The
matrix By describing the middle barrier is also derived from the continuity
conditions for the wave function and its derivative at respective interfaces
and takes the form:

cosh(kd) —sinh(kd)/k

B(x,d) = —rsinh(kd)  cosh(kd) ’

(26)
where K = v/—E (FE < 0) and d is the total thickness of the barrier. This
time, however, we are interested in the ground and first excited eigenstates in
this double-well problem for each region. To this end we look for the first two
zeros of the matrix element T51(E). These energies and the corresponding
eigenfunctions are shown in Fig. 11b (left panel). Note that in the innermost
region the ground state wave function is symmetric, and the first excited state
wave function is antisymmetric. In the outermost region, when we deal only
with the wetting layer, only the ground, symmetric solution is bound. These
energy levels constitute the radial potential, separately for the symmetric
and antisymmetric case. This potential, as seen in Fig. 11b (right panel),
is a two-step quantum well, discussed before in the case of the lens-shaped
single quantum dot. The ground and excited states of this potential are the
sought eigenenergies of the system.

As asserted in the description of the adiabatic approximation for a single
disk, the procedure needs two input parameters: the conduction band off-
set between the barrier and dot material, and the effective mass. Both of
these parameters are influenced by strain. However, the band offset can be
assessed by calculating the strain distribution in the sample and using the
Bir—Pikus formalism to calculate the local band structure, as described in
previous sections. In our case the disks have radii Ry = 8.5 nm, Ry = 8 nm,
height H = 2 nm and the wetting layer has thickness 0.54 nm. Simulation of
strain and local band structure in this InAs/GaAs system gives the conduc-
tion band offset Vj = 600 meV [12]. The effective mass of the confined carrier
cannot be evaluated so easily and we treat it as a parameter permitting us to
fit our result either to experiment or to a more microscopic calculation. We
performed a fitting to an 8 x 8 (k - p) calculation carried out by Pryor [30]
and obtained a value m* = 0.053mg. The comparison of our calculation with
this effective mass and Pryor’s is shown in the inset of Fig. 12. Once the
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Fig.11. (a) Schematic picture of the double-dot system. The top disk radius is
larger than that of the bottom one. (b) Left panel: Potential profiles for the vertical
motion in three radial regions of the system, together with the ground (symmetric —
solid lines) and first excited (antisymmetric — dashed lines) electronic states. Right
panel: The effective potential profile for the radial problem. (From [12])

parameters have been established, we calculated all bound energy levels in
our double dot system as a function of the wetting layer separation (quan-
tum dot layer distance) D. These results are shown in Fig. 12. We find that
the spectrum is composed of pairs of states, one of symmetric, and one of
antisymmetric character. At a very large distance D between the dots these
energy levels are quasi-degenerate and form shells, of which s, p and d are
bound (are below the wetting layer continuum). We recover the characteristic
degeneracies of the p-shell, as well as degeneracies and splitting of the d-shell,
observed previously for a single disk. Thus we find a structure and behaviour
of the energy level similar to that in a diatomic molecule.

As the quantum dot layer separation becomes small, the tunnelling be-
tween disks causes the symmetric-antisymmetric pairs of states to split. The
splitting causes a crossing of the symmetric p-shell and antisymmetric s-shell
states at D = 4.5 nm.
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Fig.12. Electronic levels of a double-dot system for Vo = 600 meV and m* =
0.053mo as a function of the quantum dot layer separation D calculated using
the adiabatic approximation. Inset shows the result of fitting of two lowest energy
levels to the result of Pryor [36]. Bars show the results of an exact diagonalization
calculation. (From [12])

The adiabatic approximation relies on the assumption that the vertical
and lateral motion of the charge carrier can be separated due to the disparity
of the vertical and radial dimensions of the structure. To test this approxi-
mation we performed an exact diagonalization study of the Hamiltonian (4)
with V(r, z) being our double-dot potential, and the units of length and en-
ergy are the effective Bohr radius and Rydberg, respectively. We discretize
this continuous Hamiltonian on a grid of points, similarly as it is done in the
k-p model, and diagonalize the resulting large sparse Hamiltonian matrix us-
ing the recursive Green’s function technique. The result of the calculation is
shown in Fig. 12 as vertical bars. We find a very good agreement between our
approximation and the exact diagonalization results. The disparity between
data at large quantum dot layer separation D is due to the discretization
errors: the thickness of the wetting layer is too small compared to the overall
dimension of the computational grid to be represented by a sufficient amount
of grid points.
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3 Excitons in Quantum Dots

In this section we determine the ground and excited states of an exciton
in zero-dimensional systems [37,38], its magnetic field dependence, coupling
with phonons, electrons (trions) and a second exciton (biexcitons). We con-
sider its interaction with phonons and how it is measured in Raman scatter-
ing, and discuss its coupling to photons when a self-assembled quantum dot
(SAD) is inserted into an optical cavity as a source of single photons.

3.1 Excitons in Jacobi Coordinates

The variation of the exciton density of states of a single self-assembled quan-
tum dot [1,3] with size has been measured by photoluminescence excitation
spectroscopy (PLE) [39,10,41,42,43]. New features in the absorption spectra,
previously hidden in spectra from large ensembles of dots due to inhomoge-
neous broadening [44], were observed. These features can be understood by
constructing a theoretical model of an exciton in a “coherent exciton” ba-
sis consistent with Jacobi coordinates [13,15]. This basis captures important
symmetries of the interacting electron—hole pair. The trivial variation of the
single-particle shell structure is translated into a nontrivial modification of
the interacting electron—hole system.

As discussed in Sect. 2, the lens-shaped self-assembled quantum dots are
excellent models of zero-dimensional (0D) systems. The single particle states
|n,m) can be well approximated by those of a pair of harmonic oscillators
with quantum numbers m and n (the Fock-Darwin spectrum). These states
form a finite number of degenerate shells, with S = m + n constant within
each shell. Each shell has degeneracy gg = S + 1 and energy E(S) = 2- 5,
where §2 = (2., for electrons and holes, respectively. The angular momen-
tum of electrons is [¢ = n, — m., the angular momentum of holes is opposite
to that of electrons due to opposite charge. The electrons and holes interact
with each other via the Coulomb interaction, forming excitons. The exciton
Hamiltonian can be written in any basis of electron—hole states [16]. We fo-
cus here on the construction of a basis which captures all the symmetries
of the problem and allows us not only to compute but also to understand
the exciton spectrum and its dependence on the number of electronic shells.
The exciton states are superpositions of products of electron and hole states
|i)|7) (where |i) = |ne,me), and |j) = |nn, mp)). Coulomb scattering con-
serves the total angular momentum R = I; — [; of an electron-hole pair, so
all states can be classified by their total angular momentum. The absorption
spectrum A(w) of a photon with frequency w due to transitions from the
initial vacuum state |0) of a SAD to all final states |f) is given by Fermi’s
golden rule: A(w) = >, [(f|P1]0)]26 [w — (£ — &)]. Here &; and & are the
energies of the final and initial states of the absorption process, respectively.
Initial and final states are coupled through the interband polarization oper-
ator PT0) = 22 1)) P creates electron—hole pairs on identical orbitals j,
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i.e., with zero total angular momentum of the pair. Let us now rename the
single-particle orbitals in terms of their shell index S and angular momen-
tum [ as |S, 7). We can now generate and classify the electron—hole pairs with
zero total angular momentum. These states fall into two classes. On each
shell S there are what appear to be optically active pair states of the form
|S,1)|S, —1). Their number equals the degeneracy of each shell, S + 1, and
the energy of each pair is (2. + 2;,) - S = ¢ - S. Pairs on different shells have
different energy. The density of states corresponding to these pairs in a dot
with three shells is shown in Fig. 13a. While these pairs correspond to vertical
transitions, photons do not create individual pairs but rather a linear super-
position of them PT0) = > ¢[>,|5,1)|S, —1)]. Hence only one “coherent”
state |S) = >, |S,1)|S, —1) from each S + 1-fold degenerate shell couples to
photons. The remaining S states are dark. It is therefore convenient to create
a coherent exciton representation which explicitly accounts for this symmetry.
This is done by a transformation into Jacobi-like coordinates where one of
the orthogonal basis states is the “coherent” state |S). In Jacobi coordinates
one can immediately decide which states are coupled to the coherent state
by Coulomb interactions and become optically active. In fact, for symmetric
interactions V.. = Vjp = —Vep, the coherent states are exact eigenstates of
the interacting exciton Hamiltonian restricted to a given shell. Hence even in
the presence of interactions each shell contains exactly one optically active
configuration. This symmetry and procedure is analogous to Kohn’s theorem
for intraband transitions, and can be loosely described as “Kohn’s theorem
for excitons” [47].

The next step is the search for other possible two-particle configurations.
The most important configurations, if they exist, are those with energy res-
onant with the coherent exciton states. At first glance the only candidates
are pairs of states from different shells, e.g., |\S,1)]S’, —1). The energy of these
states, 2 - S+ 2, -5, is different from the energy of coherent exciton states.
It is therefore difficult to expect these states to acquire a significant oscillator
strength apart from accidental, parameter dependent, degeneracies. However,
when we construct a superposition of these electron—hole states from different
shells in the form

1
V2

we find that their energy,

E(S,p) = % [Qc-(S=p)+ 20 (S+p)] + 2 (S+p)+ 2 (S —p)],(28)
equals the energy (2. + §25) - S of the coherent exciton state on the shell S.
What is even more important, this conclusion is valid for any ratio of the elec-
tron and hole kinetic energy. These configurations have not been constructed
from Jacobi coordinates and therefore Coulomb interactions mix them with
coherent exciton states. The mixing makes the configurations with the + sign

|Sap> = (|S _p7l>|S+p7 _l> + |S+pal>|s_pa_l>)7 (27)
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optically active. These are precisely the nontrivial states which strongly mod-
ify the absorption spectrum. Now we can immediately construct degenerate
shells of electron—hole states with degeneracies depending on the number of
confined single particle levels (n,m). For two shells, (s,p), we have degen-
eracies (1,2), for three shells, (s,p,d), we have (1,4, 3), while for five shells
we have (1,4,9,12,5). Hence the degeneracies of excitonic shells depend on
the number of confined single particle levels. It is best to illustrate these
constructions on a simple example of a dot with two and three shells.

For a dot with three lowest shells, S =0, 1, 2, all possible configurations
are shown in Fig. 14. There are 6 optically active configurations: (a)—(f), or
(100)100)), ([11)[1 = 1,1 — 1)[11)), (|22)]2 — 2), |2 — 2)[22), [20)[20)). Tn ad-
dition there are two configurations: (g) and (h), originating from different
shells: |00)|20), |20)|00). These optically inactive states involve an electron
(hole) in the zero angular momentum state |[00) of the s-shell and a hole
(electron) in the zero angular momentum state |20) of the d-shell. They are
degenerate with the coherent exciton states of the p-shell. Hence the exci-
ton is composed of 8 states with zero total angular momentum. The next
step is the transformation into coherent exciton states (Jacobi coordinates).
The s-shell is unchanged, |A) = |a). The p-shell contains two configurations:
|B) = %(\b) + |¢)) and |C) = %(|b> — |¢)). The d-shell is replaced with

D) = Z=(ld)+e) +1/)), |E) = J5(1d) —|e)), and | F) = —=(|d) +]e) — 2/ /).
The two configurations, (g) and (h), are replaced with |H) = %(\g> + |h))
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R S
Fig.14. All possible configurations of an electron—hole pair with total angular
momentum R = 0 on three lowest shells in the conduction and valence band

and |G) = % (lg)—1h)), respectively. The density of states of an electron—hole
pair in Jacobi coordinates is shown in Fig. 13b. The key result is that there
are now four degenerate states, B, C, G, and H, on the p-shell. The Jacobi co-
ordinates allow us then to separate the optically active states from the dark
states in the interacting system. By expanding the interband polarization
operator in the new basis: PT|0) = |A) + V/2|B) + V/3|D), we see that only
three coherent states, |A), |B), and | D) are optically active. Clearly the states
|CY, |E), and |G), which are the antisymmetric superpositions of pair states,
cannot couple to the remaining states. Therefore there are five active states:
state |A) from the s shell, states |B) and |H) from the p-shell, and states
|D), |F) from the d-shell. Hence the spectrum of a SAD with three shells
will consist of five peaks: one derived from the s-shell, two from the p-shell,
and two from the d-shell. The calculated absorption spectra A(w) showing
the splitting of the p-shell transition are shown in Fig. 13¢,d. In Fig. 13c the
frequencies {2, = (2}, and the masses are the same; in Fig. 13d, 2. = 242,
and the hole mass is twice that of the electron. In addition, a small split-
ting of the d-shell energy levels was introduced to simulate the energy levels
of the lens shaped self-assembled quantum dots. In the absence of interac-
tions the transition energies, shown in Fig. 13a, are equally spaced in units of
electron—hole energy t. The inclusion of the electron—hole scattering changes
the absorption spectrum. The attractive electron—hole interaction renormal-
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izes transition energies and leads to additional structures in the spectrum.
Here the most important effect is the splitting of the p-shell absorption, shown
in Fig. 13c,d. The oscillator strength of these transitions depends on system
parameters: it is almost equally distributed between the p—p-like transition
|B) and the s—d-like transition |H) in Fig. 13c in contrast to the situation
in Fig. 13d. The absorption into the d-shell is also split into two lines, one
strong and one weak, and the oscillator strength of these lines depends on dot
parameters. It is important to note that the splitting of the p-shell absorption
is an excitonic feature due to mixing of configurations. These configurations,
and the splitting, become possible in dots with at least three electronic shells
and are absent in dots with only two shells. The splitting is not related to the
splitting of single particle levels due to dot asymmetries. To test these predic-
tions experimentally we chose identical Ing goGag.40As SADs with different
sizes: one dot with only two shells and one with three shells. The experi-
mental results, discussed in the Chapter by Bayer, agreed very well with our
theoretical predictions.

3.2 Magneto-Excitons

The calculation of magneto-excitons in quantum dots with the Fock—Darwin
(FD) spectrum has been described in detail in [18]. Here we present the results
of a calculation by Wojs et al. [24] for the InGaAs sample studied in [19].

In Fig. 15 we show the evolution of the absorption spectrum with in-
creasing magnetic field B. The top frame corresponds to a noninteracting
electron—hole pair, and the bottom frame to the interacting magneto-exciton.
The areas of black dots are proportional to the intensities of discrete peaks,
the energies of which (measured from the valence band-conduction band gap)
are given on the vertical axis.

For the noninteracting electron—hole pair all peaks are of equal strength
and their evolution in B repeats the FD pattern of each particle. The FD or-
bitals |[nm), on which the pair is created, have been indicated for a few peaks.
This picture illustrates the destruction and restoration of the dynamical sym-
metries of the FD spectrum by the magnetic field. Since for certain values of
B (0, 12, 19, 25 T) the levels cross, intensities of neighbouring peaks add up
around these values of B, and, e.g., for B = 0 the Coulomb interaction mixes
many electron—hole states and leads to a richer energy spectrum, shown in the
bottom frame of Fig. 15. In particular, the two absorption peaks of the p-shell
discussed in previous section are clearly visible. The p-shell absorption does
not split into two peaks as in the noninteracting FD picture, with one line
increasing, and the second line decreasing in energy. Instead, the two peaks
show weak magnetic field dependence and exchange of oscillator strength.
Despite these subtle features, the magneto-exciton spectrum resembles quite
well the FD spectrum of a noninteracting electron—hole pair, in particular
the restoration of symmetries and the reappearance of gaps in the spectrum
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around 13 T. This is because in such small quantum dots the character-
istic confinement energy: we o + wno (~ 45meV) exceeds the characteristic
Coulomb energy (~ 25 meV, slightly B-dependent). The main effect of includ-
ing the interaction on the eigenenergies is therefore the parallel red-shift of the
entire spectrum. It is worthwhile pointing out that the magneto-absorption
spectrum of a single quantum dot has not been measured yet.

3.3 Exciton in a Double Quantum Dot Molecule

Let us now consider an exciton localized on a double quantum dot molecule.
Our goal is to demonstrate that this exciton state is an entangled state. Let
us first assume that our disks are far apart, so no tunnelling occurs, and that
they are small enough to hold only one single-particle state each. We denote
the orbital on the lower dot by |0), with corresponding energy E?, and the
orbital on the upper dot by |1), with corresponding energy E!, and assume
E? = E! = E;. Equivalently we can consider two states of an isospin: isospin
down corresponds to the state |0), and isospin up corresponds to the state |1).
These two orbitals span the basis of our single-particle problem. Inclusion
of tunnelling leads to the appearance of the off-diagonal matrix elements
(0|H|1) = (1|H|0)* = —t, and we assume ¢ real. Thus our Hamiltonian with
tunnelling, written in the basis of localized orbitals, has the form:

H= Et ;} : (29)
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with eigenenergies E+ = E,Ft and corresponding eigenvectors |+) = (1/v/2)-
(10) £1)). In the isospin language the tunnelling will then lead to a rotation
of the isospin. Note that this rotation, leading to the appearance of sym-
metric and antisymmetric states, does not depend upon the magnitude of
the tunnelling matrix element ¢. The splitting between the ground and first
excited states, 2t, depends on the quantum dot layer distance D, therefore
we recover the behaviour of the symmetric and antisymmetric energy levels
of the s-shell shown in Fig. 12. This splitting plays the role of the “Zeeman
energy” for the isospin, and is equivalent to the Zeeman energy of a single
spin in a magnetic field.

Let us now consider an electron and a hole localized on the quantum

molecule [50]. The Hamiltonian of the system takes the form:
H =Y Efcieit+ > E'nfhi = (j|VIkl)e hf hyer, (30)
@ o ijkl

where ¢; (h;) is the electron (hole) annihilation operator in the basis of local-
ized orbitals, and (ij|V|kl) denotes the two-body Coulomb interaction matrix
element. Now the Hilbert space of this problem is spanned by products of
localized orbitals for each particle, and we deal with the following basis set:
{10)¢]0)7,|0)e| 1), |1)el0)ns|1)e|1)n}. In the presence of tunnelling, but in the
absence of the Coulomb interaction both particles behave independently. We
will then deal with a rotation of two independent isospins to the symmetric
and antisymmetric states |£). and |£);. The basis of our Hilbert space is
now rotated and assumes the form {|+)c|+)n, |[+)el—)n, |=)el+)n, |—)el—)n}-
The rotations of individual isospins have been performed independently, so
the basis of the two-particle Hilbert space is built as a simple tensor product
of the single-particle bases. Therefore no quantum entanglement is encoun-
tered at this point. The states |+)e|+)r and |—)e|—)r can be created optically,
as in each case the symmetry of the electron and hole states is the same. The
two remaining states — of mixed symmetry — are dark.

Now we include the Coulomb interaction and build and diagonalize the
full Hamiltonian matrix in our basis. To this end we assume that both disks
forming the quantum molecule are identical, and that the wetting layer is
absent. This permits us to approximate the electron and hole wave functions
in the form (r|+) = Ny Jo(kfp) Y., A} cos(kfz), where N, is the normaliz-
ing factor, Jy is the Bessel function of 0-th order, depending on the radial
coordinate only, the angular momentum is zero (the orbital is of s-type),
and the vertical behaviour, including the symmetry properties, is modelled
by a series of cosines with appropriately chosen amplitudes Al+. The anal-
ogous form is taken for parity (—). Now the Coulomb interaction does not
couple the subspace of optically active and dark states, and the Hamiltonian
describing bright excitons can be simply written as

_ | B Vot Vi

Hx V. B 4+V._|°

(31)
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Fig. 16. (a) Exciton energies (dark and bright) calculated using the two-isospin
model of an electron—hole pair. States |a) and |d) are optically active. (b) Splitting
between the energy levels of the optically active states as a function of the quan-
tum dot layer distance. (¢) Photoluminescence spectra of quantum dot molecules
with various interdot distances, recorded at low excitation power and temperature
~ 60 K. The PL spectrum of a single dot is shown as a reference. (From [50])

The evolution of the resulting energy levels of the exciton (dark and bright)
is shown in Fig. 16a. When the dots are far apart, the energy states form
two groups split by the Coulomb interaction. As the dots are shifted closer
together, the tunnelling increases the splitting between the bright states. The
energy of dark states remains approximately constant, as the energy shifts of
the electron and hole tunnelling are of opposite signs and nearly cancel out.

As can be easily seen from diagonalizing the Hamiltonian (31), the wave
functions corresponding to the bright excitons with interactions can be writ-
ten as:

|a) = aa[|0)e|O)n + [1)e[1)n] + Br[|0)e 1) + [1)e[0)n] (32)
|d) = a2[|0)e|0)n + [1)e[1)n] + Ba[l0)e 1) + [1)¢[0)n] - (33)
These states cannot be written as tensor products of single particle (indi-

vidual isospin) states. Tunnelling and Coulomb interaction then lead to an
entanglement of isospins.
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The validity of our simple approximation was tested in a recent photolu-
minescence experiment performed on quantum dot molecules with different
interdot distances [50]. The single dot molecules were isolated in mesas to
suppress the inhomogeneous broadening. The experiment was done at low
excitation powers, but at the temperature ~ 60 K, making it possible to ob-
serve transitions from ground and excited states. The recorded PL spectra
are shown in Fig. 16c. As the measurements were done on different systems,
we refrain from comparing the absolute values of energy corresponding to
the PL peaks. Instead we aligned all traces according to the lowest-energy
PL line. A single quantum dot trace is also shown as a reference. We see
that the splitting induced by tunnelling and interactions is about 10 meV at
interdot separation 8 nm, and increases to about 60 meV when the dots are
only 4 nm apart. The behaviour of the PL peaks belonging to the s-like states
follows qualitatively that predicted theoretically. In the experimental spectra
we also see a third PL line, representing the p-shell emission. This line is
not seen in our model, as we take into account the s-shell orbitals only. For
more details concerning this experiment we refer the reader to the Chapter
by Bayer in this volume.

3.4 Exciton, Biexciton, and Charged Exciton

The excitonic emission spectrum of a quantum dot is in the same spectral
range as that of a biexciton or a charged exciton. This can be easily under-
stood since the exciton is a charged neutral complex and it interacts weakly
with other excitons or charges. This implies that shifts in energy levels of
these complexes are a result of both deviations from charge neutrality, i.e.,
how different holes are from electrons, and of mixing of configurations. The
mixing of configurations is in turn a sensitive function of parameters such as
the ratio of electron to valence hole mass, the confining potential for either
carrier, and the number of confined shells. To investigate these effects, we
performed numerical calculations of an exciton, biexciton and charged X —
and X+ complexes localized on a single quantum dot [51]. The results of
these calculations are presented in Fig. 17. We assumed here the electronic
energy level spacing to be of order of 25§ = 50 meV, while the hole energy
spacing was taken to be £22 = 20meV, so that the kinetic energy difference
between the p-shell and the s-shell exciton is 70 meV. The Coulomb inter-
actions strongly renormalize the excitonic energies, but this renormalization
depends on the type of complex considered. This follows from the fact that
the size of the basis of the Hilbert space is different in each case: for five
confined shells we deal with 29 states for a single exciton, 1276 states for the
biexciton, and 186 states for each charged complex. In Fig. 17 we show the re-
sults of our calculations for three different ratios of the electron to hole mass.
The middle panel, with m./my, = 0.4, corresponds to the “symmetric” inter-
actions, i.e., the e—e, h—h, and e—h interactions are almost identical. In this
case we predict the emission line attributed to the biexciton recombination to
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PL spectrum for five shells (the oscillator strength for each transition is assigned
arbitrarily). (From [51])

be almost degenerate with the X — line. The emission from the other charged
complex appears between the single exciton and biexciton peaks. For the ra-
tio me/my, = 0.3 and five confined shells the X — line is found below, and
the X+ line — above the biexciton line. For the mass ratio me/mj, = 0.6 the
position of the lines corresponding to charged complexes is reversed. Hence
without knowing the structure of excited states it is very difficult to assign the
origin of PL lines in quantum dots, perhaps with the exception of biexcitons
due to different excitation power dependence.
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3.5 Exciton—Phonon Interaction and Raman Scattering

Inelastic light scattering is a useful probe of the interaction of the interband
polarization of quantum dots with phonons and free carriers in semiconduc-
tor nanostructures [52,53]. We describe here briefly the interaction of excitons
with acoustical phonons and its contribution to the Raman scattering cross-
section of a self-assembled quantum dot [38]. Due to the large barrier, the
quantum dots showed very clear absorption resonance related to the second
excited 2D subband. This created unique conditions for inelastic light scat-
tering experiments, as the photoluminescence signal was separated from the
Raman spectrum.

The mean lateral size of the Gag.gIng.2As quantum disks was 80 nm, and
their thickness was ~ 5-6 nm [54,55]. The disparity between the thickness and
diameter is here even larger than that encountered previously in the adiabatic
calculations. Thus the electronic energy levels and wave functions can be well
separated into those pertaining to the vertical and lateral motions. For the
vertical energy levels, a very large conduction band discontinuity between
the indium-rich disk and the Gag 5Alg5As barrier, of ~ 650 meV, leads to
two confined subbands, with calculated energy spacing A Es; ~ 280meV.
The lateral confining potential, V(r), is influenced by the decreasing disk
thickness and amount of strain as we move from the centre to the edge of
the SAD. Hence inside the disk this effect is described by a slowly varying
parabolic potential, mew3r?/2 with a characteristic frequency wp, and at
the interface we add a hard-wall component V,O(r — R), where Vp is the
discontinuity of the potential at the edge of the disk. The effective mass of
strained IngoGag.gAs is me = 0.067, and the dielectric constant € =~ 12.5.
These parameters enter through the effective Rydberg and Bohr radius as
the energy and length units, respectively. By virtue of these approximations
the disk energy levels and wave functions are again of the FD type, with the
effects of the hard-wall potential included perturbatively. The states |smn)
and energies Fg,, are then those of a pair of anharmonic oscillators with
energies Egnn = Es+ 2_(n+1/2) 4+ 24 (m +1/2) 4+ Ym.n(m —n)?, attached
to the subband s, where 24 = (2 + w.)/2, 2? = W + 4w?, w. = eB/cm, is
the cyclotron energy, and 7y, , contains the effect of the hard wall potential
on states with increasing angular momentum R = m — n. The valence band
holes are treated in the effective mass approximation as a positively charged
particle with angular momentum R" = n — m, opposite to the electron,
and FD energies E = El' + Q% (n 4 1/2) + 2" (m +1/2) + ), ,,(m — n)?
(neglecting the semiconductor gap).

As described earlier, we form the correlated electron—hole pair states
|v) as linear combinations of electron-hole pair states |k) = cjhj\O) =
|, e, mp, np) with zero total angular momentum R = me — ne — my, + np:
lv) = > AY|k). The electron-hole pair amplitudes A" are the solutions of

the Hamiltonian Ho, i.e., >, H(’)“’k'Az, =FE,A7.
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We define the photon creation operators aj\' for photons with polariza-
tion ey and energy wy. The electron-photon Hamiltonian He_phot corre-
sponds to the process of creating electron—hole pairs by annihilating photons,
and conversely:

H._ phot = Z /-l/\ Jrtha/\ + 1 h Cza;\r (34)
7,7,

The optical selection rules are hidden in dipole matrix elements. We have
1 = 1 . my, On, my, » 1-€., only vertical transitions with zero angular momen-
tum are allowed. The number of excitonic states is larger then the number
of optically allowed states.

The interaction of electrons and holes with phonons involves scattering of
either electrons or holes by phonons:

Hephon = ) [Mfy(@)ciei + My (@)hf hil (bg + 05 ,), (35)

e
2,1,4q

where b:{ creates phonons with wave vector g and frequency wgq, and My, (q)
are scattering matrix elements which depend on the type of phonons involved.
The exciton—phonon Hamiltonian follows from (35). Even though a scattering
event changes the state of an electron or a hole, the final scattered state may
remain an optically active exciton state. Such states play an important role
in light scattering spectra where a photon is virtually absorbed, creates an
exciton, an exciton undergoes phonon scattering, and re-emits a photon. Only
states which remain excitonic after phonon scattering may re-emit light.

The inelastic light scattering measures the probability that a photon with
frequency w; and polarization e; decays into a scattered photon with fre-
quency ws and polarization es and a phonon. The probability of the resonant
one-phonon scattering is given by Fermi’s golden rule [53]:

oy {AY - [M<(q) + M"(q)] - AY}
" Z|Z A B —w) By —wy) AL

xé(wi — Wy —Wgq) - (36)

The scattering rate involves a virtual absorption of a photon, a creation of
an exciton which emits a phonon, and subsequently, a photon. Only states
which remain optically active after the phonon emission contribute to the
cross-section.

We are primarily interested in acoustical phonon emission. The final ex-
pression for the scattering rate can be reduced to a single integral over a di-
mensionless variable Q = ¢f/2'/?, where £ = \/1/m.2w is the effective
length in Bohr radii:

Qqu(Q)
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AV . [M¢(q) + M"(q)] - AV ,
X Z(HAV) . { (I:Ely - WS) (EV’ ] } . (AV IJJ) ' (37)

v,v!

— Wz‘)

Here 2 = (w; — ws)l/(2'/2¢,) is the frequency shift measured in the energy
of the phonon with wave vector inversely proportional to the length scale of
the dot (spacing of states). The form factor f11(Q) is the Fourier transform
of the excited subband wave function, and Iy = (D®)?hv/2/(47%pc?) where
DM ig the electron(hole) deformation potential, p is the density, and ¢, is
the velocity of sound.

The dependence of the transition rate on the Raman frequency shift
w; —wy for incident energy close to the excitonic resonance of the first excited
subband was analyzed in [38] and compared with experiment. These were pre-
liminary experiments, and more experiments on self-assembled InAs quantum
dots are needed to understand the interaction of excitons with phonons.

3.6 Exciton and Biexciton in an Optical Cavity

Electron—electron interactions and the coupling of the quantum dot to con-
fined cavity photon modes, discussed extensively by Gerard in this volume,
are important ingredients of a single photon source based on a semiconduc-
tor quantum dot [56]. In this proposal a quantum dot is strongly excited
by a short intense pulse and populated with electron—hole pairs. These pairs
recombine by emitting photons and reduce their numbers. The last electron—
hole pair emission produces a photon with a definite energy, and it is this last
exciton which produces a single photon. This scheme rests on the fact that
the emission from a dot with exciton number different than one is always
sufficiently different from the energy to emit a single exciton. This difference
arises only due to electron—electron interactions. Hence one needs to under-
stand the effects of interactions on electronic states of a quantum dot filled
with N excitons and a corresponding emission spectrum. This is discussed
in detail in the following section. Once a single photon is emitted it has to
be efficiently collected. This is accomplished by placing the quantum dot in
a cavity. But this implies that electron—hole pairs and photons in a cavity are
interacting and forming polaritons. Hence one needs to understand the cou-
pling of electronic excitations with photons, and the renormalization effects
associated with it.

The simplest but relevant model consists of a quantum dot interacting
with two confined photon modes corresponding to the photon polarization
(4) and (=) [95]. If we limit ourselves to the lowest number of excitations in
the dot, we must consider four states: (1) the vacuum state |0) with energy
Ep; (2) the X+ state |[+) with energy E, created from the vacuum state by
absorption of one o photon; (3) the X — state |—) with energy E_, created
from the vacuum state by absorption of one o~ photon; (4) the biexciton
state |+ —), with energy Ey_. The energy levels and coupling to photons are
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shown in Fig. 18a. The relevant Hamiltonian of the coupled exciton—photon
system can be written as:

H = Eol0){(0] + Ey[){(+| + E-[=)(=[+ By |+ —)(+ — |
—|—w+aia+ +w_ata_ +v4 {Pj_'aJr + P+ai} + - {Pja, + P,a'_"}
+Vit) {ay +al} + Vo) {a- +at} . (38)

Here wy, w_ are photon energies, v, y— are the dipole matrix elements which
control coupling of photons and excitons, and V, (¢), V_(t) describe the exter-
nal light field. In a coupled system the external laser field creates/annihilates
cavity photons while cavity photons in turn create/annhilate excitons. The
dynamics of the coupled system will be described elsewhere; here we describe
briefly the polariton spectrum. In the absence of the driving field we can con-
struct polariton states of the coupled exciton/cavity system as simple prod-
ucts of excitonic and photonic states: |[nyn_)|X), where X = 0,+, —, +—,
and ny, n_ are nonnegative integers. The states can be grouped according
to energy shells as shown in the left panel of Fig. 18. Once the interactions
are switched on, the states from degenerate shells couple in a characteristic
fashion described by arrows in Fig. 18. The result is the removal of degen-
eracy and a renormalized spectrum, as shown in the right panel. The exact
eigenstates are next used to study the interaction of coupled system with
the external field by solving the time-dependent problem. Further inclusion
of higher exciton population and inelastic relaxation processes is needed to
simulate the operation of the single photon gun, and this will be reported in
the future.

4 Multi-Exciton Complexes

In this section we discuss the ground-state properties and emission spectra
of quantum dots filled with electrons and holes, an important ingredient of
a quantum dot laser and a quantum-dot-based single photon source. For this
reason the electronic properties of electrons and holes in quantum dots have
been investigated theoretically by a number of groups [10,11,57,58,59,60,61]
[62,63,64]. For a review of experimental results in this domain the reader is
referred to the Chapter by Bayer. Here we focus primarily on model Hamil-
tonians but nontrivial physics. Whether this problem is nontrivial is best de-
cided by exploiting the analogy between the quantum Hall (QHE) and quan-
tum dot physics. Both the magnetic field and the confining potential turn
the continuous spectrum of a quasi-two-dimensional electron into a discrete
spectrum of two harmonic oscillators. The most important aspect of these
spectra is the presence of degeneracies. In a dot with a parabolic confining
potential in zero magnetic field the dynamical symmetries are responsible for
the formation of shells of degenerate states with different angular momenta.
For free electrons in a magnetic field, the degeneracies of Landau levels have
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Fig.18. (a) Energy levels and coupling scheme of quantum dot/cavity system.
(b) Exciton—phonon energy levels forming almost degenerate shells (left panel) and
their splitting due to the exciton—photon interaction (right panel). (From [95])

strong implications for the ground state of interacting electrons. When only
electrons are present in a partially filled, spin polarized lowest Landau level,
very complicated and not completely understood ground states of the frac-
tional quantum Hall effect exist [65]. Adding to spin polarized electrons an
equal number of spin polarized particles with opposite charges, i.e., holes,
changes the ground state drastically. Electrons and holes form a condensate
of magneto-excitons due to “hidden symmetries”. This many-body ground
state is exactly known for any fractional filling [66]. The experimental mani-
festation of this condensate should be the emission spectrum which does not
depend on the filling fraction. Unfortunately, this has not been observed yet.
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We have exploited these QHE analogies in studying electrons, and elec-
trons and holes on degenerate shells of a quantum dot. For electrons, exact di-
agonalization techniques established “generalized Hund’s rules” for quantum
dots (see the Chapter by Schweitzer etal.), in analogy to atoms. However,
we were not aware of the existence in nature of atoms composed of parti-
cles of opposite charges, and hence of a guiding principle, such as Hund’s
rules, in their electronic properties. Here we review the results of calculations
showing that there are rules, similar to “hidden symmetries”, which govern
the electronic structure of electron—hole complexes in quantum dots. Some
of these symmetries are the ones familiar from QHE physics, but also new
symmetries, related to spin, appear. These new symmetries involve not just
an electron and a hole but pairs of electrons and pairs of holes as one finds in
a biexciton. The unusual behaviour of pairs of carriers can also be found in
the Hubbard models of high-T, materials, and we find it a rather unexpected
and exciting development.

4.1 Exact Diagonalization Technique

The exact diagonalization technique (EDT) is a numerical technique useful
in studying strongly correlated electron systems. The starting point in this
method is the single particle spectrum and interacting Hamiltonian. At zero
magnetic field the electron energies Fy,,, = 2o(n +m + 1), eigenstates |mn)
and angular momenta L = m — n are those of two harmonic oscillators with
energy {29 and electronic shells [1,25]. The valence band hole is again treated
in the effective mass approximation as a positively charged particle with an-
gular momentum L = n—m, opposite to the electron. With a composite index
j = [m,n, o] the Hamiltonian of the interacting charge-neutral electron—hole
system may be written in compact form as:

H =Y Efcici+ > EPfhi =Y (ij|Venlkl)e] hf i
i i ijkl

I, .. 1.
+5 > (i Veel k) e ener + 5 > (i Van kDb b hihy . (39)
ijkl ijkl

The operators ¢} (¢;), b (h;) create (annihilate) the electron or valence band
hole in the state |¢) with the single-particle energy E;. The two-body Coulomb
matrix elements are (ij|V|kl) for electron—electron (e—e), hole-hole (h—h) and
electron-hole (e-h) scattering, respectively [18,67]. We shall discuss the case
of symmetric e—e, h—h, and e—h interactions. To elucidate the physics, we shall
often refer to the matrix elements by specifying which type of carrier, which
shell, and whether direct or exchange scattering is involved. For example,
VEP¥ denotes electron-electron exchange scattering involving two electrons
on a p-shell. It is important to note that the p-shell electron—hole scattering
matrix elements V! are equal to equivalent e-e exchange matrix elements
verr (10,10|Vepn|01,01) = (10,01|V,|10,01). The p to s-shell electron-hole
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scattering matrix elements V}’ are equal to the equivalent e-e exchange
matrix elements V2% (10, 10|V.;|00,00) = (10, 00|V,,|10, 00).

The eigenstates |v) of the electron—hole system with N excitons are ex-
panded in products of the electron and hole configurations |v) = (Hfil cj) X
(Hfil hZ‘)\O) A total of 30 single-particle states (5 shells) of the dot, includ-
ing spin, was used by Wojs and Hawrylak [19,61]. The configurations were
labelled by total angular momentum Lot and the z-th component of total
spin S'%°t. We concentrate here on the optically active subspace of Lo, = 0
and S¥°" = 0. An example of typical electronic configurations for zero mag-
netic field and N = 7 spin polarized excitons (N = 13 excitons when spin is
included) is illustrated in the inset to Fig. 19a. The energy levels are equally
spaced, and their degeneracy increases with energy. The shells s, p, d are
completely filled and a single exciton is present on the shells f and g. Ar-
rows indicate some relevant configurations with increasing kinetic energies.
Due to the large confinement, the lowest kinetic energy configurations are an
excellent approximation in the case of filled shells. When electrons and holes
partially fill up a degenerate shell the states and energies are completely de-
termined by their mutual interactions, and need to be treated numerically.
The calculations for up to N = 6 excitons were carried out exactly and
a combination of numerical diagonalization in a partially filled shell and the
Hartree-Fock approximation extended calculations up to N = 20 excitons.
In Fig. 19a we show the calculated addition spectrum p — g of excitons
added into independent shells of the SAD. Here yu = Eg(N) — Eg(N — 1)
is the chemical potential of the interacting system and pg is the chemical
potential of the noninteracting system. The shell energies are separated by
26 = 2° = 30meV for electrons and fo_ = " = 15meV for holes. The
addition energy measures the interaction energy of an added exciton with ex-
citons already present in the dot. The lack of dependence of © on the number
of particles indicates that the electron—hole pairs in each independent shell
do not interact. This is to be contrasted with a renormalization of energy for
one exciton which is very large, i.e., comparable to the kinetic energy quan-
tization. This large renormalization agrees with our intuition which suggests
that in quantum dots electrons and holes are brought closely together and
should interact strongly.

Excitons begin to interact weakly when scattering to empty shells with
higher energy is allowed. In Fig. 19b we show the results of calculations of
addition energy including scattering to higher shells. The addition energy
now begins to depend on the number of excitons present on each shell. It also
forms a characteristic doublet structure which separates into odd and even
numbers of excitons present, suggesting a condensation of biexcitons.

Up to now we analyzed the situation of excitons on isolated shells. Now
we consider the effect of filled shells. The electrons and holes in a partially
filled shell interact and exchange with particles in filled shells. Hence we
can think of quasi-electrons and quasi-holes forming excitons. The energy of
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Fig. 19. Exciton addition spectrum in a quantum dot: (a) addition spectrum of ex-
citons into isolated individual shells (s, p, d and f), (b) addition spectrum including
scattering to higher shells. Empty circles correspond to the isolated shells. Inset:
illustration of different configurations in the many electron—hole system. (From [61])

quasi-particles is renormalized in what appears as a bang-gap renormaliza-
tion, as shown in Fig. 20.

In the inset to Fig. 20 we summarize the evolution of the addition spec-
trum, including the kinetic energy, with the number of excitons N in the dot.
The plateaus in the addition spectrum imply that the energy to add/subtract
an exciton to/from a partially filled shell does not depend on the filling of this
shell. This result, i.e. plateaus in the exciton addition spectrum, were also
found in a sophisticated quantum chemistry calculation by Brasken et al. [58].

4.2 Hidden Symmetries

We now turn to reconcile the notion of strong interactions in quantum dots
with the picture of seemingly noninteracting excitons. This lack of interaction
can be traced to symmetries in the Hamiltonian. We start by constructing
the relevant operators and symmetries. The interband optical processes in
a quantum dot are described by the set of interband polarization operators
(P}, P, P.), which form an algebra of angular momentum. P, (P,") creates

(annihilates) electron-hole pairs: P;7 = ic;;h:_a (PT =, hi,—oCic) by
annihilating (creating) photons with definite circular polarization [61]. The

operator P, = (N¢ + N — N;.)/2 measures the population inversion. Pos-
sible symmetries are associated with commutation properties of polarization
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Fig. 20. Exciton addition spectrum including interaction with filled shells. Inset
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spectrum. (From [61])

operator P with the Hamiltonian [61]. This commutator,

[H,PT] =Y (Ef + Elel i =) (ijlvenlkk)e] b}

i ijk
1 .. . .
+ 3 Z((zy|vee|kl> — (zk|veh|]l>)(c?'hfcjck - cfh',;cjcl)
ijkl
1 .. . .
b5 S Gdlonn ) = (iklon i) cf bR — e 1 ) (10)
ijkl

involves a family of two- and four-particle operators. However, if we neglect
the spin degrees of freedom, and consider only states of a degenerate shell
the degeneracy of single particle levels combined with the symmetry of (ee),
(hh), and (eh) interactions cause a remarkable cancellation of the four particle
contribution and lead to a very simple result: [H, PT] = Ex P', where Ex
is the exciton energy for a given shell. This commutation relation enables
the construction of exact eigenstates |[N) = (P*)N|0( of the Hamiltonian by
a multiple application of PT on vacuum. The energy of these states depends
linearly on the number of excitons. Hence the energy of addition/subtraction
of excitons from these states does not depend on the number of excitons .
This is the essence of the “hidden symmetry”, a quantum-dot analogue of
the QHE. The main difference between a quantum dot and a QHE system is
due to spin. Spin starts playing a role when we have more than one carrier
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of the same type. This has been anticipated by constructing another relevant
operator, Q7 , creating singlet biexcitons [61]:

1
Q=3 > (el + et (i nf + nhng). (41)
i,

The singlet operator involves creation of pairs of electrons and pairs of va-
lence holes, a much more complex object. Rather surprisingly, this biexciton
operator was shown to satisfy a similar commutation relation to the polar-
ization operator: [H,QV] = ExxQ7, with Exx = 2Ex. The application
of QT to the vacuum generates a coherent state of singlet biexcitons, and
the energy of this biexciton state is twice the energy of a single exciton.
The multiplicative state (P7)2|0) and the biexciton state Q*|0) are degener-
ate. However, any small perturbation lowers the singlet—singlet state. At this
stage we have constructed a family of relevant operators for the construc-
tion of exact eigenstates of many electrons and holes on degenerate shells.
We shall now illustrate the role of these operators by explicit construction of
many-exciton states and diagonalization of the Hamiltonian.

The first case where the role of “hidden symmetries” comes to play is
the ground state of the four exciton complex [64]. We start with the triplet—
triplet configuration, |t) = (cfol hfm)(carllharmﬂXX}, where | X X) is the fully
occupied s-shell state. By inspection, the triplet state is a multiplicative state
generated by PT, i.e. |t) = (PT)?| X X). We have written this state explicitly
as a product of two electron—hole pairs, each with energy E,,. Two electrons
and two holes have parallel spins and lower their respective energy by ex-
change. The ground state energy, measured from the energy of the filled
s-shell, is Eyx; = (2[2T — (VP 4 VEPT) = VP _ (Vepe L VPPT) where
T is the total kinetic energy of the electron—hole pair. Because the exchange
interaction and electron—hole scattering interactions are equal and attractive,
VPP = VFP the energy of the two additional excitons in the p-shell of the
four exciton complex is exactly twice the energy of a single exciton in a three
exciton complex, Fyx: = 2F3x. This is so because the lowering of energy
due to mixing of electron—hole configurations of the three exciton complex is
exactly equal to the exchange energy in a single four exciton configuration.

When both electrons and holes are in singlet configurations, the total
number of possible configurations increases. While there was only one triplet—
triplet configuration, there are three possible singlet—singlet configurations:

a) |a) = (CIFOTCIFOL)(thlhIFOT)|XX>7
1 1
b) |b) = E(CTOTC(J)FU + C(J)rncfol)ﬁ

c) le)= (031T08_1l)(h8_1lh31T)|XX>-

(hfolharn + h(J)ruhIroT)|XX> )

The electron—hole scattering can move an electron—hole pair from configura-
tion (b) to either (a) or (¢) and mix configurations. The final lowest eigenvalue
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and eigenstate is [01] Eyxs(1) = 2E, —2V}P and [1) = %(|a>+|b>+|c>). We
see that Fyxs(1) = 2(Esx), i.e., the energy of the lowest singlet—singlet state
is twice the energy of the single exciton on the p-shell. The singlet—singlet
and triplet—triplet configurations are degenerate. Moreover, by direct inspec-
tion, the state generated by the biexciton operator Q| X X) is identical to
the singlet—singlet ground state |1) & |a) + |b) + |¢). In this state all charge-
neutral biexciton configurations are occupied with equal probability. Hence
we could have written the ground state of the interacting system explicitly
without resorting to numerical work.

Now let us check if the same principle applies to higher shells [96]. Let
us consider the next shell, the d-shell. It consists of two orbitals: |2,0) and
|0,2) with angular momentum +2 and one orbital |1,1) with angular mo-
mentum 0. Let us put two excitons on the d-shell in a singlet—singlet con-
figuration and zero total angular momentum. We find eight possible con-
figurations shown in Fig. 21. Configurations (1)—(3) are completely analo-
gous to those of the p shell. For example, the configuration (2) reads |2) =
%(C;OTC(-);U +C§2TC;01)%(h;0lha_2T+h3‘2lh;0T)‘0>' Configurations (4)—(6) in-
volve singlets including the additional orbital |1,1). By inspection, configura-
tions (1)—(6) are included in the definition of the operator Q*|0) ~ D im0,
which is just a sum of these six configurations with equal weight. Note that
configurations (1)—(6) involve only orbitals occupied by both electron and
a hole so there is local neutrality on each orbital. In a sense, holes shadow
electrons as they move from orbital to orbital. The additional configurations
(7)-(8) do not satisfy this condition as they involve, e.g., an electron sin-
glet on orbital |1,1) and a hole singlet on orbitals |2,0) and |0,2). Note
that the configurations (7)—(8) are not included in the state generated by
operator Q. We have constructed an explicit 8 x 8 Hamiltonian for config-
urations (1)—(8) using symmetric interactions (interaction among electrons,
holes, and electrons—holes is identical) and diagonalized it. The energy spec-
trum, measured from configuration (1), is shown in Fig. 21 without and with
the mixing of configurations. We see that without mixing there are three low
energy states, corresponding to singlets occupying each of the three orbitals,
i.e., configurations (1), (3), and (5). The configuration (5) has the lowest en-
ergy as it corresponds to a zero angular momentum state which maximizes
(slightly) the electron—hole attraction. The higher-energy band at ~ 0.2 en-
ergy units is shifted by the repulsive exchange energy (singlet configurations)
and corresponds to configurations (2), (4) and (5). Finally, the highest en-
ergy band corresponds to the additional configurations (7),(8) which can be
understood as due to lack of local charge neutrality. The correlated spec-
trum, i.e., the one calculated including the mixing of configurations, is much
broader in energy, with one well isolated ground state. The amplitudes A; of
the ground-state wave function |GS) ~ >, _, 5 4;[i) are shown in Fig. 21. We

see that these coefficients are almost exactly equal to 1/v/6 = 0.408 for the
first six configurations, and almost zero for the last two configurations. There
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configuration mixing. (c¢) Amplitude of all the configurations in the ground state.
(From [96])

is a small enhancement of the amplitude corresponding to configuration (5)
as the |1, 1) orbital leads to slightly different Coulomb matrix elements. The
overlap of the ground state and the state created by the operator QT equals
0.996. When we force the orbital |1,1) to give the same Coulomb matrix
elements as orbitals |2, 0), |0,2), the state Q*|0) is the exact eigenstate of
the interacting system. When pairs of holes shadow pairs of electrons, they
cannot be scattered in or out of this coherent state, and the state remains
a ground state. By the same analysis we can construct the second and third
multiplicative state: (Q1)2|0) and (Q7)3|0) as ground states of the four and
six excitons on the d-shell. This simple analysis nicely illustrates the power
of “hidden symmetries”.



Electronic Properties of Self-Assembled Quantum Dots 71

4.3 Excited States and Emission Spectra

Hidden symmetries tell us that the energy needed to remove an exciton from
a partially filled p-shell does not depend on the filling of the shell. Hence the
emission spectrum of the p-shell does not depend on the population of this
shell. In order to distinguish spectra corresponding to different numbers of
excitons we need to investigate the removal of excitons from a filled s-shell
as a function of the filling of the p-shell. These processes leave the final-state
exciton droplet in an excited state, and hidden symmetry no longer applies.
The calculated emission spectra [64] for a typical ratio of the Coulomb to
kinetic energy Vp/t = 0.5 are shown in Fig. 22. The 1X and 2X recombination
spectrum corresponds to a single recombination line. The 2X emission is at
a slightly lower energy and its amplitude is twice that of the single exciton
because there are two final exciton states, with two different spin orientations.
In the emission spectra from the ground state of the three-exciton complex
the final 2X states can be either triplets or singlets. Therefore one expects to
see one emission line for the emission from the p-shell and two emission lines
from the s-shell. However, only the emission to the triplet biexciton state is
visible. The emission energy is almost identical to that of a single exciton.
The emission to the singlet—singlet final state is quenched by the quantum
interference effect. The remaining possibility is the emission to singlet/triplet
and triplet/singlet final states (not shown).

The emission from the 4X complex to the excited states of the 3X complex
consists of two spectra originating from almost degenerate singlet—singlet and
triplet—triplet initial 4X states. The recombination spectra consist of three
groups of states: (a) the recombination from the p-shell which is degenerate
with the recombination from the 3X complex, (b) the recombination to the
final 3X triplet—triplet state, which is close in energy to the recombination
from a single exciton, and (c) the lower energy band of the 3X excited states.

The emission from the 5X complex to the singlet—singlet and triplet—
triplet 4X final states shows a very strong emission from the p-shell and
almost no emission from the s-shell. The weak emission from the s-shell is
caused by a similar interference effect to that for the 3X complex. The matrix
element for the recombination from the 5X ground state to the ground and
one excited singlet-singlet 4X states is given by [((4X,ss), f|P~[5X)|? =
\\/3/_2/15 + Ai /2|?, where coefficients A7 are eigenvectors of the four ex-
citon singlet—singlet Hamiltonian. These coefficients have identical sign for
the emission to the ground state but opposite sign for the emission to the
excited state. The numerical coefficients multiplying A/ lead to almost com-
plete cancellation of the matrix element for the s-shell recombination. Hence
the recombination to the ground state is enhanced and to the excited state,
with a missing exciton in the s-shell, is reduced. There is also emission to the
singlet—triplet 4X final states, but it is not included in this figure.



72 Pawel Hawrylak and Marek Korkusinski

H BX to 5X
T T T
0.0 05 10
5X to 4X H
T * T T L
0.0 0.5 1.0
4X to 3X -
noafl | 1
0.0 05 10
3X to 2X {
0.0 05 10
H 2X to X
‘ ‘ ‘ Fig.22. Emission spectra from N-
00 05 10 exciton ground states to (N — 1)-exciton
ground and excited states for the ratio of
X to OX interaction to kinetic energies Vo /t = 0.5.
: ”‘ : Only same total spin configurations for
0.0 0.5 1.0 electrons and holes in the final state are
E/t shown. (From [64])

The final result, Fig. 22, shows that in the 5X complex the emission from
the s-shell is suppressed in comparison with the lower density quantum dot,
i.e, with either 4 or 3 excitons, a rather counterintuitive result.

The emission from the s-shell is recovered when our dot is completely
filled with 6.X.

The emission from the s-shell corresponds now to the removal of a s-shell
exciton, without mixing with other configurations. The energy of this quasi-
exciton is renormalized by the exchange interaction of the s-shell electron and
a hole with electrons and holes on the p-shell. This lowers the energy of the
emission band by the exchange self-energy of the exciton 2(VEP* + V,2P'%).

To summarize, we discussed here the electronic properties of artificial
atoms composed of a fixed number of electrons and holes confined to a para-
bolic quantum dot. We showed that the emission spectra show strong varia-
tion with the number of excitons in the dot. The variations are due to filling
different electronic shells and for partial filling, due to the condensation of
electrons and holes into coherent states due to relevant symmetries. We iden-
tified the relevant “hidden symmetries” and showed that they replace Hund’s
rules in two-component systems. These calculations were used as a fingerprint
of excitonic artificial atoms observed in the “single dot spectroscopy” exper-
iments described in Bayer et al. [68] and by Bayer in this volume.
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5 Charged Quantum Dots

In this section we discuss the electronic properties of quantum dots charged
with electrons by either modulation-doping or tunnelling. We start by review-
ing the ground state properties and follow up with an extensive discussion
of the expected emission, absorption, far infrared and photo-current spectra
as a function of the number of electrons. We discuss the generalized Hund’s
rules for parabolic dots which were theoretically established early on [69,70].
The Hund’s rules were verified in vertical quantum dots [71], but not yet in
self-assembled dots. For this reason we focus on their manifestation in op-
tical experiments. We discuss the band-gap renormalization, the shake-up,
and the ground state emission as a function of the number of electrons. We
emphazise a nontrivial effect which takes place in the recombination pro-
cess, namely the breakdown of the optically created hole in the electronic
state at the bottom of the filled band and a splitting of the emission line.
Similar electron-number-sensitive spectra are obtained in the absorption and
intraband spectroscopy.

The electronic properties of modulation doped quantum dots are deter-
mined by the number and structure of bound single particle levels, the form
of the Coulomb interaction among carriers, and many-particle configurations
which depend strongly on the number of carriers. The single particle levels of
electrons and holes in smooth confining potentials are described by the cou-
pled harmonic oscillator spectrum with characteristic degeneracies and shell
spacing wg. The electronic structure depends on the ratio of the kinetic en-
ergy quantization wy to the interaction energy Vy ~ /wg. For large confining
energy the electronic quantum dots satisfy Hund’s rules [69,70], while the ex-
citonic quantum dots are controlled by “hidden symmetries” [61,64]. For small
confining energy many different correlated phases are expected [2,25,72,73]
[74,75]. Quantum dots containing free carriers are interesting examples of
strongly correlated electron and electron—hole systems. For confined electrons
one might expect that their electronic structure, and in particular electronic
correlations, are a function of the confining potential. However, this is not
the case. In smooth confining potentials, the centre of mass motion does
not depend on the confining potential [25] and the electron—electron inter-
action contribution to the energy, and hence correlations, is the same as in
the translationally invariant system. Hence quantum dots offer a unique in-
sight into correlated electronic states, both those already existing in extended
quasi-two-dimensional systems, and those particular to finite systems. This
is especially true in a strong magnetic field where these correlated states are
analogues of incompressible liquids encountered in the FQHE [73,74,75], or
spin excitations encountered in quantum Hall ferromagnets [75,76,77]. The
second obvious property of large quantum dots is that they are finite elec-
tronic systems and therefore have edges. In strong magnetic fields, edge ex-
citations of quantum Hall droplets are examples of chiral Fermi and Lut-
tinger liquids [78,79]. Optical properties of edge excitations of quantum Hall
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droplets were discussed elsewhere [46]. Here we focus on small self-assembled
quantum dots.

5.1 Ground State of Charged Dots

Our discussion of ground-state properties follows Wojs and Hawrylak [69,70].
The single-particle spectrum is that of two harmonic oscillators. The many-
body Hamiltonian of a charged quantum dot is given as:

H = Z (Enm + g,LLBBU) Cngcnmo’

nmao

1
/ / / /
+§ Z (nimf, nombs|Vee|ngma, nimy)
nimio1 n2ma02

!’ ’7 !’ ’7
Ty TpMy

T T
Xcm/lnllo.l leznlzgzcmznzazcmlnlo'l ’ (42)

where cf  (chmo) are the operators creating (annihilating) an electron with
the spin ¢ in the harmonic oscillator (FD) state |nm), V. is the electron—
electron Coulomb repulsion and gug Bo is the Zeeman energy. The two-body
Coulomb matrix elements (njm/}, nbmb|Vee|nama, nim4) in the FD basis are
given in [67]. The Coulomb interaction conserves the total angular momen-
tum R and the z-th component of the total spin S hence the diagonalization
of the Hamiltonian (42) has been performed separately for each (R, S,) sub-
space. In addition to these quantum numbers, there are other symmetries.
One is associated with total spin S? which commutes with the Hamiltonian.
All eigenstates of the Hamiltonian can be classified by total spin. There is
however another symmetry related to the centre of mass (CM) motion. The
CM operator generates an algebra similar to the algebra generated by the
“hidden symmetry” operators and allows for the additional classification of
states. The total-spin resolved and CM-resolved calculations in second quan-
tization will be reported soon. An explicit spin and CM resolved calculation
was reported in [25].

In what follows we use a simple configuration—interaction approach. The
basis of the few-electron Hilbert space was constructed from the properly
antisymmetrized products of single-electron FD states (including spin o):
[n1myoq, nameos, ..., nNMNON) = A Hi’i1|nimi)|ai>. The calculations were
carried out for InGaAs quantum dot with shell spacing of =~ 30 meV. For each
value of magnetic field the lowest four FD states were kept and the mixing
between confined FD states and the wetting layer continuum was neglected.
Figure 23 shows the ground-state (GS) energies of the interacting N-electron
systems as a function of magnetic field. The curves corresponding to different
N have been vertically shifted so that all of them can be shown in a single
frame. The zero-field GS energies have been marked on the vertical axis
and the arrow in the top-left corner gives the vertical scale common to all
curves. The pairs of numbers in brackets (total angular momentum, total
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Fig. 23. Ground state energies of the many-electron systems as a function of the
magnetic field. The curves have been vertically shifted to fit in the frame — the
energies in the zero field are indicated on the vertical azis and the scale common
for all curves is given in the top-left corner. Configurations of the states (R,S.)
have also been shown. (From [69])

spin) = (R, S;) indicate the evolution of GS configurations with number of
electrons.

The GSs of N =1, 2 and 3 electrons are well approximated by the lowest
kinetic energy noninteracting states: |00 |), |00 |,00 7), and |00 |,00 1,01 |),
respectively. The first magnetic-field-induced transition in the GS takes place
for N = 4 electrons, i.e., two electrons in a partially filled p-shell. For low
magnetic fields the two electrons on the half-filled second shell take advantage
of the degeneracy of the two FD orbitals (J01) and |10)) and maximize their
total spin S, = 1 to lower their energy by an exchange-interaction term
(01, 10]Ve|01, 10). This is Hund’s rule for self-assembled dots. In non-zero
fields the degeneracy of the second shell is removed and the kinetic energy of
the maximum spin configuration increases. At B =~ 2.8 T the gain in exchange
energy is overtaken by an increase of kinetic energy and the system reverts
to a spin singlet S, = 0 lower kinetic energy configuration.

The transition in the NV = 5 electron system at 15 T corresponds to chang-
ing of the FD orbital by the outer electron (from |10) into |02)) in the presence
of the rigid four-electron core. It occurs earlier than the FD levels actually
cross since the new many-body state has a lower interaction energy. In the
case of six electrons the situation is more complex as there are two GS transi-
tions. These transitions correspond to the singlet—triplet—singlet transitions.
The singlet—triplet transition is associated with the magnetic-field-induced
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degeneracy of two orbitals |10) and |02). There is a Hund’s rule associated
with this degenerate shell, with the triplet ground state corresponding to two
electrons occupying the degenerate |10) and |02) orbitals. Past the triplet
transition the six electrons occupy, with spin up and down, the successive
levels |m,0) of the lowest Landau level and form a small, filling factor 2,
quantum Hall droplet [30].

In Fig. 24 we present the chemical potential of the SAD for up to six
electrons, extracted from the data shown in Fig. 23. The figure shows the
charging energy, i.e., the difference between the chemical potentials of the
interacting and noninteracting systems. The transitions in the four, five and
six electron GSs have been marked with open circles. The change of slope
for N =5 and 6 at 20.5T is due to the crossing of FD levels. This crossing
results in the singlet—triplet—singlet transition in the NV = 6 electron droplet.

The inset in Fig. 24 shows the chemical potential u, a directly measured
quantity. The dashed line shows the energy of the bottom of the wetting layer
continuum. In the absence of a positive charge layer nearby, we find that only
N = 3-4 electrons can be injected to the dot with energy below the wetting
layer. This number increases with the size of the dot and inclusion of positive
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charges. Taking the dot diameter of 250 A yields the inter-shell separation wy
measured by Drexleretal. [81] (= 41 meV). For this size one finds that the
dot can be charged with up to N = 5 electrons.

5.2 Emission

The emission from charged self-assembled quantum dots has been investi-
gated experimentally by a number of groups [82,83,841] and theoretically by
Wojs et al. [70]. The purpose of these investigations was to establish whether
one can determine the number of electrons N in the dot from the emission
spectrum. This is a valid question since the recombination process involves
the recombination of valence holes from the |0, 0) topmost valence level with
the lowest electron level |0, 0) of the dot. This process leaves an empty electron
state at the bottom of the occupied band. In the absence of electron—electron
interactions the emission energy does not depend on the number N of elec-
trons in the dot, and hence PL is an ideal candidate to measure the effect of
electron—electron interactions.

To describe the initial state we consider a system of N electrons and
a single valence-band hole [16,18,61]. The final state corresponds to a sys-
tem of N — 1 electrons and a photon. Using composite indices ¢ to describe
single-particle states |i), the initial-state many-particle Hamiltonian can be
written as:

1 .
H= Zef cj»ci + Zef hj»hi + 3 Z <zy\%e|kl>czc}ckcl
i i ijkl
+ 3 (i Venlkt) clhihge (43)
ijkl

The operators c;r and ¢; (hlT and h;) create and annihilate an electron (a va-
lence hole) in the single-particle state |i). The first and the second terms
in (43) describe the kinetic energy of electrons and a valence hole in the dot,
and the third and fourth terms describe the electron-electron and electron—
valence hole scattering. Here (ij|V|kl) are the two-body matrix elements of
the electron—electron (ee) [67] and electron—valence hole (eh) [18] Coulomb
interactions, respectively.

The PL intensity E(w) as a function of the photon frequency w is given
by Fermi’s golden rule:

Ew) =Y [(v|Pli) [P6(€" — €7 —w), (44)
s

where |v;) and |vy) are the initial and final states of the system, with cor-
responding energies £ and £/ (we take i = 1). The interband polarization
operator P = >, (k|l) cxhy removes an electron—valence hole pair from the
ground state |v;) of the photo-excited system. The selection rules are hid-
den in the electron—valence hole overlap matrix element (k|l). Since there
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is only a single valence hole we can define a purely electronic initial state
‘Vf) = >, (k[l) by |vs). The operator P creates a hole in the initial state:
Plvi) = Y, ck|vF), and the PL spectrum can be viewed as the spectral
function of this hole.

In self-assembled dots with large kinetic energy quantization wy the elec-
tronic configurations are filled according to their increasing kinetic energy.
The only difficulty arises for partially filled degenerate shells which are filled
according to Hund’s rules, i.e., electrons tend to maximize their total spin.
Hund’s rules for quantum dots are summarized in Fig. 25, where total spin
and total angular momentum of the calculated ground state of a quantum
dot as a function of NV are shown. We see that closed shells have zero spin
and partially filled shells have maximum spin. The rules of occupying sin-
gle particle orbitals impact the magnetic behaviour of the energy of adding
an electron. Below the total angular momentum behaviour of the ground
state we show also a qualitative dependence of the addition energy with the
magnetic field. This characteristic dependence of addition energy has been
observed in vertical tunnelling quantum dots [71]. Far infrared (FIR) spec-
troscopy of charged quantum dots [81,85] has also shown features specific to
a number of particles in the dot [69].

Let us qualitatively describe the results of our investigation of emission
from charged quantum dots by considering in detail the emission from the
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N = 4 electron dot. The N = 4 electron dot has a filled s-shell and a partially
filled p-shell. The two p-electrons are in a triplet state. In the initial state
we have the 4-electron complex and a valence hole with two possible spin
orientations, as shown in Fig. 26a,b. Specific spin orientation of the valence
hole selects an electron with a specific spin for the recombination process,
and hence leaves different spin configurations of an electron left in the par-
tially filled s-shell. For initial spin configuration Fig. 26b there is only one
final state with all electrons with parallel spins. Since we removed an electron
with spin opposite to all other electrons, the energy of recombination for this
spin configuration is exactly the same as the energy of a single exciton E(1).
The same is true for N = {1,...,4}. For the spin configuration shown in
Fig. 26a the final configuration involves a spin down electron in the s-shell
and two electrons with parallel spins in the p-shell. This configuration be-
longs to a group of 4 degenerate configurations. The most important group
A, B, C is obtained by simultaneously flipping the spin of the p-shell elec-
tron and the s-shell electron. Alternatively, we can think of the spin-down
electron circulating on a plaquette of three sites [25]. The three degenerate
states strongly mix, but in the end only two of them have a finite overlap
with the optically created configuration A. Due to the resonant configuration
mixing the optically created configuration ceases to exist and breaks into two
configurations with energies E' = E(A) + 0.46F and E? = E(A) — 0.27Ey
and transition probabilities of 0.63 and 0.37, respectively [94]. The splitting
of the two peaks is very large, i.e., = T0%Ey. Ey equals the binding energy
of the s-shell electron—hole pair.

In addition to the spin-related resonant configuration mixing there are
resonant Auger processes, illustrated in Fig. 26. This process involves one
electron jumping down and annihilating the optically created hole in the
s-shell, and a second electron jumping up to the unoccupied d level. This
process involves final state electrons in s and d-shells and contributes much
less into the breakdown of the optically created hole. In addition to resonant
configurations, we also have the excited final state configurations coupled to
the optically created configuration. These shake-up configurations involve an
electron excited by twice the electron kinetic energy 27T = 2wg and the emis-
sion line shifted down in energy by the same amount. In general, electron—
electron interactions tend to lower the energy of emitted photons, an effect
called band-gap renormalization. In a quantum dot a new effect, an emission
at higher energy, appears when the d-shell becomes populated. The initial
and final configurations for N = 9 are shown in Fig. 27. The three electrons
on the d-shell are needed to populate the |1, 1) state with angular momentum
zero. The configuration with the optically created hole is mixed by Coulomb
interactions with a configuration with hole relaxed to the zero angular mo-
mentum state on the d-shell. This is clearly a lower energy configuration and
emission from this configuration will appear at higher energy, shifted approx-
imately by 2T from the main emission line. In Fig. 28 we summarize the
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Fig. 26a,b. Initial and final configurations in the emission from a 4-electron quan-
tum dot. (From [94])

effect of electrons on the emission spectrum of a quantum dot [94]. The effect
of free carriers is to broaden and shift the emission spectrum to lower en-
ergy. The main emission spectrum is accompanied by a shake-up band below
the main emission line, at energy ~ twice the kinetic energy quantization
for electrons. When the zero angular momentum channel of higher shells is
populated, the photo-created hole in the electronic system can relax to the
Fermi level and an emission at higher energies (approximately at the kinetic
energy of an even number of electrons) should be observable. A preliminary
observation of this high energy band has been reported in [82]. Perhaps the
most startling and interesting phenomenon is associated with partially filled
shells. Due to a large number of spin degrees of freedom of a partially filled
shell, the simple picture of a photo-created hole at the bottom of the occupied
band breaks down. This quasi-particle breakdown manifests in the splitting
of the emission line for a partially filled shell and a return to a single emission
line for closed shells (broadened by Auger processes). Hence the width of the
recombination spectrum should oscillate as a function of the filling factor of
successive shells. The physical picture of invoking spin degrees of freedom of
partially filled shells of degenerate levels is identical to the picture invoked



Electronic Properties of Self-Assembled Quantum Dots 81

l I I INITIAL CONFIGURATION FOR
H .u_ NINE ELECTRONS

FINAL CONFIGURATION CONFIGURATION WITH
RELAXED HOLE

Fig. 27. Initial and final configurations in the emission from a 9-electron quantum
dot. (From [94])

to explain anomalies and oscillations in the emission line from the 2DEG at
odd and even filling factors [36].

5.3 Absorption

In absorption, an electron—hole pair is added to the existing IV electron sys-
tem. The photo-injected electron cannot be distinguished from electrons al-
ready present, and the final state Hamiltonian describes N 4 1 electrons and
one valence hole. The final state Hamiltonian is the same as the initial state
Hamiltonian in the emission.

The final state Hamiltonian describes N + 1 electrons interacting with
a single valence hole. The system before optical excitation contained IV elec-
trons. We wish to know the properties of this “initial state” N electron sys-
tem. Let us assume that we know exact eigenstates of the initial |u)y and
final |uy41) electronic systems. The final state droplet is negatively charged
and attracts a valence hole. To account for this interaction we must form
many-particle Wannier states [f) = >, AZ Jhiluns1) as a sum of prod-

ucts of many-electron and valence hole states with amplitudes Af deter-
mined by interactions. This linear combination means that the hole mixes
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many-electron states and increases the number of degrees of freedom. The
absorption spectrum, given by

A(w) = D IFIPT fun) 2o {w — (Bf (N +1) — Eu(N))} (45)
!

describes the addition of an electron—valence hole pair. The transition prob-
ability matrix element (f|P*lux) = 3, , A{v(vN+1|c;r|uN> differs from the
matrix element associated with just adding an electron (vn1lcj |un) into
a single particle state i. The interference effects, contained in squares of the
transition matrix element |(f|PT|ux)|?, lead to nontrivial effects, such as
the Fermi edge singularity (FES) [87], even in the absence of e—e interac-
tions. Little is known about the effect of electron—electron interactions on
the FES. This aspect has been addressed in [15]. In related work, Warbur-
ton et al. [14] measured absorption spectra of ensembles of charged quantum
dots as a function of the number of electrons NV in the dot. His experiments
nicely demonstrated the Pauli exclusion principle, i.e., that once electronic
shells are fully occupied the absorption process into these shells is blocked.
Simple mean-field calculations of a few-electron and single hole configura-
tion reasonably well described the energetic shifts of the inhomogeneously
broadened absorption spectrum as a function of the number of carriers [38].
However, a detailed study [45] showed that an exciton in the presence of elec-
trons ceases to be a well defined quasi-particle, leading to much more complex
spectra. This is well illustrated by the absorption of the N = 4 electron dot.

The lowest kinetic energy state with energy t = 62., and the first excited
states, having an excess of kinetic energy equal to A = 2(2., of the N =4
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electron dot, are shown in Fig. 29a. Excited N = 4 electronic states separate
into two groups: i) four configurations 2—5 with singly occupied orbitals, and
ii) three configurations 6-8 with doubly occupied orbitals. Configurations in
group i) differ only by the position of the spin up electron. Alternatively, we
can think of these states as generated by the hopping of the spin up electron
on a four orbital plaquette.

The Hamiltonian of N = 4 interacting electrons was diagonalized within
the Hilbert space shown in Fig. 29 for different ratios of Coulomb to kinetic
energy Vo /(2. [45]. The ground state for V5 /2, = 0.5 was very well approx-
imated by the lowest kinetic energy configuration [1) with |A$|? = 0.985.
Increasing the strength of Coulomb interactions to Vp/§2. = 1 gives |A§|? =
0.895. Configurations |2), |7) and |8) have a small contribution to the ground-
state: |[AS|? = 0.011, |A$|? = 0.042, and |A$|> = 0.042. Increasing the
value of Coulomb interactions penalizes doubly occupied configurations and
favors singly occupied configurations. The quadruplet configuration com-
posed of configurations |2)—|5) becomes the lowest energy configuration for
Vo > 2.502..
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We now turn to the absorption spectrum. In Fig. 29b we show all fi-
nal state configurations built from configurations shown in Fig. 29a by the
addition of an electron—hole pair. These configurations can be viewed as exci-
tations of the ground state in the presence of the photo-excited electron—hole
pair. They are allowed because the valence hole recoils and absorbs energy and
momentum. In Fig. 29 the state |1) can be obtained from the optically cre-
ated configuration |9), exciting a spin-up electron from state |00) to state |10).
This new configuration corresponds to an electron—hole pair excitation of the
ground state coupled with the relaxation of the valence hole. All other states
can be regarded as one electron—hole pair excitations: |3) being an excitation
of state |9); |2), |4), and |6) are excited states of configuration |11); |5), |7),
and |8) are excited states of |10).

Figure 30 shows the optical absorption spectrum obtained for the corre-
lated ground state (left panel) for different values of the ratio Vy/f2.. For
comparison, the optical absorption neglecting correlations is also shown in
the right panel. The absorption spectrum for a correlated ground state shows
a band of peaks corresponding to initial and final states in Fig. 29. New optical
transitions appear due to the interference effects in the optical matrix ele-
ment. These transitions slightly broaden the main peaks. Up to V;/2. < 2.5
the effects of correlations are small. The ground state is dominated by the
configuration |1) consistent with Hund’s rules and neglecting correlations in
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the ground state does not lead to significant changes in the absorption spec-
trum.

For Vy/£2, > 2.5 the ground state is no longer described by Hund’s rules
and is a quadruplet. The absorption spectrum changes drastically at this
point to reflect the changes in the ground state.

For a systematic discussion of absorption spectra as a function of the
number of electrons in the dot see [45].

5.4 Far-Infrared Spectroscopy

Drezleretal. [81] and Fricke et al. [385] reported FIR absorption measurements
of SADs in a magnetic field. The dots were charged with up to N = 6 electrons
filling the s and p electronic shells. The infra-red spectroscopy was used to
study the electronic excitations of the dots as a function of the number of
electrons and the magnetic field.

The excitations of SAD reflect the electronic structure and the number
of electrons in the dot. For an infinite parabolic confinement only the cen-
tre of mass excitations with frequencies {2y and (2_ (generalized Kohn’s
theorem) [1] can be measured in FIR. In SAD, a finite number of confined
FD levels leads to additional transitions in the IR spectrum related to the
magnetic-field-induced changes in the GS, e.g. spin triplet to spin singlet
transition discussed above.

The FIR absorption for N electrons can be conveniently expressed in
terms of the FD creation/annihilation operators a and b [67,69,89]:

Aw) o< Y I (ag +a] + by + b)I)*S(Ef — Ei —w), (46)
f

j=1

where |i) is the initial (ground) state and the summation is over all bound
final states |f). The infrared radiation connects only the states with the
same S°% and total angular momenta different by +1. In Fig. 31a we show
the magnetic field evolutions of the IR spectra calculated for the SAD with
N = 4 electrons. The area of each circle is proportional to the intensity A(w).
The solid lines show the transition energies 2+ of the noninteracting system
and a vertical line marks the spin transition in the GS. The GS and two
excited single particle configurations for B > 2.8 T are shown in Fig. 31b.
The two excited configurations responsible for the splitting of the transition
for N = 4, 5 are coupled through Coulomb interactions. Experiments by
Fricke et al. [85] indeed showed the splitting predicted here which illustrates
the desired sensitivity of the intraband optical transitions to the number of
electrons N.

5.5 Photocurrent Spectroscopy

Photocurrent (PC) spectroscopy [90,91,92,93] is an attractive alternative to
interband, capacitance, and FIR spectroscopies of modulation doped self-
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assembled quantum dots. In PC spectroscopy an absorption of infrared pho-
tons results in transitions from populated bound states in the quantum dot
to scattering states in the GaAs barrier region. The photo-excited electrons
are collected by electrodes and current is measured as a function of pho-
ton frequency and polarization. The main advantage of PC over interband
spectroscopy is that it involves only conduction electrons and leaves out all
the complications of the valence band. PC spectroscopy is related to FIR
spectroscopy, which however couples primarily to centre-of-mass excitation
of bound electrons. Understanding PC spectroscopy is important for quantum
dot-based photodetectors. In [93] theoretical foundations for PC spectroscopy
were outlined, and preliminary experimental results presented. These results
show the sensitivity of the photocurrent to both the frequency and polar-
ization of incident radiation. More experiments and theoretical work is in
progress.
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Abstract. In this contribution we will present the results of our recent spectro-
scopic studies of single In(Ga)As/GaAs self-assembled quantum dots. We will de-
velop the relation between the excitonic states in quantum dots and the confined
single particle shell structure, for which we have studied the absorption spectrum of
excitons by photoluminenscence excitation spectroscopy. We find that the absorp-
tion varies strongly with the symmetry of the dot structures: It becomes increasingly
complicated the more the symmetry of the quantum dot is reduced. For dots of high
symmetry we demonstrate that a non-trivial mixing of quantum configurations of
the interacting electron—hole complex leads to distinct absorption spectra which
are controlled by the number of confined electronic shells. We will also discuss the
impact of exciton—phonon interaction on the optical spectra. Most importantly, for
temperatures 7' — 0 the width of the emission lines seems to be limited by the
radiative lifetime of the excitons only. However, already at moderate temperatures
the coupling to phonons has a considerable influence. In particular, at room temper-
ature the linewidth is on the order of several meV, so that the term ‘artificial atom’
is no longer justified. Then we will turn to fine structure effects of excitons confined
in quantum dots. We will demonstrate that the fine structure is a very sensitive tool
to obtain insight into the symmetry of the quantum dots. An intentional symme-
try breaking can be induced by a magnetic field with an orientation different from
the quantum dot symmetry axis. This allows for a detailed study of dark excitons.
Further, we show how charged excitons can be distinguished from neutral excitons
by looking at the fine structure. Finally, we will discuss the simplest functional unit
that can be assembled from quantum dots, the ‘two-atomic’ quantum dot molecule.
We will demonstrate a tunneling induced splitting of the energy levels which can be
as large as 30 meV for barrier widths below 5 nm. Looking for these systems at the
exciton fine structure gives a unique proof of the coherent coupling of the electronic
states of the two quantum dots.

1 Introduction

The miniaturization of semiconductor devices during the last few decades has
resulted in many applications revolutionizing mankind’s life [1]. Any success-
ful implementation of quantum structures relies on a solid understanding of
their basic physical properties. A particularly important aspect of miniatur-
ization is the reduction of the dimensionality of structures, which has paved
the way from bulk crystals to two-dimensional systems (quantum wells), and
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further to one-dimensional systems (quantum wires) [1]. This development
has in some sense come to its ‘natural end’ with the fabrication of high qual-
ity quantum dots [2], systems with an effective dimensionality zero, due to
which they have been often termed ‘artificial atoms’. These structures might
soon be standard building blocks in commercial devices such as light emitting
diodes, lasers or transistors. The ‘end’ of development could, however, mark
the start of a new phase, in which quantum structures are assembled to ob-
tain new functional units, in which eventually quantum effects are exploited.
For example, such units might form the basis for applications in quantum
information processing such as quantum encryption or quantum computing
which attract considerable interest currently [3,4].

In this chapter we want to discuss the electronic properties of one of
the potential constituents of such functional units, quantum dots. Among
all the different fabrication techniques for these systems, self-assembly has
been proven to be particularly successful because of the high optical quality
of the resulting structures. We will summarize here the results of our recent
experiments on In(Ga)As/GaAs self-assembled quantum dots with two main
objectives:

e To demonstrate that optical spectroscopy allows us to obtain a subtle un-
derstanding of the electronic properties of these structures.

e To demonstrate that the self-assembled growth technique allows for a rather
precise tailoring of quantum dot properties.

Here we will concentrate on nominally undoped dot structures. Figure 1
shows a scanning electron micrograph of an array of self-assembled InAs/
GaAs quantum dots [5]. Unlike structures for optical studies, the dots have
not been covered by a GaAs layer for the microscopic investigations. From
the micrograph we see that the quantum dots are approximately rotationally
invariant around the heterostructure growth direction (which we take as the
z-direction). Their shapes can be well described by lenses. The average dot
density is about 10 cm~=2. We note the inhomogeneity of the dots in the
array with respect to their sizes.

First the three-dimensional confinement of carriers in the quantum dots
has to be demonstrated. This can be done, for example, rather simply by state
filling spectroscopy. Here arrays containing millions of quantum dots are illu-
minated by an intense, non-resonant laser beam so that many electron—hole
pairs are created. The carriers relax into the quantum dots where they oc-
cupy the discrete energy levels according to the Pauli principle: Since each
dot level can be populated by a finite number of carriers only, several levels
will be occupied. After relaxation the electron—hole pairs will recombine ac-
cording to the selection rule that electrons in a given conduction band state
can recombine only with holes in valence band states having the same quan-
tum numbers (which holds at least in the lowest approximation). This gives
rise to characteristic emission patterns: we expect several distinct features in
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Fig. 1. Scanning electron micrograph of
an array of self-assembled InAs/GaAs
quantum dots. For the microscopic stud-
ies the sample has been left uncovered, for
spectroscopic studies the samples are cov-
ered by a GaAs cap layer [5]

the spectrum that originate from recombination of the optically generated
electron—hole pairs in the discrete dot shells.

An example for such experiments is shown in Fig. 2, in which photolu-
minescence spectra of an array of InAs/GaAs quantum dots are shown for
varying excitation powers. At low excitation only one or two electron—hole
pairs are created, which relax into the dot ground states, so that only emission
from the lowest confined levels is observed. Independent of the dot geometry,
the ground state can be occupied by two carriers only due to its spin de-
generacy. When increasing the excitation, additional carriers are generated
which have to occupy higher lying shells due to Pauli blocking and the corre-
sponding emission from these shells appears in the spectrum. At the highest
excitation powers four distinct emission features are observed for the quan-
tum dots under study giving clear proof of the three-dimensional confinement
of the carriers.

From these array spectra we already obtain important hints about the geo-
metric confinement potential of the particles in the dot. Since we are studying
quantum dots in the strong confinement regime, one might neglect Coulomb
interaction effects in lowest approximation. We note, however, already here
that these interaction effects are essential for understanding a number of pe-
culiar features in the optical spectra of single quantum dots (see below). Still
we will use this crude approximation as a starting point. For self-assembled
dots the structure height is significantly smaller than the lateral size. The
vertical and the in-plane motions of the carriers can thus be separated, and
the energies of the single particle states are given by two contributions:

E= Ez + Ein—plane . <1)

Due to the strong vertical confinement the excitation along the z-direction
is always that of the ground state. Therefore higher lying lateral excitations
are observed in the spectra of Fig. 2. For them, one notes that they are
approximately equidistantly spaced in energy. This equidistance indicates
that the in-plane confinement potential (which has rotational symmetry due
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Fig. 2. Photoluminescence spectra of an array of self-assembled InAs/GaAs quan-
tum dots recorded at T'= 2 K using varying optical excitation power

to the lens shape of the present dots) can be described by a parabola V(r) =
1 QQ 2
5m Q7re.

The single particle states of the carriers are described by a radial quantum
number n, and an azimuthal quantum number n,, where the latter quantum
number gives the angular momentum around the symmetry axis of the quan-
tum dots. The energy eigenvalues of a two-dimensional harmonic oscillator
are given by

Ein—plane =hQ (5 + 1) 5 (2)

where s = 2n, +|ny|+1=0,1,2,... is the shell index. The shells can also be
characterized according to the orbital angular momentum quantum numbers
ne, = 0,%£1,%+2,... as s,p,d,.... States with positive and negative angular
momenta are degenerate. The degeneracy of a shell is given by 2 (s + 1) where
the factor of 2 comes from the spin degree of freedom. The angular momentum
notation has already been used in Fig. 2 to label the different transitions.

The equidistance of the emission features is observed as a general feature
for InAs/GaAs quantum dot samples, as shown in Fig. 3, where high excita-
tion spectra for dots with different dot sizes are shown [5]. The energy sep-
aration between the emission lines varies from about 60 to 90 meV. Overall,
splittings varying from ~ 25 to more than 100 meV have been demonstrated
showing the high degree of control that has been achieved in engineering the
confinement potential of self-assembled quantum dots.

As mentioned above, the motion of electron—hole pairs which are optically
generated in the quantum dots is influenced not only by geometrical quan-
tization but also by Coulomb interaction. Generally the behavior of carriers
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Fig. 3. High excitation spectra of different InAs/Gas quantum dot samples with
energy splittings between the confined quantum dot shells varying from about 60 to
90 meV. The experiments were performed at a temperature of 77 K [5]

barrier

in self-assembled quantum dots is determined by a variety of effects. In dot
structures based on GaAs, fortunately, these effects can be categorized by
characteristic interaction energies for which a distinctive hierarchy exists, as
shown in Table 1.

Table 1. Hierarchy of the energies that determine the behavior of carriers confined
in GaAs based self-assembled quantum dots

Energy Order of magnitude

I Kinetic energy ~ (50-100) meV
II Exciton binding energy ~ (25-50) meV

III Fine structure effects ~ 1meV
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The largest energy is the kinetic energy resulting from the geometric con-
finement of the carriers in the dots and has been discussed already above.
The exciton binding energy by which we mean the Coulomb interaction en-
ergy of an electron and a hole pair confined in a quantum dot is typically
a factor of 2 smaller than the geometric quantization energy. The smallest
energies result, for example, from the electron—hole exchange interaction and
are typically on the order of a meV. Also the energies for the interaction of
carriers with external electromagnetic fields belong to this category, at least
at the moderate field strengths available in today’s standard experiments.
Such effects are the Zeeman interaction of the carrier spins with a magnetic
field or the Stark shift of the excitonic levels in an electric field.

When comparing the magnitude of the energies in Table 1 with the inho-
mogeneous broadening of the spectra in Figs. 2 and 3 (which is typically a few
tens of meV) we find that whereas single particle quantization can be readily
resolved in the spectra of high quality quantum dot arrays, the resolution of
effects which occur on the energy scales II and III is not possible because
these energies are comparable or even much smaller than the inhomogeneous
broadening. To learn about these effects therefore requires spectroscopy of
single quantum dots.

The description of the results that we have obtained during the last few
years by optical spectroscopy of single In(Ga)As/GaAs quantum dots and
quantum dot molecules is the central topic of this chapter. Before coming to
their discussion, we want to stress one important point: despite the constant
improvement of the technological schemes for self-organization, there is an
unavoidable, fabrication-inherent variation of the quantum dot properties
such as composition or geometry. All spectroscopic studies of single quantum
dots done up to now suffer from the lack of knowledge about the structural
properties of the studied dot structures. This lack of knowledge hampers the
comparison of the experimental data with detailed theoretical calculations
severely. It will be crucial for future studies to improve this situation.

This contribution is divided into the following sections: in Sect. 2 we will
describe the technique which allows us to isolate a single quantum dot for op-
tical studies. Further, a short description of the spectroscopic techniques will
be given. In Sect. 3 we will develop the relation of the (charge neutral) exci-
tonic states in quantum dots to the confined single particle shell structure, for
which we have studied the absorption spectrum of excitons by photoluminen-
scence excitation spectroscopy. We find that the absorption varies strongly
with the symmetry of the dot structures: it becomes increasingly complicated
the more the symmetry of the quantum dot is reduced. For dots of high sym-
metry we demonstrate that a non-trivial mixing of quantum configurations
of the interacting electron—hole complex leads to distinct absorption spectra
which are controlled by the number of confined electronic shells. Section 4
describes the impact of the exciton—phonon interaction on the optical spec-
tra. We will show that for temperatures T — 0 the width of the emission
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lines seems to be limited by the radiative lifetime of the excitons. However,
already at moderate temperatures the coupling to phonons has a considerable
influence. In particular, at room temperature the linewidth is on the order of
several meV, so that the term ‘artificial atom’ is no longer justified. Section 5
describes studies of fine structure effects of excitons, also in an external mag-
netic field. We will demonstrate that the fine structure is a very sensitive tool
to obtain insight into the symmetry of the quantum dots. In particular, an
intentional symmetry breaking can be induced by a magnetic field with an
orientation different from the quantum dot symmetry axis. This allows for
a detailed study of dark excitons. Further, we will study how charged excitons
can be distinguished from neutral excitons by looking at the fine structure.
In Sect. 6, finally, we will discuss the simplest functional unit that can be as-
sembled from quantum dots, the ‘two-atomic’ quantum dot molecule. We will
demonstrate a tunneling induced splitting of the energy levels which can be
as large as 30 meV for barrier widths below 5 nm. Looking for these systems
at the exciton fine structure gives a unique proof of the coherent coupling of
the electronic states of the two quantum dots.

2 Experimental Technique

Recently, several experimental techniques have been developed which allow
for a study of single quantum dots. These techniques can be divided into two
main categories: (a) spectroscopy with a high spatial resolution on as-grown
quantum dot samples such as near-field scanning optical microscopy [6] or
confocal microscopy [7]; (b) spectroscopy on samples that underwent further
technological processing after the growth [3,9]. All the data described here
were obtained on such samples, which will be discussed therefore in more
detail.

In most cases single quantum dots were isolated by fabricating small mesa
structures with lateral sizes down to less than 100nm [8]. Figure 4 shows
a scanning electron micrograph of such a mesa structure. On top the square-
shaped gold mask obtained by high resolution electron beam lithography
is seen. This pattern is transferred into the semiconductor material by wet
chemical etching. The etching depth typically is 100nm. Due to the wet
chemical process the mask is underetched. The quantum dots are located
~ 50nm below the sample surface. In combination with a dot density of
~ 10'% cm™2 we obtain an average occupation of less than one quantum dot
in the smallest mesa structures. Single dot resolution could also be obtained
by placing a shadow mask [9] made from aluminium or gold on the quantum
dot samples, as shown in the micrograph in Fig. 5. The thickness of the mask
is ~ 100 nm so that it is not optically transparent. Holes have been prepared
in it with diameters as small as 50 nm, through which both optical excitation
and detection of the signal is done.
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25.8kV X158K 2808 nNnm

Fig. 4. Scanning electron micrograph of a mesa structure with a lateral size of
~ 100 nm that has been fabricated by lithography on a planar quantum dot sample.
On top the gold mask is seen which has been left for the microscopic study. For
spectroscopic purposes it is removed

25.8kV X1308K 231nm

Fig. 5. Scanning electron micrograph of a section of a shadow gold mask containing
a small hole with a diameter of ~ 250 nm to isolate a single quantum dot underneath

As a criterion for mesa occupancy by a single dot we use photolumines-
cence spectroscopy at low excitation powers. Figure 6 shows corresponding
spectra recorded at T' = 2 K on mesa structures with different lateral sizes [3].
For the unstructured reference quantum dot sample a broad emission band
with a width of about 30 meV reflecting the inhomogeneous broadening is
observed. When studying a mesa with a size of 300 nm the broad band splits
into a set of sharp emission lines giving further proof of the quasi-atomic
character of the dots. With decreasing mesa size the number of spectral lines
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Fig. 6. Photoluminescence spectra recorded at 1" = 2K on a planar, unstructured
quantum dot sample (bottom trace) and on mesa structures with varying lateral
sizes as indicated at each trace [8]. The optical excitation power was limited to
100 uW

decreases until we observe a single sharp emission line for the mesa with
a lateral size of ~ 100nm. We take the observation of a single line as an
indication for a single dot in the mesa structure. However, this is certainly
not a unique proof. For example, if there were another quantum dot in the
structure, it might not be observable at low excitation due to carrier trapping
at close-by surfaces. This dot might show up, however, at higher excitation,
when the traps at the surface are readily ocupied. Here we will concentrate on
low excitation studies, for which this restriction represents no fundamental
limitation.

For optical studies, in most cases the structures were held in superfluid
helium (7' < 2K) in an optical cryostat. Also a cryostat with a split magnet
coil for fields up to B = 8 T was available. The orientation of the magnetic
field could be varied relative to the heterostructure growth direction by ro-
tating the sample in the cryostat. For temperature dependent measurements
the structures could be placed in the variable temperature insert of an op-
tical cryostat. Laser excitation was done either by Ar- or He-Ne-ion lasers
or by a tunable Ti-sapphire laser pumped by a high power Ar-ion laser. The
quantum dot emission was dispersed by single or double grating monochro-
mators depending on the required spectral resolution. The polarization of the
emission could be analyzed by suitable combinations of linear polarizers and
quarter wave retarders. Detection was done either with a Si-charge coupled
devices camera cooled by liquid nitrogen or with a Peltier-cooled photomul-
tiplier (with GaAs or S1 photocathodes) interfaced by a photon counting
system. To suppress stray light, in some studies the quantum dot was imaged
into an intermediate plane, in which a small aperture that could be moved
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parallel to the plane was placed. Further a linear polarizer with the transmis-
sion axis oriented normal to the linear laser polarization was placed in front
of the monochromator.

3 Excitonic Absorption in Quantum Dots

The absorption of a photon in a direct gap semiconductor creates an elec-
tron in the conduction and a hole in the valence band. Due to their mutual
Coulomb interaction the carriers bind to form an excitonic complex. The
optical absorption spectrum is proportional to the density of states of this
composite particle. In three, two, and one dimensional semiconductors, the
translational invariance permits us to separate the motion of the two inter-
acting particles into the motions of two independent particles, that of the
center of mass and that of the relative coordinate of the electron—hole pair.
The resulting equations of motion are in principle exactly soluble. In partic-
ular, hydrogen-like solutions are found for the relative motion. The binding
energy of the exciton in bulk, for example, is given by:

BB = (3)

where Ryd is the Rydberg energy and n is the principal quantum number.
For an ideal two-dimensional system, the confinement of the carrier wave
functions causes a considerable enhancement of the binding energy which is
given by
Ryd
B} = - —% (4)
(n—3)
while in ideal one dimensional systems the binding energy would be log-
arithmically divergent. The wave function of the relative motion in these
(D-dimensional) structures can be thought of as being constructed by su-
perposing free particle states, that is plane waves. The mixing of the single
particle states is forced by the Coulomb interaction:

1 . D
w(T):W/A(k)eXp(lk-T)d k, (5)

where the contribution of each wave is weighted by A(k). This superposi-
tion is obviously just a Fourier transform. This will serve us as a guide for
constructing the exciton wave function in quantum dots from confined free
particle states, for which the carrier motion is suppressed.

In contrast to the systems with higher dimensionality, in a system with
three dimensional confinement the separation of the two-particle motion is no
longer possible. The calculation of the excitonic absorption spectrum requires
the solution of the genuine two-body problem of an interacting electron—
hole pair. Because the two particles are distinguishable, the Pauli exclusion
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principle does not operate and the problem is the simplest example of an
interacting boson system. The main effect of the two particle nature of the
problem is that the number of possible two particle configurations that can be
constructed from the single particle orbitals need not be related in a simple
way to the number of these orbitals.

There is another important difference which sets quantum dots apart from
structures of higher dimensionality. From the representation of the exciton
wave function given above we see that in such systems the Hilbert space
that is available for constructing an exciton has infinite dimensionality. In
contrast, the Hilbert space has only finite dimensionality in quantum dots.
Here we neglect the contribution of the continuum states in the barriers
surrounding the dot to the exciton wave function. As we will discuss below in
more detail, this seems a reasonable assumption for the single quantum dot
structures studied here. This contribution might be, however, very important
for unpatterned samples.

The goal of our studies is to establish a relation between the exciton states
in quantum dots and the available single particle shell structure: how has the
exciton wave function to be constructed from the single particle states? We
note that this is only one particular aspect which determines the exciton
spectrum. For example, also the coupling of the excitons to the phonons
might have significant impact, in particular when the splitting between the
confined shells is comparable to the optical phonon energy. This additional
aspect was not the subject of our studies. In the next section we only study
the dephasing of the ground state exciton due to its coupling to phonons.
We note, however, that we found no indications for a strong exciton—phonon
coupling, which might be related to the considerable variation of the shell
splitting from the LO-phonon energy.

Experimentally, two different types of Ing.¢0Gag.40As self-assembled quan-
tum dots embedded in a GaAs matrix were designed. Figure 7 shows high
excitation photoluminescence spectra of mesa structures of the two sample
types which contain millions of dots [10]. For the first type of dots (left
panel) only two shells are confined: besides emission from the two-fold spin
degenerate s-shell with orbital angular momentum n, = 0, emission from
the first excited p-shell is detected. The p-shell is four-fold degenerate in
structures that exhibit rotational symmetry. In addition to spin degeneracy
it has a degeneracy of the orbital angular momentum n, which can be +1
or —1. Therefore the total number of confined states adds up to 6 for type 1
dots. For the second type of quantum dots (right panel) one more shell, the
six-fold degenerate d-shell is additionally confined, for which the orbital an-
gular momentum n, is 42,0 or —2. The total number of confined shells is
therefore 12 for type 2 quantum dots. Thus the two quantum dot samples
allow us to study the modification of the excitonic states, when the size of
the available Hilbert space is doubled.
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Fig. 7. Photoluminescence spectra recorded at high excitation power on arrays of
Ing.60Gaog.40As/GaAs quantum dots. In the dot type 1 sample (left panel) only two
electronic shells were confined in the dots; in the second type (right panel) three
shells were confined [10]

Let us first concentrate on quantum dots of type 1 and type 2 that ex-
hibit a high geometric symmetry. This symmetry is reflected by their optical
properties: when studying the fine structure of the ground state exciton, no
indications of a fine structure splitting are observed within the experimental
accuracy given by the spectral resolution of 25 peV. The emission seems to be
fully circularly polarized at B = 0. In general, it seems impossible from the
fabrication scheme to find a quantum dot with a geometry that is perfectly
invariant under rotations around the growth axis. Still, the asymmetry could
be so small that it is hidden underneath the homogeneous broadening due to
the finite radiative lifetime of the exciton.

Figure 8 shows photoluminescence (dotted traces) and photoluminescence
excitation (solid traces) spectra [10] taken on such single quantum dots of
type 1 and type 2. The PLE spectra were recorded by setting the detector
wavelength to that of the corresponding s-shell emission and varying the
wavelength of the laser that was focussed on the mesa structure. We note
that emission at the detection wavelength was also observed when moving
the laser away from the mesa and focussing it on a spot between two mesas,
where no quantum dots were located. In both types of spectra (laser on and
off mesa) broad backgrounds of very similar shapes and intensities appear.
We attribute them to a rather high background doping in the particular
samples. To get access to the ‘pure’ quantum dot-related features, we have
therefore subtracted the spectra recorded off-mesa from those recorded on-
mesa. By doing so, some information about spectral lines involving quantum
dot transitions of weak oscillator strength or transitions from confined to
wetting layer states might get lost. In any case, no significant absorption
continuum was observed for the quantum dots under study (see discussion



Exciton Complexes in Self-Assembled In(Ga)As/GaAs Quantum Dots 105

QD type 1 QD type 2
single dot .| single dot

intensity [arb. units]

\MMA

130 132 134 136 138 140 142 128 130 132 134 136 138 140 142
energy [eV] energy [eV]

Fig. 8. Photoluminescence (dotted traces) and photoluminescence excitation (dot-
ted traces) spectra of single Ing.eoGag.a0As/GaAs quantum dots of type 1 (left
panel) and type 2 (dot B, right panel) [10]. Both dots exhibit rather high geometric
symmetry as evidenced by exciton fine structure investigations

below). For the dots of type 1 we find very simple excitonic absorption spectra
which consist of two main intense features only, one in the s-shell and one
in the p-shell. In contrast, for the dots of type 2 five intense features appear,
one in the s-shell, two in the p-shell and two in the d-shell. The splitting of
the two lines in the p-shell which are about of the same oscillator strength is
roughly 10 meV.

In both cases, between the s- and p-shell another weak absorption feature
which is located about 36 meV (energy of the GaAs LO-phonon) above the
s-shell is observed. It is related to phonon-assisted absorption. However, the
intensity of this feature is rather weak. Recently there have been several
reports of a considerable dipole momentum in quantum dots which originates
from a vertical displacement of the electron and the hole wave functions [11].
The weak intensity of the phonon replicum indicates that the excitons in
the quantum dots do not show a large dipole momentum. If there were an
effective charge in the system, the coupling strength to the LO-phonons would
be considerably larger than for a charge neutral system leading to strong
phonon replicas in the absorption.

Besides these features there are no indications of further absorption lines
with significant oscillator strength. Above the p-shell a continuum of states
appears which, however, is quite weak as compared to the main absorption
features. This continuum becomes important only close to the onset of the
wetting layer (not shown). This observation is surprising since it seems to
be contradicting other experimental studies [12], which have reported a con-
tinuum of states that is extended in energy all the way down to almost the
ground state exciton. This continuum was attributed to an efficient coupling
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of the confined quantum dot states to the states of the wetting layer. These
studies were done on unpatterned samples. In this case, the laser beam might
be absorbed in the wetting layer, from where carriers might relax into the
quantum dot ground state, where they could recombine. In our case the ex-
periments were done on single quantum dots in mesas with very small lateral
sizes of ~ 50 nm. Thus the wetting layer has been chopped off very sharply,
which will certainly affect the absorption spectra significantly. The quantum
dot can no longer be considered as a zero dimensional system located in
a quasi-two dimensional layer but has to be viewed as a quantum dot em-
bedded in a shallow quantum dot. Thus, a continuum of wetting layer states
is excluded.

We also note that the studies were performed by using laser excitation
with a fixed linear polarization so that excitons of a given spin polarization
are created in the quantum dot. If the dots are to exhibit a geometrical asym-
metry (which should be, however, small since we do not observe a polarization
splitting of the ground state exciton within the experimental accuracy, see
above) only states with polarization identical to the laser are excited. Thus,
in general some states in the exciton spectrum might have been missed in
the spectra. This is, however, not essential for the key point of the studies:
demonstrating the connection between the electronic shell structure and the
exciton states.

In the following we will show that excitonic effects can explain the differ-
ent absorption spectra of type 1 and type 2 quantum dots. For this purpose
we have to return to the construction of exciton states from single particle
levels [10]. Using the representation of the exciton wave function in higher
dimensional structures as a guide, we obtain the following exciton represen-
tation:

) = > AnT s, +ny) |8, —ny) - (6)

’
8,8
Ny

Here the first (second) state vector on the right hand side describes the
electron (hole). We note that the total orbital angular momentum of the
electron—hole pair must be zero. Simply speaking, the angular momentum
quantum carried by the absorbed photon is ‘used’ for the excitation from the
p-like valence to the s-like conduction band. The calculation of the exciton
states is performed in two steps:

(1) The consideration starts with working out the appropriate single par-
ticle pair states of electron and hole |s,+n,) |s', —n,). These states can be
divided into two classes: states that are optically active with s = s’ — their
number in each shell is equal to the degeneracy of the shell s + 1; and states
that are optically inactive with s # s’, but which also have zero orbital an-
gular momentum.

While the electron-hole states |s,+ny)|s, —n,) correspond to vertical
transitions, photons do not create individual pairs of them but rather a lin-
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ear superposition of them, Y |s, +ny) |[s’, —n,). Hence only one of the s+ 1
degenerate states couples to the light field while the remaining s states are
optically inactive. It is therefore necessary to find a coherent exciton rep-
resentation which explicitly accounts for this symmetry of coupling to the
light field. This is done by a transformation to Jacobi-like coordinates. The
one, totally symmetric state among the resulting orthogonal basis states is
the bright one. This procedure and the underlying symmetry is analogous to
Kohn’s theorem for intraband transitions, and can be loosely termed ‘Kohn’s
theorem for excitons’.

(2) The second step in the procedure of finding the exciton states is
the superposition of all the electron—hole pair states which physically cor-
responds to mixing by Coulomb interactions. This is done by diagonaliz-
ing the exciton Hamiltonian using the above form for the exciton wave
function, i.e. the calculation of the coefficients A%* . Here also the opti-
cally inactive pair states will contribute through mixing with the bright
states. The most important of the dark states are those with energy res-
onant to optically active states. For example, by construction the super-
positions of electron—hole states from different shells which have the form
(ls=1,4m)|s+1,—m) £|s+1,+m)|s — 1, —m)) are resonant with the op-
tically active, coherent state in shell s. These are precisely the nontrivial
states which strongly modify the absorption spectrum, because the mixing
with bright states will result in a ‘normal mode splitting’ as observed exper-
imentally.

It is best to illustrate these constructions for quantum dots with two and
three confined shells as studied in the present experiments. Let us begin with
the dots of type 2, for which we find six optically active configurations, one
in the s-shell, two in the p-shell and three in the d-shell reflecting exactly the
degeneracy s + 1 of these shells

|a) =10,0)[0,0) ,

b) = [1,+1)[1,-1),

o) = [, =1 [1,+1),

|d) = 12,+2)[2,-2) ,

le) = 12,-2)[2,+2) ,

1f) =12,0)[2,0) . (7)

Under neglect of Coulomb interaction effects the excitonic absorption
would reflect just the single particle denity of states. The spectrum of a type 2
quantum dot would then consist of three spectral features as shown in the
upper left panel of Fig. 9. The oscillator strength of each feature would be
given by the shell degeneracy.

Besides the optically active states, there are two optically inactive con-
figurations with zero total angular momentum but originating from different
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Fig. 9. Left panels: Density of states for non-interacting electron-hole pairs as
a function of energy (in units of the confinement potential frequency) for quantum
dots of type 1 and type 2. Right panels: Absorption spectrum of an exciton in
a quantum dot of type 1 and type 2 [10]

shells
lg) =10,0)[2,0) ,
|h) = 2,0)10,0) . (8)

These states involve an electron (a hole) in the zero angular momentum
state |00) of the s-shell and a hole (an electron) in the zero angular mo-
mentum state |20) of the d-shell. Hence for the construction of an exciton in
a three-shell quantum dot, eight states with zero total angular momentum
are available. The next step is the transformation into the coherent exciton
basis:
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Only the three symmetric states |A), |B), and | D) are optically active, as
can be seen from expanding the interband polarization operator PT which
generates an electron—hole pair in the quantum dot in the new coherent basis

PHI0) = |a ) + [b) +|e) + |d) + |e) + |f) = [4) + V2|B) +V3|D) . (10)

State |A) corresponds to an electron and a hole in their s-shells. In state | B)
the electron and hole are in their p-shells, and in |D) they are in the d-shells.
Further we note that the dark state |H) is degenerate with state |B) (not
only in a single particle picture but, surprisingly, even when the Coulomb in-
teraction is taken into account). In addition, state |F') is located energetically
close to | D).

Finally, the mixing of these single particle configurations by Coulomb
interactions has to be included. Due to this mixing bright configurations
share oscillator strength with dark ones which therefore become optically
active. From diagonalizing the exciton Hamiltonian in this basis we find that
the totally antisymmetric states |C), |E), |G) cannot couple to the bright
states and form a dark subspace. On the other hand, the interaction of the
states |F') and |G) with the states |A), |B) and |D) will make them optically
active. The exciton states are therefore given by |X;) = C% |A) + C% |B) +
CL|C)+C4 D)+ CYL|E),i=1,...,5 with energies E;. Thus the excitonic
absorption spectrum of a type 2 quantum dot will be given by five excitonic
states: one with predominantly s-shell character, two with predominantly
p-shell character, and two with predominantly d-shell character, in agreement
with the experimental findings. The excitonic absorption can be calculated
according to Fermi’s golen rule:

A(w)zz‘cj;,+ﬁcg+\/§cg25(%-@). (11)

The upper right panel of Fig. 9 shows the absorption spectrum for a quan-
tum dot of type 2. The attractive Coulomb interaction leads to a renormaliza-
tion of the transition energies as compared to the free particle spectrum. Due
to the interaction between them the degeneracy of |B) and |H) is lifted and
the two lines are split. The oscillator strength is almost equally distributed
among them. We want to emphasize again that this splitting is not a con-
sequence of a dot shape asymmetry but is a mere consequence of Coulomb
interactions and the induced mixing of quantum configurations. A similar
splitting occurs for the d-shell excitons. For them, a weak and a strong ab-
sorption feature appear in the spectrum.

The single particle configurations |d) to |h) exist in quantum dots with
three electronic shells but are obviously absent in dots with two confined
shells. Thus for type 1 dots the first three single particle configurations |a),
|b) and |c) need to be considered only in the construction of the exciton states.
The transformation to Jacobi coordinates gives states |A), |B) and |C). The
last state is optically inactive. Therefore only two absorption lines are ob-
served in the spectrum of a two-shell quantum dot. For these dots, only
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a geometry asymmetry can result in a splitting of the p-shell absorption.
The lower panels in Fig. 9 show the density of states of a non-interacting
electron—hole pair as well as the calculated absorption spectrum of a sym-
metric quantum dot. Similar to the case of a type 2 dot the red-shift of the
absorption features as well as the redistribution of oscillator strength can be
seen, when Coulomb-scattering is included.

While these results are qualitatively in good accord with the experimental
data, quantitatively there are clear differences. To obtain quantitative agree-
ment was, however, not the scope of the studies and cannot even be expected
due to the neglect of effects due to the electron—phonon coupling (polaronic
effects) as well as the lack of knowledge of parameters of the quantum dot
and its surroundings. It is this latter point to which we want to return briefly
at the end of this section. Also other single quantum structures have been
studied, which were located in mesa structures with larger lateral sizes (i)
and which exhibited geometrical asymmetries (ii). In the following we want
to discuss on the basis of spectroscopic data for a type 1 quantum dot some
potential consequences of (i) and (ii) on the excitonic absorption spectra.

In Sect. 5 we will see that quantum dots (even of the same sample) can
exhibit strong variations of their symmetry. One of the most sensitive tools
for studying the symmetry is the exciton fine structure (see below). Figure 10
shows the emission of such a quantum dot of type 1, the emission of which
is strongly linearly polarized at B = 0 with a polarization splitting of about
120 peV. It was located in a mesa with a lateral size of ~ 250 nm. Note,
that also here a background substraction was done as in Fig. 8. From the
comparison with the spectra in Fig. 8 remarkable differences are noted: the
absorption spectrum is dominated by not only two, but by three intense
features, one in the energy range of the s-shell and two lines in the range of
the p-shell. Besides these features, a large number of additional lines appear.
These additional lines can be assigned to the following origins:

(i)  Effects of a considerable symmetry breaking of the quantum dot

1. The two absorption lines with large oscillator strength in the p-shell
are separated by about 8 meV. A polarization analysis shows that
the lines exhibit strong orthogonal linear polarization. Therefore we
attribute the splitting of these two lines to a lifting of the p-shell de-
generacy due to a dot shape asymmetry which breaks the rotational
invariance in the dot plane. Consequently angular momentum is no
longer a good quantum number. Treating the symmetry breaking as
a perturbation, it will lead to a mixing of the two unperturbed p-shell
angular momentum eigenstates described above (one bright and one
dark). The new eigenstates will be linear combinations of them and
due to the mixing the dark state will share oscillator strength with
the bright one.

2. There are weak features about 10-15meV above the s-shell exci-
ton, which might be related to the nominally forbidden transitions
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Fig. 10. Photoluminescence excitation spectrum of a single Ing.e0Gaog.40As/GaAs
quantum dot of type 1 having low geometrical symmetry [10]

from states in the p-shell of the valence band to s-shell states in the
conduction band. The observability of these features originates from
a symmetry breaking which lifts the strictness of the selection rule
A s = 0 for optical transitions. Vice versa, the features at 1.365eV
could be related to transitions from s-shell valence band to p-shell
conduction band states.

3. Further, one notes that the phonon related features are much more
prominent than for the dots in Fig. 8. Besides the GaAs phonon
assisted features we also find spectral lines related to the InAs bulk
and interface LO-phonons (29 and 32 meV). The strength of all these
features indicates that there might be a permanent dipole momentum
in the system facilitating the coupling to phonons.

(ii)  Effects of placing the quantum dot into a larger mesa structure

4. Since the dot of Fig. 10 is located in a much larger mesa structure,
it has to be considered as a zero dimensional system embedded in
a quasi-two dimensional layer. There is a considerable background, in
particular for energies > 1.36 €V in the absorption spectrum, which
increases with increasing energy. We attribute this background to
an efficient coupling of the dot structure to the wetting layer. That
is, the states of the wetting layer are extended considerably towards
the low energy range, where confined quantum dot states are located.
Consequently mixing of quantum dot states with states in the wet-
ting layer becomes important. The origin of the features with rather
weak oscillator strength around the p-shell tentatively lies in mixing
of quantum configurations in the p-shell with states in the close-by
wetting layer.

The data in Figs. 8 and 10 show that single quantum dots with drastically
varying absorption spectra can be found within one ensemble of dot struc-
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tures. To obtain a better understanding, in particular of the impact of the
dot geometry as well as of the surroundings of the dot, it will be essential to
perform more comprehensive studies, in which for example the mesa size is
varied systematically.

4 Dephasing of the Ground State Exciton

The excitonic properties are, however, not only determined by the available
electronic states in the quantum dot structures, but also by coupling to lat-
tice vibrations. While writing this chapter, this topic has still been the scope
of intense studies, both from the experimental and the theoretical side. Con-
ventionally exciton—phonon coupling is treated in a weak coupling picture
(at least in III-V semiconductors): the characteristic coupling strength is so
small that the exciton and phonon basis are retained as ‘eigenstates’ and all
interaction effects can be treated by means of perturbation theory. Certainly
it would be more correct, but also much more cumbersome to diagonalize
the full Hamiltonian resulting in polarons as eigenstates. For self-assembled
quantum dots it has even been suggested that the coupling strength is so large
that such a non-perturbative treatment is essential for a correct treatment of
the exciton—phonon interaction [13].

Here we want to present only data for the homogeneous linewidth re-
lated to two limiting cases: (a) very low temperatures below T = 2K, where
phonons are almost completely frozen out and (b) rather high tempera-
tures around room temperature where the behaviour is dominated by op-
tical phonons. To obtain a rigid picture of the homogeneous linewidth in
quantum dots is essential for semiconductor quantum dot based quantum
information processing. Corresponding proposals are only worth to be pur-
sued if the time to manipulate a quantum bit (based either on charges or
spins) is much shorter than the dephasing time (inversely proportional to the
homogeneous linewidth). For charge excitations, for example, manipulation
times on the order of 100 fs can be envisioned by using modern techniques
of ultrafast spectroscopy. From this time scale we can estimate a lower limit
for the dephasing time of about 1 ns to obtain a ratio of switching to dephas-
ing time of 10%. This estimate would exclude right away the use of charge
excitations in higher dimensional structures as quantum bits, because much
shorter dephasing on the order of a few ps have been reported for them.

Figure 11 shows corresponding spectra of two quantum dots recorded at
T = 2K. The optical excitation was done quasi-resonantly below the wet-
ting layer into an excited p-shell quantum dot state [14]. Extremely sharp
Lorentzian emission lines with line widths of 3.4 £+ 0.4 ueV are observed for
both dot types. Deconvolution of the spectral resolution of the setup which is
2.0 neV gives a homogeneous linewidth of 1.8 +0.4 neV. This linewidth corre-
sponds to a dephasing time of about 750 ps. This value is in agreement with
recent data from non-linear spectroscopy on quantum dot arrays (four-wave
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Fig.11. High resolution photoluminescence spectra of two single quantum dots
recorded at T" = 2 K using quasi-resonant laser excitation below the band gap of
the surrounding barriers. To faciliate the comparison of the two dots, the energy of
the center of the emission has been shifted to zero energy in both cases [14]

mixing and spectral hole burning). It shows that it might be worth considering
also excitons in quantum dots as qu-bit candidates, which seemed doubtful,
before corresponding results on exciton dephasing were available [15].

Here we want to add an important comment: in the next section we will
demonstrate that a quantum dot asymmetry results in a fine structure split-
ting. In lowest approximation the exciton emission consists not of a single line
but of a doublet split by up to ~ 100 neV. The present observations of single,
very sharp emission lines seem to indicate that the emission either originates
from charged excitons (see below) or that within the quantum dot ensem-
ble structures can be found which are almost free of any asymmetry. Such
an absence of asymmetry would be essential for the creation of polarization
entangled photon pair states [10].

We note that even at these very low temperatures the homogeneous
linewidth increases with increasing temperature. While the only relevant exci-
tations at these temperatures for exciton scattering are the acoustic phonons,
real excitation of carriers from the ground to excited states is not possible
due to the considerable energy splittings between the confined states both in
the conduction and valence bands which are much larger than the thermal
energy in this temperature range. The origin of the temperature dependent
linewidth must thus lie in a pure dephasing process. Recent calculations show
that it might be related to the finite lifetime of acoustic phonons with non-
zero wave number /energy (we note that for £ = 0 phonons, as lowest energy
excitations, the lifetime obviously has to be infinity).

From an extrapolation of the homogeneous linewidth to zero temperature
we obtain an upper limit for the homogeneous linewidth of 1.5 ueV, resulting
in a lower boundary for the dephasing time of more than 900 ps. From time-
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Fig. 12. Photoluminescence spectra of two single quantum dots recorded at room
temperature [14]

resolved studies performed on arrays of quantum dots an average radiative
lifetime of ~ 1mns is obtained. The direct comparison shows that at very
low temperatures the exciton dephasing seems to be limited by its radiative
decay only, which might be considered as the strongest justification of the
term ‘artificial atom’ for a quantum dot.

While these data clearly are encouraging for quantum information pro-
cessing, the data obtained at room temperature for the exciton homogeneous
linewidth preclude the use of this term for a quantum dot under these cir-
cumstances. Figure 12 shows the spectra of the same two single quantum
dots as in Fig. 11 at T'= 300 K. Broad emission bands with widths of a few
meV are observed then, corresponding to dephasing times of less than a ps.
Thus coherent information processing with quantum dots at room tempera-
ture seems not to be possible. The location of the dots in the crystal matrix
sets a clear limit for the comparison with atoms found in nature, although at
low temperatures this fixed location is a big advantage, since the interaction
with a light field is much better controllable than for atoms which move freely
or are temporarily captured in a trap.

5 Fine Structure of Excitons and Excitonic Complexes

In the section on the excitonic absorption spectra in quantum dots we have
seen that there are considerable variations with respect to symmetry within
a dot ensemble which are reflected by the optical properties of the dots. In this
section we want to elaborate sensitive tools for investigating the quantum dot
symmetry. We will find that indeed such tools can be developed by addressing
the fine structure of the ground state exciton in quantum dots spectroscopi-
cally. This fine structure consists of several contributions [17,18,19]:
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1. At zero magnetic field it arises from the exchange interaction, which cou-
ples the spins of the electron and hole.

2. In an external magnetic field it is extended by the Zeeman interaction of
the electron and hole spins with B.

3. In general also the interaction of the carrier spins with the spins of the lat-
tice nuclei needs to be included in the discussion. This interaction results
in the Overhauser shift of the exciton energy [20]. For its observation, the
optically generated excitons have to be spin-polarized to align the spins
of the lattice nuclei. This can be obtained by resonant optical excitation
of the quantum dots using circularly polarized light. In the experiments
described below, however, non-resonant excitation with linearly polarized
light was used. Consequently the time averaged spin polarization is zero
and the lattice is depolarized. Therefore this part of the fine structure
interaction is neglected here.

The exchange interaction consists of a short- and a long-ranged contri-
bution. First we will analyze the short ranged part, for which we will use
the methods of invariants [17,18] which can also be used for describing the
interaction of the carrier spins with an external magnetic field. In it, for
coupling carrier spins and for coupling spins to B the most general inner
product forms of the angular momentum operators of electron and hole are
chosen that are invariant under the transformations of the symmetry group
describing the system. The long-ranged exchange interaction can be easily
included in the discussion because it ‘exhibits the same spin structure’, that
is, its contributions can simply be added to the terms of the short-ranged
interaction.

The general form of the spin Hamiltonian for the electron—hole exchange
interaction of an exciton formed by a hole with spin J;, and by an electron
with spin S, is given by [17,18]

Hexchange = - Z (aiJh,i . Se,i + bit]}:ii : Se,i) . (12)

1=x,Y,%

Due to the strain in self-assembled quantum dots the heavy and light hole
states are split in energy by at least several tens of meV. This splitting is
considerably larger than the fine structure interaction energies, and there-
fore the light hole states are neglected here. The single particle basis from
which the excitons are constructed therefore consists of the heavy hole with
Jn =3/2, Jn . = £3/2 and the electron S, = 1/2, S, , = £1/2.

From these states four excitons are formed, which are degenerate when
the spin Hamiltonian is neglected. These states are characterized by their
angular momentum projections M = Se , + Jj ». States with |M| = 2 cannot
couple to the light field and are therefore optically inactive (dark excitons),
while states with |M| = 1 are optically active (bright excitons). With these
angular momentum eigenstates the matrix representation of Hexchange can be
constructed. Using the exciton states (|+1),|—1),|+2),|—2)) as a basis, the
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following matrix representation is obtained

+d9 01 0 0
1 01 +9 0 0
Hexchange = 5 01 00 —5 5y (13)

0 0 62 —do

Here the following abbreviations have been introduced: 6o = —3/4 (az + %bz),
01 =3/8(by — by), and 62 = 3/8 (b + by). Since the coefficients of the terms
linear in the hole momentum are considerably larger than those of the cubic
ones, the first term dominantly gives the diagonal matrix elements, while
the second term gives the off-diagonal elements. The matrix has block diag-
onal form. Therefore dark and bright excitons do not mix with each other,
and their energies differ by the electron—hole exchange energy dg. Due to the
off-diagonal matrix elements in the corresponding subblocks, in general the
excitons with each |M| = 1 and |M| = 2 are hybridized: rotational sym-
metry of the structures studied implies b, = b, resulting in §; = 0. In this
case the states |[+1) and |—1) are eigenstates of Hexchange- If, however, the
rotational symmetry is broken (b, # b,), angular momentum is no longer
a good quantum number, and the |M| = %1 excitons are mixed with one
another: the new eigenstates |L1 /2> are symmetric and antisymmetric linear
combinations of the angular momentum states and are split from one another
by 61. In contrast, the excitons with |M| = 2 always hybridize independently
of dot symmetry. The splitting patterns are shown schematically in the cen-
tral part of Fig. 13 for quantum dots with Doy symmetry and with symmetry
(D2q [22,23]. In general, both asymmetry splittings 6; and o should be rather
small compared to dy because they are given solely by the coupling matrix
elements that are proportional to J EZ

The effect of the long ranged part is a splitting of the bright excitons in
structures with symmetry (Dsg into transverse and longitudinal components,
while it does not influence the dark states. It has the same spin structure
as the short range exchange Hamiltonian. Thus, in the zero-field exchange
Hamiltonian it can be simply included by adding the corresponding energies
to the off-diagonal matrix elements in the subblock of the |M| = 1 excitons.
Therefore it does not change the fine structure pattern principally, it only
enhances the splitting of the bright exciton doublet.

The general form of the interaction of the electron and hole spins with an
external magnetic field B = (B, By, B,) of arbitrary strength and orienta-
tion is given by [17,18].

Hzeeman = UB Z (ge,iSe,i - gh;iJh}i) Bi ) (14)
1=x,y,2

where pp is the Bohr magneton. Here we want to discuss only two principally
different field configurations which are sketched in Fig. 14. The field can be
oriented either parallel to the growth direction (Faraday configuration) or
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Fig. 13. Exciton fine structure in quantum dots with Dog symmetry (left half) and
in dots with symmetry smaller than Dag (right half) at zero field and in a magnetic
field. The magnetic field is applied in the Faraday configuration [21,22]

Fig.14. High resolution transmission electron micrograph of a self-assembled
InAs/GaAs quantum dot [5]. The arrows indicate the two principally different
orientations of the magnetic field relative to the heterostructure growth direction
(z-direction): parallel in Faraday configuration (FC) or perpendicular in Voigt con-
figuration (VC)

perpendicular to it (Voigt configuration). The first configuration does not
perturb the rotational invariance around the heterostructure growth direc-
tion, the second geometry obviously destroys this symmetry.

5.1 Faraday Configuration

First the Faraday configuration will be considered (B]|z), for which the
Hamiltonian is given by

B +(ge,z +9n,z) 0 ( ) 0 8

0 —(ge,z + gn,=) 0

Haeeman = =5 (0 0o T e a0 ) -(15)
— 9h,z)

0 0 0 + (ge, =
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Fig.15. Polarized photoluminescence spectra of three different Ing.eoGag.40As/
GaAs quantum dots recorded at zero magnetic field (lower half) and at B = 8T
(upper half). At zero magnetic field the circular polarization of the emission was
analyzed, at high fields the linear polarization was studied [21,22]

The matrix has diagonal form because the rotational symmetry of the sys-
tem around the z-axis is maintained for this field configuration. The total
Hamiltonian of the system is obtained by adding Hjeeman t0 Hexchange- In
it, the strength of the diagonal matrix elements can be tuned relative to the
strength of the off-diagonal ones through the magnetic field dependence of
the Zeeman interaction.

For a quantum dot with Dog-symmetry the spin-splitting of the £1 states
increases linearly with increasing magnetic field. We note that in the model
used non-linearities of the spin-splitting (as they are typically observed for
quantum wells, for example) cannot occur since band mixing is excluded by
restricting to the lowest lying heavy hole bands. For the dark excitons, the
spin-splitting shows a non-linear dependence on B because of the hybridiza-
tion of the |M| = 2 excitons at zero field. For an asymmetric quantum dot
of lower symmetry the |M| = 1 exciton states are linear combinations of the
angular momentum eigenstates where the coefficients depend on magnetic
field. Their energy splitting deviates from a linear dependence: for low fields
it varies quadratically with B; only for high fields, for which the Zeeman
interaction energies are considerably larger than the exchange energies, is
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Fig. 16. Magnetic field dependence of the exciton transition energies observed for
three different Ing.60Gao.40As/GaAs quantum dots. Symbols give the experimental
data, lines the results of fits to the data using forms obtained from diagonalizing
the exciton fine structure Hamiltonian. For simplicity, the diamagnetic shift of the
center of the emission has been subtracted in each case [21,22]

a linear field dependence found for the spin-splitting. The left and right parts
of Fig. 13 show the evolution of the exciton fine structure splitting in a mag-
netic field [21,22]. We note that due to their different symmetry the lower
energy level of the bright exciton and the upper level of the dark excitons
cross each other with increasing magnetic field.

Let us turn now to the discussion of the experimental data obtained in the
Faraday configuration. The three panels in Fig. 15 show polarized photolu-
minesecence spectra of three different Ing goGag.a0As/GaAs single quantum
dots which were recorded at B = 0 (lower traces) and B = 8T (upper
traces) [21,22]. The zero magnetic field spectra were analyzed with respect
to their linear polarization, while at high fields the circular polarization of
the emission was studied. These three quantum dots resemble three different
classes of structures observed for the InggoGag.40As/GaAs quantum dots.
The spectra of dots belonging to one class all show the same principal fea-
tures, although the fine structure parameters, exchange energies and g-factors
vary from dot to dot.

The emission from dot 1 (left panel) shows no significant linear polariza-
tion at zero magnetic field. In contrast, the emission of the two other quantum
dots is split into linearly polarized spectral lines at B = 0. The splitting be-
tween these lines is about 120 peV for dot 2 (mid panel) and 150 ueV for
dot 3 (right panel). In non-zero magnetic field, the emissions split due to
the Zeeman interaction of the exciton spin with B. As a common feature at
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B = 8T, the spectra of all three dots show complete circular polarization.
The low energy part of the spectrum is o-polarized, and the high energy
one is o0~ -polarized. However, the number of spin-split lines varies from dot
to dot. For the first two dots a splitting into a doublet is observed, while the
third dot exhibits a splitting into a quadruplet.

The theoretical analysis of the exciton fine structure for quantum dots
of different symmetries given above permits us to understand the observed
features in the photoluminescence of the three dot classes [21,22]. From the
experimental data we find that there are two characteristic quantities from
which information about the quantum dot symmetry can be derived. The
first quantity is the magnetic field dependence of the energy splitting between
the spectral lines. The second one is the polarization of the emission. Both
quantities will be discussed in the following.

The simplest situation is found for dots exhibiting Dsy symmetry, for
which the exciton angular momentum M is a good quantum number. In this
case a single emission line is observed at B = 0 due to recombination of the
degenerate M = =1 excitons, as observed for dot 1. Applying a magnetic
field results in a spin-splitting. The symbols in Fig. 16 show the observed
exciton transition energies as functions of the magnetic field for the three
dots of Fig. 15. To facilitate the discussion of the fine structure effects, we
have subtracted the energy of the center of the emission lines for each field
strength. This center of emission shifts diamagnetically to higher energies
with increasing B. The emission of dot 1 splits linearly into a doublet with
increasing B. AE = 1.4meV at 8 T corresponding to an exciton g-factor
of —3. The solid lines give the results of fits to the experimental data using
the energies calculated by solving the exciton fine structure Hamiltonian.

The situation becomes more complicated for a dot with a shape defor-
mation for which the rotational symmetry is broken. The non-vanishing off-
diagonal elements in the subspace of the bright excitons in Hexchange mix
the states with M = 41 and —1. The new coupled eigenstates repel each
other, and the emission from these quantum dots is split by the exchange
energy d1, as observed for dot 2 (middle panel). From the transition energies
we obtain a §; of about 120 peV. In contrast to dot 1, at low B the energy
splitting between the exciton transitions increases quadratically with B and
then transforms into a linear dependence. The transition into a linear de-
pendence occurs at about 2T because at these field strengths the diagonal
Zeeman interaction terms in the Hamiltonian are already considerably larger
than the off-diagonal §;. This means that the rotational symmetry is only
moderately broken and it can be easily restored by a magnetic field.

Finally, the behavior of dot 3 with a quadruplet splitting in a magnetic
field is discussed. The observation of four exciton emission lines implies that
the dark excitons become visible and that any possible dot symmetry is lifted.
This symmetry breaking can have different origins. First, the quantum dot
symmetry can be badly broken so that it exhibits no symmetry at all. In
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this case all four band edge exciton states should be observable already at
zero magnetic field. From the spectroscopic data we obtain no clear proof
for such behavior because at B = 0 only two emission lines are observed,
which are, however, rather broad. In addition, the symmetry breaking could
be also magnetic-field induced, for which we envisage the following picture.
If the dot structure (and therefore its internal [001] crystal axis) is slightly
tilted with respect to the heterostructure growth direction, the spectroscopy
is effectively no longer performed in the Faraday configuration because there
is a field component in the quantum dot plane. This component which is
described by Heeman for the Voigt configuration (see below) causes a mixing
of |[M] =1 and 2 excitons making the dark excitons visible.

Similarly to the case of dot 2, for the bright excitons in dot 3 A E depends
quadratically on B for low fields and shows a linear dependence at high B.
The splitting A E between the ‘dark’ excitons shows a linear B-dependence
in the field range in which these states can be resolved. All the results can be
described well within the framework for the exciton fine structure developed
above, as the comparison of the experimental data (symbols) with the results
of the fits (lines) shows.

The different behaviors of the quantum dots show up in the magnetic field
dependence of the circular polarization of their emission as well. The degree
of circular polarization CP is defined by

It -1

P="—"—
¢ It +1-’

(16)
where I/~ are the intensities of the o/~ polarized components in the spec-
tra. Figure 17 shows the experimental data for CP as a function of magnetic
field for the two Ing.e0Gag.40As/GaAs quantum dots 1 and 3 of Fig. 15. For
dot 3 we have evaluated only the intensity data of the two emission features
of strong intensity. While dot 1 shows circularly polarized emission already
for small magnetic fields, the polarization transforms gradually from a linear
to a circular one for dot 3. The behavior of dot 2 (not shown) is very simi-
lar to that of dot 3. For both these structures complete circular polarization
is observed for B > 3T only. This transition reflects the restoration of the
rotational symmetry by the magnetic field.

The CP can be calculated from the exciton eigenstates ’Ll /2> for quantum
dots with symmetry lower than Dsg [21]:

1
r2 41 +12°

Here we have introduced the ratio r of the spin splitting to the asymmetry
energy: 1 = (ge.» + gn,2)upB/d1. At low magnetic fields (r — 0) the circular
polarization vanishes, CP — 0, for both structures because the fine struc-
ture eigenstates are linear combinations of the circularly polarized excitons.
At high fields the Zeeman interaction is much larger than the asymmetry

CP(1/2) = F1+ (17)
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Fig.17. Circular polarization of the emission plotted against magnetic field for
two different Ing.¢0 Gao.40As/GaAs quantum dots with different asymmetry induced
exchange energy splittings 61 at zero magnetic field [22]

exchange interaction (r — oc). Then the off-diagonal elements can be ne-
glected, and the linearly polarized states ‘Ll /2> transform into circularly
polarized states.

[L1) = |+1)
[L2) — |=1) . (18)

Consequently CP — +1. The CP calculated with the quantum dot fine struc-
ture parameters from experiment are shown by the lines in Fig. 17, from which
good agreement with the experimental data is seen. For the present quantum
dots the Zeeman splitting becomes comparable to the asymmetry energy d;
in dots 2 and 3 for small magnetic fields < 1T. For quantum dot 3 having
the largest 6, CP is already 50% at 0.5 T, 80% at 1T and approaches unity
for B> 2T.

5.2 Voigt Configuration

An orientation of the magnetic field perpendicular to the heterostructure
growth direction, i.e. in the x—y plane, changes the matrix representation of
the Zeeman interaction significantly. For simplicity we consider only the case
of a magnetic field aligned along the z-direction. The matrix representations
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Fig. 18. Exciton fine structure of a highly
symmetric quantum dot in a magnetic field
aligned in the Voigt configuration [23]

of the Hamiltonian can be written as

0 0 Ge,x Gh,x

Hyooman = MBB 0 0 9h,x Ye,x
2 Ge,x Gh,x 0 0
9h,x Ge,x 0 0

(19)

The in-plane magnetic field destroys the rotational symmetry and causes
a mixing of bright and dark excitons resulting in observability of the ‘dark’
states in the spectra. In a classical picture the carriers react to B, by a pre-
cession of the carrier spins around the in-plane field. Due to the precession of
the electron spin the +1 (—1) exciton couples to the +2 (—2) exciton, while
the precession of the hole couples the +1 and the —2 excitons as well as the
—1 and the +2 excitons.

Figure 18 shows a sketch of the exciton fine structure in the Voigt config-
uration [23]. For simplicity we have assumed that the asymmetry exchange
energy splittings d; and 2 are negligibly small (Dg4-symmetry). In contrast
to the crossing observed for the Faraday configuration, the spin-splitting now
shows a kind of anticrossing behavior. The excitons which are bright at B = 0
both shift to higher energies with increasing magnetic field, while the energies
of the |M| = 2 excitons are lowered by B.

Let us turn now to the experimental data. The breaking of quantum dot
symmetry by deliberately tilting the magnetic field out of the [001] direc-
tion allows us to obtain an unprecedented understanding of the dark exciton
states. For these studies we have selected an Ing.g0Gag.40As/GaAs quantum
dot 1 that shows Dyy symmetry. Figure 19 shows photoluminescence spec-
tra of this dot which were recorded in the Voigt configuration for varying
magnetic field strengths [23]. With increasing B the center of the emission
features moves to higher energies due to the diamagentic shift of the exciton.
At B = 0 a single emission line corresponding to emission from |M| =1 ex-
citons is observed. On its low energy side an additional spectral line appears
at B = 2T which originates from the |M| = 2 excitons at zero field. For
higher fields each of the two emission lines splits into a doublet. The energy
splitting between them increases with magnetic field.

Figure 20 shows the observed exciton transition energies versus magnetic
field in the Voigt configuration (pointing along the [100] direction) [25]. We
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Fig.19. Photoluminescence spec-
tra of a single Ing.e0Gag.40As/GaAs
quantum dot with high symmetry
for different magnetic fields. The
field is oriented in the Voigt geome-

try [23]

Fig. 20. Exciton transition ener-
gies observed for a highly symmetric
Ing.60Gaog.40As/GaAs quantum dot
plotted against magnetic field in the
Voigt geometry [23]

have also rotated the dot in steps of 45° around the heterostructure growth
direction, so that B was aligned along the [110] and [010] directions. Within
the experimental accuracy we obtained the same results for these configura-
tions, which gives a strong confirmation of the high in-plane symmetry of the
dot. Therefore, we show in Fig. 20 only the data for the [100] orientation.
To study only fine structure effects, again the energy of the center of the
emission features has been subtracted for each field strength.

The splitting of the energy levels follows the sketch in Fig. 18, as the
comparison with the calculated energy splittings (lines) in Fig. 20 shows. The
bright and dark excitons show no splittings at B = 0 within the experimental
error due to the high dot symmetry. Over the whole magnetic field range,
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the splitting between the two inner emission lines is mainly given by the
exchange interaction Jp, and the Zeeman interaction has little influence on
their energies. In contrast, it changes significantly the energies of the outer
emission features. Here it should be noted that in quantum wells a quadruplet
splitting cannot be observed in the Voigt configuration because experiments
show that the in-plane hole g-factor is about zero, which leads to a two-fold
degeneracy of the exciton states in the Voigt configuration. Furthermore the
electron g-factors are found to be isotropic in quantum wells, in contrast
to the present data. Thus the directionality dependence of g-factors in self-
assembled quantum dots is considerably different from that in quantum wells.

The presented results have a particularly strong effect on the operation
of single photon emitters [24,25] that has been discussed already at the end
of Sect. 2. The polarization of the emitted photon will strongly depend on
the symmetry of the quantum dot. A solution for this problem might be
provided by engineering the polarization of the optical modes of a resonator
into which the embedded quantum dot can emit. This polarization might be
controlled by the geometrical shape of the resonator. Further, when thinking
about using these devices for creating pairs of polarization entangled photons
through the radiative decay of a biexciton, it becomes clear from previous
considerations that this concept works only for perfectly symmetric quantum
dots: only then are the two photons which arise either from the left or the
right circularly polarized channel in the first decay in the decay cascade
energetically degenerate and therefore indistinguishable. Any asymmetry of
the dot lifts this degeneracy, the photons become distinguishable and the
entanglement breaks down.

5.3 Fine Structure of the Biexciton

After having discussed the exciton fine structure in quite some detail, we want
to discuss the fine structure of the emission from the biexciton complex. Fig-
ure 21 shows photoluminescence spectra of an Ing g0 Gag.40As/GaAs quantum
dot recorded at different magnetic fields (the quantum dot 1 from above) [3].
The optical excitation power was raised to a level that also emission from the
biexciton is observed besides the exciton emission located on the high energy
side. The biexciton is shifted by about 3 meV to lower energies. This energy
shift corresponds to the biexciton binding energy. With increasing magnetic
field both emission features split into doublets. The splitting patterns are very
similar, in particular the low energy feature in each doublet is oT-polarized
while the high energy one is o~ -polarized.

The observed behavior is summarized in Fig. 22 in which we have plotted
the exciton and the biexciton transition energies against magnetic field [3].
As discussed before, their field dependences are given by two contributions,
the diamagnetic shift due to the orbital magnetic confinement and the spin-
splitting due to the Zeeman interaction of the carrier spins with B. Except
for its low energy shift, the biexciton shows exactly the same diamagnetic
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Fig. 21. Circularly polarized photoluminescence spectra of a single Ing.¢0Gao.40As/

GaAs quantum dot for different magnetic fields. A laser excitation power was chosen
that permitted us the observation of both the exciton and the biexciton complex [§]

shift and also the same magnetic field splitting as the exciton. The splittings,
for example, are shown in the insert of Fig. 22, from which they are seen to
coincide within the experimental accuracy. Let us discuss both aspects of this
behavior.

If we neglect Coulomb correlations in the strongly confined quantum dots
studied here, the diamagnetic shift of excitonic complexes is given by the sum
of the diamagnetic shifts of the electrons and holes that form the complex.
Consequently the diamagnetic shift of the biexciton and the exciton emis-
sions have to be identical because they are determined by the shifts of the
recombining electron—hole pair.

Now let us turn to the spin-splitting. Due to the Pauli exclusion principle,
the biexciton (in its ground state, that is, both electrons and holes occupy
their ground s-shells) is a spin-singlet state, which does not show a splitting in
a magnetic field, as sketched in Fig. 23. However, in the spectra the splitting of
the emission is not only determined by the initial state of the recombination
process but also by its final state. For the biexciton, this final state is an
exciton. Therefore the splitting of the biexciton emission just reflects the
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Fig. 22. Transition energies of exciton X and biexciton X» plotted against magnetic
field (Faraday configuration). The inset shows the field dependence of the spin-
splitting for both transitions [3]
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splitting of the exciton in the magnetic field and does not contain additional
information about the fine structure.

We note that besides these two basic aspects the results have another
important implication. For bulk crystals it is well established that a mag-
netic field enhances the exciton binding energy considerably. At zero field
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the electron—hole separation is given by the Bohr radius, whereas at high
magnetic field it is given by the magnetic length which is inversely propor-
tional to the square root of B. Therefore the exciton binding energy increases
approximately proportional to VB in the high field regime. From this depen-
dence one would expect also a strong field dependence of the biexciton binding
energy.

Very recently we have shown that this is not the case for quantum wells [20].
Whereas the exciton binding energy is strongly enhanced by a magnetic field,
the biexciton binding energy does not depend on B at all (within the experi-
mental error). The same result is found here. Defining the biexciton binding
energy as the energy difference between the centers of the exciton and biexci-
ton emission also here it shows no variation with B. This independence might
prove an important test for the often sophisticated forms of trial wave func-
tion that are used for calculating the biexciton binding energy by variational
techniques.

5.4 Charged Excitons

The possibility to control individual excitations, either charge or spin, in
quantum dot structures is an indispensable prerequisite for the new field of
quantum information processing in a semiconductor environment. Utilizing
ultrafast optical techniques, an exciton might be considered as a proper can-
didate for such an excitation [27]. However, as a quantum bit it suffers from
its relatively short radiative lifetime on the order of a ns, after which the
information will be lost. A residual charge in a dot with its spin as quantum
bit offers the possibility to overcome this lifetime problem. The spin might be
probed and controlled in a coherent fashion by the creation of an electron—
hole pair with laser pulses. Even entanglement between two spin states might
be created in this way.

In these schemes the intermediate state of processing is given by a charged
exciton. Very recently, a number of experimental and theoretical studies of
charged excitons confined in single quantum dots have been performed. Of-
ten the identification of charged excitons is based on the comparison of their
binding energy (the energy separation from the neutral exciton) with the re-
sults of detailed calculations. Although sophisticated techniques like numer-
ical diagonalization are used for these calculations, they rely on a number of
parameters which are not known with high accuracy, such as the masses of
the carriers or shapes of the dots. Therefore we aim in this section at working
out a number of experimental criteria, which allow for a unique distinction
between neutral and charged excitons. These criteria are (a) the possibility to
create a biexciton complex by two-photon absorption and (b) the appearance
of an exchange energy splitting between dark and bright excitons.

n-type modulation doped self-assembled Ing goGag 40As/GaAs quantum
dots have been studied by photoluminescence and photoluminescence excita-
tion spectroscopy. The sample structure is identical to that of the nominally
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Fig. 24. (a) Photoluminescence spectra of a single Ing.¢0Gag.a0As/GaAs quantum
dot for varying excitation power. The excitation energy was above the GaAs barrier.
(b) Photoluminescence spectra of the same energy recorded at low excitation power
for varying laser energies indicated at each trace

undoped samples studied up to this point except of a Si d-doped sheet that
is located 20nm beneath the quantum dot layer. The dopant density was
~ 10'%cm~2 as compared to a mean dot density of ~ 2 x 10'°cm~2. Thus
the average number of electrons per dot is ~ 0.5 only, assuming a complete
transfer of electrons across the barrier.

Figure 24a shows exemplary photoluminescence spectra of a single quan-
tum dot, where the excitation was done non-resonantly into the GaAs barriers
(Eexe = 1.56 €V). At low excitation (bottom trace) two intense emission lines
are observed, which are separated by slightly more than 2 meV. Our tentative
assignment of these lines is emission from the charge neutral exciton X (for
the high energy line) and emission from the negatively charged exciton X~
(for the low energy line). The line A will be discussed later. To obtain more
insight, we have increased the optical excitation power (top trace in Fig. 24a).
When doing so, two further emission lines appear on the low energy side. The
first one is separated 3meV from the exciton, which is very much the same
value that we observed previously for the binding energy of the biexciton Xo
for an undoped but otherwise identical sample. The second line is located
2.5meV below the charged exciton and by analogy we attribute it to the
negatively charged biexciton.
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Figure 24b shows the evolution of the emission spectra when the laser
excitation energy is reduced from above to below the barrier (lower traces)
and further to below the wetting layer which is located at £ = 1.416eV.
The laser energies were E = 1.39eV (bottom trace), E = 1.42eV (mid
trace) and E = 1.45eV (top trace). When doing so, the ratio of emission
intensities of neutral and charged excitons is inverted in favor of the charged
complex. This shows that non-resonant excitation results in photodepletion
of the free carrier population in the dots, while this population is quite stable
for resonant excitation.

Further insight into the correctness of this classification can be taken
from two-photon absorption experiments. If the laser energy is tuned mid-
way between the biexciton X5 and the exciton X emission lines Fox. =
0.5 [E(X2) + E(X)], the biexciton complex may be created by simultaneous
absorption of two photons. The biexciton as a spin-singlet state requires the
absorption of two photons of opposite circular polarizations (in symmetric
quantum dots, which do not show a linear polarization splitting due to dot
asymmetry). Figure 25a shows the corresponding experiments with linearly
polarized laser light, which is seen in the spectra due to diffuse scattering.
With increasing excitation power (P ~ 100 uW), symmetrically to the laser
line, two emission lines appear with equal intensities. Their intensities de-
pend approximately quadratically on excitation power. If, on the other hand,
the polarization is changed to a circular one, no biexciton can be generated,
whatever level of excitation power we apply.

Turning to the case of the charged complex, a two-photon absorption
process is impossible when the laser energy is tuned midway the charged
biexciton and the charged exciton lines. Since the s-shell may be occupied
by two carriers only due to Pauli blocking, the residual charge blocks the
absorption of a two-photon pair. This is demonstrated in Fig. 25b, where for
FEoxe = 0.5 [E(X{) + E(X’)} even at very high excitation (Pex. ~ 100 Fp)
with linear polarization no indication of an absorption is found. Only scat-
tered laser light is detected. These data are a clear indication that the as-
signment of Fig. 24a is correct.

Further confirmation is obtained from studies of the fine structure of the
exciton emission, which arises from the electron—hole exchange interaction.
As discussed above, in leading order the exchange Hamiltonian is given by
Hoxchange = —aJ S resulting in a splitting of optically active and optically
inactive states by the exchange energy §o = 1.5a. A charged exciton in its
ground state is formed by two electrons with opposite spins and a hole, all of
them in the s-shell. In case of the charged exciton, due to the Pauli principle
the two electrons form a spin singlet state, so that the total electron spin
which is given by the sum S. = Sc1 + Sc 2 of the spins of the two carriers,
is zero. Therefore the exchange disappears and the charged exciton emission
shows no energy splitting between the recombinations of the electron—hole
pair states with |[M| =1 and 2.
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Fig. 25. Two-photon absorption experiments on a single Ing.eoGao.4oAs/GaAs
quantum dot for generating a biexciton complex. In (a) the exciting laser was
located midway between the biexciton and the exciton. Its polarization was either
linear (m-polarisation) or circular (o-polarization). At each trace the excitation
power level is indicated. Py = 100 uW. In (b) the laser was located between the
charged biexciton and the charged exciton

g

Based on the results described in the previous section, for activating the
dark exciton states, we have applied a magnetic field in the Voigt configura-
tion normal to the heterostructure growth direction. In this way, the quantum
dot symmetry is broken and the angular momentum M is no longer a good
quantum number. Dark and bright excitons become mixed. The observed
transition energies are plotted by the symbols in Fig. 26 as a function of
magnetic field. Here we have subtracted the diamagnetic shift ~ B? of the
center of emission. At low magnetic fields, an additional feature appears on
the low energy side of the exciton which can be attributed to the dark exciton
at zero field. For higher fields each of the two features splits into a doublet
due to the Zeeman interaction of the carrier spins with the magnetic field.
Most importantly, extrapolating the different magnetic field dispersions back
to B = 0 (as shown by the lines in Fig. 26), a clear splitting between bright
and dark excitons is observed which amounts to §o = 130 peV.

For the charged exciton emission, in effect also a quadruplet splitting is
observed at the highest magnetic fields. However, in contrast to X, the overall
splitting between the different emissions, in particular between the two inner
ones, is much smaller as compared to the neutral exciton. Therefore the inner
emission lines cannot be separated spectrally. When doing the extrapolation
to zero field, all the energies are seen to converge to a single value (see Fig. 26).
No splitting between dark and bright states is resolved. As explained above,



132 Manfred Bayer

1.2990
.;
X m "
. ]
.
g™ m oW omo BN
1.2085 |- s — 8 o8
o
>
Q, K Voigt
5 7 configuration
o}
c
[}
1.2965 -
1.2960 T T T T T
0 2 4 6 8
magnetic field [T]

Fig. 26. Magnetic field dispersion of the neutral and the charged exciton in a single
Ing.60Gag.40As/GaAs quantum dot in the Voigt configuration. Symbols give the
experimental data, lines give the results of fits to the data based on the forms
developed in the text

this can only be attributed to interaction of an optically excited hole with an
electron spin singlet state as the ground state electron doublet.

Now that we have developed criteria to distinguish between charged and
neutral excitons, we are interested in the absorption spectra of these com-
plexes. For this reason, we have performed photoluminescence excitation
studies on the quantum dot of Fig. 24. The exciting laser was circularly
polarized in these studies. In one case the detection energy was set to the
energy of X, in another case detection was done at the energy of X . The
results are shown in Fig. 27 for a quantum dot located in a rather wide mesa
with a nominal lateral size of 300 nm. The lowest trace shows the absorption
of the neutral complex. In agreement with previous studies we find two in-
tense absorption lines, one in the s-shell and one in the p-shell. In addition,
a broad background appears which extends in energy down to the p-shell line
and is attributed to extended states from the wetting layer.

In the second section we have demonstrated for neutral excitons that the
absorption is determined by the number of confined quantum dot shells. For
structures with two confined shells, as studied here, only a single feature is
found in the p-shell. By contrast, for the charged exciton we find two absorp-
tion lines in the p-shell, which we attribute to an energy splitting between
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Fig. 27. Photoluminescence excitation spectra of a single Ing.eoGaog.40As/GaAs
quantum dot. Detection was done on the neutral exciton (lowest trace), on the
charged exciton (mid trace) and on line A (top trace)

different spin configurations. The two electrons can form either a spin triplet
or a spin singlet state. The absorption spectrum of the charged exciton dif-
fers considerably from that of the neutral one. It does not exhibit a single
line in the p-shell only but a doublet of lines separated by about 3.7 meV.
The oscillator strength of the lower energy line is about a factor of 3 smaller
than that of the high energy line. When varying the circular polarization (o
or 07) of the exciting laser pulse no change in the relative oscillator strength
of the two lines is observed. For constructing the absorption spectrum, we
first neglect spin and consider all possible electron—hole pair states with zero
orbital angular momentum. These states become mixed by Coulomb corre-
lations. The available two-particle states are the same for the two complexes
X and X7, so that the different absorption spectra cannot be explained by
different orbital configurations.

Therefore different spin configurations must cause the observed doublet
splitting of the absorption. The electron in the exciton complex that is op-
tically injected into the p-shell can have spin orientation either parallel or
antiparallel to the spin of the residual s-shell electron. Thus in effect excita-
tion of a spin singlet or a spin triplet state of the electrons can occur. The
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two complexes have different exchange energies and this energy difference is
reflected by the splitting of 3.7meV observed in the spectra.

Let us also discuss the ratio of the oscillator strengths of the two ab-
sorbtion lines. We assume first that the residual s-shell electron has spin-up
orientation (S, . = +1/2). Excitation by a §*-polarized laser will create an
electron-hole pair with S, , = —1/2 and a hole with J ., = +3/2. Both
carriers will relax fast into the s-shell and a ground state trion is formed
the emission of which is detected in photoluminescence excitation. Under
these experimental conditions, no absorption leading to formation of an in-
termediate triplet state is possible. However during the recording time of
the spectrum (which is typically 30s for each excitation energy) the spin of
the residual electron will undergo spin-flip processes to be in the spin-down
configuration (S., = +1/2). The spin properties of the optically excited
electron—hole pair will be the same, but now the relaxation of the electron
into the s-shell will be blocked as long as no further spin flip (either of the
electron in the s- or in the p-shell) occurs. The hole, on the other hand,
will relax fast into the s-shell and will recombine with the residual electron.
However, this recombination will not be detected in the photoluminescence
excitation studies since it will be located at an energy different from that of
the ground state trion recombination. Only when the spin flip occurs within
the radiative lifetime of the exciton will it be detected in the photolumines-
cence excitation studies.

The two different spin orientations of the residual electron in the s-shell
will occur with the same frequency corresponding to a temporal averaging of
the two lines. If the flip time were small compared to the lifetime, the two
p-shell lines would have about the same intensity. The difference in oscillator
strength thus reflects quenching of the electron spin relaxation. This is in
reasonable accord with the recent report of a quenching of the spin relaxation
for ground shell excitons [28]. Since all other involved time scales are short,
the ratio of oscillator strengths gives directly the ratio of the spin relaxation
time to the radiative decay time. In combination with a radiative lifetime
of about a ns (as measured on quantum dot arrays) we obtain in this way
a spin-flip time of about 3 ns for the p-shell electron.

In the photoluminescence spectra of Fig. 24 we found another faint emis-
sion line labelled A about 1.5meV above the energy of the neutral exci-
ton emission. This emission might be attributed to the recombination of an
electron—hole pair in the presence of an electron in the p-shell whose relax-
ation is Pauli-blocked. Therefore we have also performed photoluminescence
excitation studies, where the detection energy is set to the energy of the
A line. Here we expect detection of the absorption signal only when an elec-
tron spin triplet configuration is excited. No signal will be seen for excitation
of the spin singlet which permits fast relaxation to the ground state trion.
Indeed we observe in the photoluminescence excitation spectrum a single
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absorption line only. The second line vanishes, fully confirming the above
arguments.

6 Quantum Dot Molecules

In the preceding section we have demonstrated a solid understanding of exci-
tonic complexes in quantum dots obtained by single dot spectroscopy. In the
Introduction we mentioned that this achievement marks the transition from
a phase in which the main goal was the fabrication of high quality quantum
structures to a new phase in which concepts have to be worked out how these
quantum systems can be assembled to obtain new functional units. Here,
in the final section, we want to ‘close the circle’ by discussing the simplest
example of such a unit, a quantum dot molecule consisting of two coupled
quantum dots.

Currently there is significant interest in quantum information process-
ing [3] using quantum dots [4]. The key building block of a quantum pro-
cessor is a quantum gate. A quantum gate is used to entangle states of two
quantum bits. Quantum gates realized today are based on atomic physics
concepts such as ions in traps or nuclear spins in molecules. Recently it has
been proposed to use a pair of vertically aligned semiconductor quantum
dots as the optically driven solid state quantum gate [4]. In this proposal an
electric field applied along the growth direction can localize individual car-
riers on dot zero or dot one. The different dot indices play the same role as
a ‘spin’, so each particle carries an ‘isospin’ (qu-bit). When the electric field
is turned off the quantum mechanical tunneling rotates the isospin and leads
to the superposition of two quantum dot states. The quantum gate is built
when two different particles, an electron and a hole, are created optically. In
the presence of the electric field the particles are localized on opposite dots.
After switching the electric field off, the tunneling and interaction among
the two particles will lead to the formation of entangled isospin states. The
states can be disentangled at a later time by preventing tunneling through
the application of an electric field.

We present here results which support the feasibility of this proposal [29].
This demonstration covers two aspects. First we will demonstrate the pos-
sibility of constructing a pair of vertically aligned self-assembled quantum
dots with controlled geometries. Second we will demonstrate that electrons/
holes tunnel coherently from dot |0) to dot |1) and that the tunneling leads
to entangled states of electron—hole pairs. For this reason we isolate a single
quantum dot molecule, inject electron hole pairs into it by laser excitation,
and study the evolution of the recombination spectrum as a function of the
vertical separation between the dots. The remaining task, the demonstration
that contacts can be put on a single pair of dots to apply a vertical electric
field to control the entanglement, will not be tackled here.
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Fig.28a,b. Transmission electron mi-
crographs of InAs/GaAs quantum dot
250 nm molecules with barrier widths of 16 nm and
T 4nm [29]

Promising candidates for coupled quantum dots exhibiting a large split-
ting are structures fabricated by self-assembly. Indeed, vertical self-alignment
has been observed for several years in Stranski-Krastanow epitaxy. The strain
field of a quantum dot in a first dot layer facilitates the growth of a second
quantum dot above it. Recently, the development of the indium-flush tech-
nique [30] allowed the growth of stacks of almost identical coupled quantum
dots that display a well-resolved electronic shell structure in state-filling spec-
troscopy. For the present experiments, the indium-flush procedure was used
to grow in close proximity two layers of vertically correlated InAs quantum
dots separated by GaAs barriers of varying widths. The quantum dot pairing
probability, that is, the probability to find two dots on top of each other and
not only a single dot in one of the adjacent layers is almost unity for barrier
widths up to ~ 10nm, as high resolution transmission electron microscopy
demonstrates. The electron micrographs in Fig. 28 show such quantum dot
molecules with barriers of widths d = 16 nm (A) and of 4nm (B) measured
from wetting layer to wetting layer [29]. Each dot can be approximated by
a disk with a radius R ~ 8-12nm and a height h ~ 1-2 nm.

Before we discuss the experiments, let us first develop a simple theoreti-
cal model which will help in the interpretation of the spectroscopic data [29].
The model is intended to discuss the essential modifications of the electronic
states by coupling of two quantum dots. For simplicity we consider two identi-
cal quantum dots (which of course will not be the case for realistic structures
leading to a reduction of the tunneling coupling) and we also neglect compli-
cations arising from the valence band structure, for example. From coupling
of two systems with quasi-atomic densities of states, we expect the formation
of ‘bonding’ and ‘anti-bonding’ orbitals. The electronic states in each disk
can be characterized by a layer index ¢ = 0 or ¢ = 1 that we term isospin. For
weak tunneling and strong lateral quantization, the basic physics is well de-
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scribed by a simple model of s-orbitals in each dot. There are two s-states |0)
and |1) with energy F, corresponding to an electron on dot 0 and an electron
on dot 1. An electron tunnels from dot 0 to dot 1 with a tunneling probabil-
ity (0|H|1) = t without changing angular momentum. The Hamiltonian H
in this limited basis,

E, —t
[—t E, } (20)
is that of a single spin in a magnetic field pointing along the = axis. This simi-
larity is the origin of the notation ‘isospin’ for the layer index. The off-diagonal

tunneling can be eliminated by a rotation to a new basis of symmetric (+)
and anti-symmetric (—) orbitals:

|+>} 1 [|0>+|1>}

= . 21
5= 0 @)
The new states are linear combinations of the isospin states 0 and 1. The
Hamiltonian in this basis

[Es()_tEs?i-t] (22)

is diagonal, with 2t being the splitting of the two levels which can be inter-
preted as the ‘Zeeman energy’.

In Fig. 29 we show results of a more realistic calculation of the electron
energy levels of coupled self-assembled disks as a function of the distance
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[b>> |d> four possible distributions of elec-
tron and hole among the two dots
. in a quantum dot molecule. The
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active states dependence of the exciton ener-

- gies on the separation between the
QD distance d quantum dots [29]

between the quantum dot layers d. There are three groups of states, the s,
p, and d shells that are confined in the dots. For all the states, the tunneling
allows the levels to split into a symmetric () and an anti-symmetric (—) state
as the quantum dots are brought closer together. In particular, the lowest
quantum dot state shows a splitting that increases from only ~ 5meV for
d =10nm to ~ 40 meV for d = 4nm. For the p- and d-shells larger splittings
between the antisymmetric and symmetric states than for the s-shell are
found for a fixed barrier width, because these states have a larger penetration
into the GaAs barrier resulting in a larger tunnel matrix element.

In a spectroscopic experiment we measure the recombination of an elec-
tron—hole complex, so also Coulomb correlations need to be included. We now
discuss a simple model of an exciton in a quantum dot molecule in the weak
tunneling limit [29]. As shown in the upper part of Fig. 30 there are four
isospin states of a single electron hole pair, |0,0), |1,1), |0,1) and |1,0). The
first two states correspond to an electron and a hole on dot ‘0’ or dot ‘1’ and
can be created optically. The second pair corresponds to indirect electron—
hole pairs, e.g., electron on dot ‘0’ and hole on dot ‘1’ and can only be created
optically when there is a overlap of the states on the two dots. The interband
polarization operator P describing the creation of an electron-hole pair can
be written as

PF|V) = Moo [|0,0) + |1, 1)] + Moy [|0, 1) +[1,0)] , (23)

where the M;; = (i|j) are the overlap integrals of the electron and hole
wavefunctions on dots ¢ and j. To take the symmetry of coupling to the
light field into account, we can write the electron—hole pair states in a new



Exciton Complexes in Self-Assembled In(Ga)As/GaAs Quantum Dots 139

basis of entangled states |a),|b),|c) and |d) consistent with the interband
polarization operator:

) [ess
) —"_ )

& | =75 [10.1) - [1.0) (24)

|d> |0’0> - |1v 1>

Assuming for simplicity similar tunneling matrix elements for electron and
hole, after some algebra the electron—hole pair Hamiltonian in the basis (a—d)
can be written as:

Ex —t —tg 0 0
—ts Ex + (Voo - VO?) — 1 0 0
D (25)
0 0 Ex+ Voo —Vgi)+t1 0
0 0 0 Ex +t

Here Ex = 2FE; — Vjy is the energy of an exciton on a single dot. —V{y is the
electron—hole attraction for both particles being either on dot ‘0’ or dot ‘1’.
t1 = 2tMyo + V¥ and ta = 2(t + Vo). Vi is the direct interaction for an
electron on dot 0 and a hole on dot 1, V5 is the matrix element responsible
for the electron—hole pair scattering from dot 0 to dot 1. Vj is the scattering
matrix element involving only one particle, e.g. (00/V]01), and exists only in
a finite system such as a quantum dot.

The Coulomb matrix elements Vp1x and Vj renormalize the tunneling
matrix element ¢. Only the optically active states |a) and |b) are still cou-
pled via this renormalized tunneling matrix element. Actually this coupling
is important to obtain an entanglement which is independent of the repre-
sentation basis. The real coupled entangled eigenstates |a’) and |b’) of the
exciton Hamiltonian are the excitonic analogs of the symmetric and anti-
symmetric single particle states, with the splitting controlled by tunneling
and by Coulomb interactions. The two entangled states |c) and |d) are exact
exciton eigenstates which do not couple to the optically active states and are
therefore optically inactive.

The schematic evolution of the four energy levels of the exciton as a func-
tion of the distance between the dots is shown in the lower part of Fig. 30 [29].
When the dots are far apart, there are two groups of energy levels separated
by the exciton binding energy Vjo. When the dots are brought closer, the opti-
cally active states lower their energies and the spacing between them increases
in a manner similar to the symmetric-antisymmetric splitting of single parti-
cle energy levels. The dark configurations separate from the bright ones and
eventually are both located above the optically active ones. The key result is
that the eigenstates @’ and b’ of the electron—hole Hamiltonian are a linear
combination of entangled states a and b. This guarantees that a state |10),
for example, prepared by the application of a strong electric field will evolve
into an entangled state once tunneling is allowed. In our simplified treatment,
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Fig. 31. Photoluminescence spectra recorded for varying excitation powers at
T =2K on a single sheet of quantum dots (left panel) and on an ensemble of
quantum dot molecules with a 5 nm barrier (right panel)

the degree of entanglement of the exciton states is close to unity. We note,
however, that the degree of entanglement might be considerably reduced by
structural asymmetries.

This simple model serves as a guide in understanding the experiments
described in the following. First we have studied the quantum dot molecules
by photoluminescence spectroscopy recorded on large area mesas. Figure 31
shows the inhomogeneously broadened spectra of a single sheet of InAs/
GaAs quantum dots (left panel) and of an array of InAs/GaAs quantum dot
molecules with a GaAs barrier width of 5 nm (right panel). At low excitation,
only emission from the s-shell is observed for the quantum dots. At higher
excitation also emission from the p-shell appears 50 meV above the s-shell.
Turning to the spectra of the molecules, we observe at the lowest excitation
power a splitting of the lowest emission line into two features separated by
about 25 meV. Note that the higher lying feature cannot be attributed to
p-shell emission, because in lowest approximation the lateral confinement is
not changed by the dot coupling.

p-shell emission is therefore expected ~ 50 meV above that of the s-shell
and, indeed, it appears there when increasing the optical excitation. Also for
it, a splitting is observed which is larger than that in the s-shell (~ 30 meV).
Thus, these simple array spectra seemingly already confirm our simple ex-
pectation of the formation of ‘bonding’ and ‘anti-bonding’ orbitals. To ob-
tain further insight, photoluminescence spectroscopy was performed on single
quantum dot molecules. For these studies only structures were selected which
show at low excitation an emission line doublet in the energy range of the
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s-shell, which we take as an indication for a molecule structure of high sym-
metry, that is, two almost identical quantum dots which are very well aligned
on top of each other.

Figure 32 shows the luminescence of single quantum dot molecules for
decreasing barrier width (from top to bottom), from which the evolution of
the molecule states with varying separation of the two coupled dot layers
is seen [29]. The spectra were recorded at low excitation powers to avoid
emission from multi-exciton complexes. The temperature was about T = 60 K
so that not only ground state exciton emission, but also emission from excited
exciton states is observed due to thermal excitation. To avoid variations due
to inhomgeneities we have set the energy of the lowest emission feature in
the s-shell to zero. The top trace in Fig. 32 shows the emission of a single
quantum dot which serves as reference for the emission from the quantum dot
molecules. For it, both emission from the s-shell and the p-shell is observed.

For a large dot separation d = 16 nm in the reference sample, two emis-
sion lines are observed in the s-shell with a splitting varying from < 1 to
~ 10meV. For this distance and temperature, interaction with acoustical
phonons prevents coherent tunneling and we expect that the recombination
takes place from either state |0, 0) or |1, 1) as in individual quantum dots. The
small splitting most probably arises from dot inhomogeneities. For a dot sep-
aration d = 8 nm in a molecule, the s-shell emission splits into the entangled
exciton states |a’) and |b') (eigenstates of the electron—hole Hamiltonian).
The energy splitting between them is about 10 meV. In addition, a further
emission line denoted by |a) appears on the high energy side. The energies
of all these features depend systematically on d: reduction of the quantum
dot separation strongly increases the splitting between the two states [b’) and
a').

This behavior clearly demonstrates the energy level splitting due to the
dot coupling. Hence we ascribe the two emission lines as originating from the
entangled states of the s-shell exciton. The energy splitting between the two
entangled s-shell excitons is shown in Fig. 33 as a function of the separa-
tion between the dots. The splitting was obtained by averaging the splitting
observed on a large number of single dot molecules for each barrier width.
Most importantly, the splitting between the optically active entangled exci-
ton states of the s-shell is more than 25meV, the thermal energy at room
temperature, when the barrier width becomes smaller than 5 nm. The ‘error
bars’ indicate the variation of the splitting for a given d. Especially for nar-
row barriers we find considerable variations. Nevertheless there is the clear
trend of an increase of the splitting between the entangled exciton states
with decreasing barrier width. In particular, for the smallest barrier width
the splitting is always larger than 30 meV.

We want to stress one more time. The theoretical analysis of the exciton
states in quantum dot molecules presented here is based on assuming a cou-
pling of two identical quantum dots which are perfectly aligned in the vertical
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direction. For real structures fabricated by Stransky—Krastanow growth this
is obviously a very unlikely situation. Therefore we emphasize that the equal-
ity of the dot structures is NOT necessary for observing a coupling induced
splitting of the exciton states. Instead such a splitting in the coupled quan-
tum system occurs when the reduction of energy that is obtained from the
formation of ‘bonding’ and ‘anti-bonding’ orbitals is larger than the energy
difference that results from an asymmetry of the two dots.

We also note that the data presented here do not resmble a clear proof
of the coherency of coupling of the quantum dot states in the molecule.
Such a proof would be possible for example by coherent spectroscopy tech-
niques such as the observation of photon echoes. Very recently, we were able
to demonstrate coherent coupling in CW spectroscopy by studying the fine
structure of the exciton in quantum dot molecules. For these investigations,
structures with a slight asymmetry such as a small lateral displacement or
slightly different energies of the dots forming the molecule were chosen. In
a magnetic field, pronounced anticrossings are observed when two fine struc-
ture levels come into resonance. These anticrossings are possible only due to
the coherent coupling of the dots. For details, see [31].

7 Conclusions

In summary, we have tried to give an overview of some of the effects that
result from Coulomb interactions in excitonic complexes confined in self-
assembled In(Ga)As/GaAs quantum dots. As experimental technique we have
used optical spectroscopy of single quantum dots. The data obtained in that
way have been compared to the results of detailed theoretical studies. One
of the main objectives was to develop some generally valid rules which allow
us to understand the optical properties in these dot structures, because at
the present stage still a veriety of sometimes very different observations are
reported. We want to emphasize that our results definitely do not put an
end to this very active field. Still we hope that they resemble an important
contribution. We also want to stress that the list of references by no means
claims completeness. It rather gives the reference to our work. References to
the important work done by other groups working in the field can be found
in the publications given there.

In detail, we have first studied the excitonic absorption spectrum of self-
assembled quantum dots. The absorption is found to depend sensitively on
the confined electronic level structure of the quantum dots. For the depen-
dence on the number of confined dot shells a theoretical model has been
developed which provides a clear picture of the excitonic states in quantum
dots. The results demonstrate that excitons in quantum dots can be under-
stood neither in the frame of a single particle picture nor in the frame of that
of an exciton in structures of higher dimensionality. Instead the non-trivial
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mixing of electron—hole pair quantum configuration needs to be taken into
account to explain the experimentally observed features.

Studies of the exciton—phonon coupling in quantum dots reveal two very
different regimes of behavior. At very low temperatures when the phonons
are frozen out to a good approximation, very sharp excitonic emission lines
are observed corresponding to dephasing times of almost a ns. In fact, the
line width seems to be limited only by the radiative decay — a result which
is encouraging for the application of quantum dots for quantum informa-
tion processing. At room temperature, on the other hand, the exciton emis-
sion is a broad emission band with a halfwidth of several meV resulting in
a dephasing on a sub-ps time scale clearly excluding quantum information
applications.

Then spectroscopic studies of the exction fine structure in self-assembled
quantum dots have been described which allow for obtaining detailed insight
into the quantum dot symmetry. Among the spectroscopic tools are linear
polarization measurements (without magnetic field). For quantum dots with
rotational symmetry the bright exciton emission is circularly polarized, while
asymmetric quantum dots exhibit a linear polarization splitting of the ground
state exciton luminescence. In highly symmetric dots, the dark excitons can
be converted deliberately into optically active states by applying the magnetic
field in the Voigt configuration, which destroys the rotational symmetry and
the ground state exciton emission consists of a quadruplet.

Further, it was demonstrated that charged excitons can be uniquely iden-
tified and distinguished from charge neutral excitons by fine structure studies,
because the electron—hole exchange vanishes for them. The identification of
charged excitons has been solidified by two-photon absorption experiments.
Comparing the absorption spectrum of charged excitons with that of neu-
tral excitons, pronounced differences are observed which arise from the spin
structure of the complexes in conjunction with Pauli’s exclusion principle.

Finally, in Sect. 6, we have tackled the question whether self-assembled
quantum dots indeed have the potential to serve as building blocks for new
functional units in which quantum effects are exploited. As an example, we
have demonstrated the feasibility of a quantum gate by vertically coupled
self-assembled quantum disks. Quantum mechanical coupling of zero dimen-
sional quantum states results in energy level splittings larger than the thermal
energy at room temperature. An exciton in the quantum dot molecule was
shown to be an entangled state of an electron and a hole. This demonstration
opens up possibilities of engineering electronic states at a molecular level for
various quantum information processing applications.
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Abstract. Spatially resolved optical spectroscopy applied to single non-magnetic
and magnetic [I-VI semiconductor quantum dots allows one to study optical, elec-
tronic and magnetic properties of single quantum objects. A controlled population
of the quantum dot eigenstates by single particles can be obtained by laser ex-
citation, in part combined with electrical current injection. This gives access to
intrinsic properties of excitons and biexcitons, like phonon or exchange interaction
or coupling to the radiation field. It is demonstrated that the eigenstates in sin-
gle quantum dots can be manipulated in a well-controlled way simply by applying
external electric and magnetic fields. This gives insight into the charge distribu-
tion and the g-factor of the particles within the dot. Introducing Mn?* ions into
the crystal matrix results in an efficient spin—spin interaction between carriers and
magnetic ions. We discuss giant magneto-optical effects like huge effective g-factors
and the formation of quasi-zero-dimensional magnetic polarons and demonstrate
how the optical response of a magnetic single quantum dot can be used to monitor
nano-scale fluctuations of the magnetization.

1 Introduction

The huge interest in semiconductor quantum dots (QDs) is driven on the
one hand by a variety of promising applications making use of the char-
acteristic J-like density of states and on the other hand by the possibility
to study fundamental physical aspects in these man-made ‘artificial atoms’.
In contrast to atoms, however, the properties of a semiconductor QD can
be tailored in a wide range, e.g. by varying its extension or its composi-
tion. For that reason, semiconductor QDs represent a new class of materials
with size dependent electronic, optical or even magnetic properties. Besides
chemical approaches, the most prominent technique for fabricating semicon-
ductor QDs is self-organized epitaxial growth. While in the past most of
these activities have been devoted to III-V compounds (see the Chapter by
Petroff in this volume), Xin and coworkers demonstrated in 1996 for the
first time the self-organized growth of CdSe/Zn(Mn)Se QDs [I]. Since this
time, the epitaxial growth of II-VI QDs has been demonstrated for a vari-
ety of different systems, including CdSe/Zn(S)Se [2,3,4,5,6], CdSe/BeTe [7],
Cd(Mn)Se/Zn(Mn)Se [8,9,10], CdTe/ZnTe [11] or CdSe/MgS [12]. Usually,

P. Michler (Ed.): Single Quantum Dots, Topics Appl. Phys. 90, 147-185 (2003)
© Springer-Verlag Berlin Heidelberg 2003
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these QDs are believed to consist of disc-shaped islands with diameters of
10nm or below and heights of only a few nm. The typical QD densities

are on the order of 1019-101 ecm=2 [13,14,15], although much larger QDs
with a lower density have also been observed in transmission electron micro-
graphs [10].

The physical understanding of these quantum objects has significantly in-
creased since researchers became able to study individual QDs, in particular
by means of spatially resolved photoluminescence (PL) spectroscopy [2,15,17]
[18,19]. Effects well known from atomic physics, like the Stark effect [20,21,22)
[23,24], the Zeeman effect [25,26,27], the Overhauser effect [28] and others
have been extensively investigated in single quantum dots (SQDs) during the
last few years. An external control of the QD properties can be achieved quite
straightforward. This includes on the one hand the manipulation of the QD
eigenstates in a well-defined manner by applying external electric or mag-
netic fields [20,21,22,23,24,25,26,27]. On the other hand, the occupation of
QD states with individual charge carriers can be adjusted simply by varying
the power of the exciting laser beam. Multiexciton formation has been ob-
served [25,26,29,30,31] and combining optical excitation with electrical carrier
injection gives access to charged excitons [32,33,34,35].

Although SQD research on III-V and on II-VI compounds goes hand
in hand, two particular properties give prominence to II-VI semiconduc-
tor QDs with respect to the more established InAs/GaAs system. First,
the high polarity of these materials results in large Coulomb and exchange
effects [25,30,36,37] and efficient exciton—phonon coupling [38,39]. Second,
the possibility to incorporate magnetic ions isoelectronically into the crys-
tal matrix gives access to magnetic semiconductor QDs with a quantum

efficiency high enough for performing SQD spectroscopy [40,41,42]. In par-
ticular, adding Mn?T ions has been shown to result in some characteristic
magneto-optical effects, like exciton magnetic polaron formation [40,42] or

giant g-factors [8] in quasi-zero-dimensional electronic systems.

Not only from the basic physics point of view but also for SQD-based
device prospects a detailed understanding and even an external control of
optical, electronic or magnetic properties is desirable. The large application
potential of single or coupled QDs is evidenced by a variety of novel con-
cepts envisioning devices used for single photon sources and single photon

turnstiles [13,44] (see the Chapter by Michler in this volume), quantum dot
memories [45] (see the Chapter by Petroff in this volume) or even quantum
computation [46,47]. Loss and DiVincenzo [10], e.g., suggest to use the spin

states of particles in a single QD dot as qubits. In that sense, the role of the
spin of electrons, holes or excitons as well as the spin—spin interaction within
a QD is of particular interest. Moreover, as the loss of spin information is
apparently reduced in QDs [18,19,50,51,52], the usage of (single) QDs should
also be promising in the rapidly growing field of spintronics. One example
of recent success within this area is the application of (diluted) magnetic
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semiconductors (DMS) for spin injection into a non-magnetic semiconduc-
tor [53,54,55]. Here, one might expect that combining the discrete density
of states of zero-dimensional systems with the adjustable magnetic proper-
ties known from magnetic semiconductors will open a new path to devices
based on the interaction between single carrier spins and the spins of magnetic
ions. Examples could be magnetic QD-based spin filters recently suggested by
Efros et al. [50] or the usage of magnetic SQDs in quantum computation [40].

In this contribution, we review recent results obtained from optical spec-
troscopy on epitaxially grown non-magnetic and semimagnetic II-VI SQDs,
mainly concentrating on aspects typical for these materials. The first part
is devoted to the intrinsic properties of self-assembled SQDs, occupied by
a well-defined number of particles, i.e. electrons and holes. We discuss the
role of electron—hole exchange interaction and exciton—phonon coupling, the
coupling of single exciton and biexciton states to the radiation field as well
as the formation of charged excitons either by purely optical excitation or
by combining laser excitation with electrical current injection. In Sect. 2,
we introduce approaches, which allow us to manipulate the SQD eigenstates
in a well-controlled way via external electrical or magnetic fields. This will
give access to the dipole moments and the g-factors, respectively, of the par-
ticles occupying the QD eigenstates. The last part of this contribution in-
troduces magnetic semiconductor QDs. This includes the demonstration of
strong magneto-optical effects like giant effective g-factors and the formation
of quasi-zero-dimensional magnetic polarons in magnetic SQDs. Moreover it
is shown that the optical response of SQDs can be used to monitor magne-
tization on a nanometer scale, revealing the impact of statistical magnetic
fluctuations on the properties of nano-scale magnets.

2 II-VI Single Quantum Dots — Intrinsic Properties

The discrete density of states allows us to populate QDs with particles (elec-
trons, holes) one by one. These particles interact with each other, e.g., by
Coulomb or exchange interaction, and with their environment, e.g. via pho-
non scattering or coupling to the radiation field. Due to the high polarity of
the II-VI materials studied all these effects are expected to be much more
pronounced compared to their In(Ga)As-based counterparts.

2.1 Single Excitons in a Quantum Dot

Optical transitions of single electron—hole pairs occupying the QD ground
state usually exhibit a spectrally rather narrow emission characteristics. How-
ever, this can only be seen if inhomogeneous broadening effects are sup-
pressed, i.e. if one addresses SQDs. This raises on one hand the question
on the limitations of the linewidth of optical transitions and on the other
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Fig. 1. Spatially resolved PL spectra for CdSe/ZnSe quantum dots. SQD selection
is obtained by optically addressing etched mesas with diameters down to 60 nm.
After [15]

hand allows us to study effects like exciton—phonon coupling or electron—
hole exchange interaction, which cannot be resolved in measurements on an
inhomogeneously broadened QD ensemble.

2.1.1 Single Exciton Transitions and Exciton—Phonon Coupling

The suppression of inhomogeneous broadening effects by reducing the number
of QDs contributing to the PL signal can be seen in Fig. 1, where PL mea-
surements on CdSe/ZnSe QDs are depicted for different spatial resolution.
Samples containing thin layers of CdSe (nominal thickness of 1 monolayer
(ML) and 3 ML, respectively) embedded in ZnSe barriers are compared. To
select individual QDs, nano-sized mesas with diameters down to 50 nm have
been prepared by electron beam lithography and wet chemically etching [15].
In these experiments, the excitation density was kept low enough to ensure,
that at maximum one electron—hole pair occupies the QD ground state. The
inhomogeneously broadened PL signal for large mesa sizes, i.e. for simulta-
neous excitation of 10° to 108 QDs, splits into individual emission peaks, if
one reduces the number of QDs addressed by increasing the spatial resolu-
tion. E.g. for the 1 ML sample, mainly one peak, which is attributed to the
recombination of a single electron—hole pair occupying the ground state of
a SQD, dominates the PL spectrum for the highest resolution.

Emission Linewidth of Single Exciton Transitions. It is quite interest-
ing to have a closer look at the linewidth of the optical transitions in II-VI
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Fig. 2. Spatially resolved PL spectrum of a CdSe/ZnSe SQD showing a resolution
limited linewidth of 70 peV. The inset shows the transient PL signal of this SQD
after pulsed laser excitation. From [51]

SQDs. While in the above presented measurements the linewidth was limited
by the spectral resolution of =z 400 peV, an emission linewidth of 100 ueV has
been found for the CdTe/ZnTe system [57]. Flissikowski et al. even report on
a resolution limited emission linewidth of 70 ueV for CdSe/ZnSe SQDs (see
Fig. 2). Apparently, the limitations of this experimental technique do not
allow one to extract the intrinsic linewidth of the optical transitions in IT-VI
SQDs, which for the ground state ultimately has to be limited by the ra-
diative recombination process. Indeed, using time-resolved PL measurements
on a CdSe/ZnSe SQD, Flissikowski et al. found that except for the damping
due to the radiative recombination no further decoherence for ground state
excitons occurs [58]. This is in quite good agreement with recent results on
self-assembled InAs/GaAs QDs, where it has been demonstrated that the
coherence of the ground state exciton is controlled by the radiative recom-
bination process (see the Chapters by Bayer and by Borri and Langbein in
this volume).

Tt has to be noted that similar to what is known for IIT-V SQDs [59,60,61],
some II-VI QD structures exhibit a much larger emission linewidth of
SQD transitions. Detailed experimental studies by us [35,62,63] and other
groups [36,64] demonstrated that this is due to fluctuating electric fields in
the nano-environment. Either by defect states within the epitaxial layer se-
quence [63] or by surface states [64], excess carriers might be captured and via
the quantum confined Stark effect this causes a transient shift of the eigenen-
ergies. Because of the statistical nature of this trapping/re-emission process,
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this results in a transient spectral diffusion of the PL signal. Therefore, in
time-integrated measurements, where one averages over lots of recombination
events, one obtains a broadening of the optical transitions. This is quite sim-
ilar to what is known from chemically prepared SQDs [65] or single molecule
spectroscopy [66]. Vice versa, this spectral diffusion can even be used to iden-
tify optical transitions of excitons, biexcitons or charged excitons belonging
to the same SQD [36,63,64].

Excited States and Exciton—Phonon Coupling. A straightforward ex-
perimental access to excited QD states and exciton—phonon coupling is PL
excitation (PLE) spectroscopy. While the detection energy is kept constant
during the measurements, the energy of the exciting laser beam is tuned
over a wide range. Adjusting the detection energy to the QD ground state,
a pronounced peak in the PLE spectrum thus indicates an absorption fol-
lowed by an efficient relaxation of the photoexcited carriers into the QD
ground state. Figure 3 reveals PLE spectra measured by Flissikowski et al.
for different CdSe/ZnSe SQDs [58]. Several features can be extracted from
the experimental data.

First, the spectrally narrow peak, which depends on the specific QD, is
located between ~ 35meV and ~ 45 meV above the ground state and can be
attributed to the first excited state of the QD. This is in good agreement with
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recent results of Rambach et al., who obtained for the same material system
an energy separation between the ground state and the first excited state
between about 20 meV and 60 meV varying from dot to dot [67]. Calculations
assuming typical QD diameters in the 10 nm range and QD heights of about
1-2nm as found by TEM measurements [13] underline this interpretation of
the data. Rambach et al. even demonstrated for some SQDs a splitting of the
excited states [(7], which apparently orginates from a reduction of the QD
symmetry, similar to what was found for InAs/GaAs SQDs [68].

The occurrence of a spectrally broad PLE resonance at around 25-30 meV
in Fig. 3 can be attributed to LO phonon replica and indicates an efficient,
LO-phonon assisted exciton relaxation to the QD ground state. The large
linewidth of the peak demonstrates that in a SQD, the electron—hole pair
couples to a distribution of LO phonons, in agreement to what was found by

Gindele et al. [39]. The increase of the PLE signal close to the detection energy
is shown to arise from the exciton coupling to acoustic phonons. Besombes
and coworkers [38] demonstrated that the acoustic phonon interaction cannot

be regarded simply as an inelastic scattering process which induces a loss of
phase coherence. As shown in Fig. 4, a strong deviation from a Lorentzian
lineshape is instead observed in PL measurements with increasing tempera-
ture and sidebands appear progressively around the central zero-phonon line
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(see inset of Fig. 4). The authors pointed out that in order to account for
these experimental findings, stationary eigenstates formed by the mixing of
the discrete excitonic states with the continuum of acoustic phonons have
to be considered. Interestingly, the thermal broadening of the zero-phonon
line is about 1.5 peV K1, which is more than a factor of 2 smaller than for
comparable quantum well structures. This is apparently a consequence of the
three-dimensional exciton confinement, i.e. the absence of final states with
suitable energy for the phonon scattering process [69].

2.1.2 Electron—Hole Exchange Interaction

Having a closer look on highly spectrally resolved PL spectra of SQDs, one
often obtains a doublet structure of the optical transitions. This occurs even
in the case of low excitation densities, where definitely only a single exciton
occupies the QD ground state, i.e. multiexciton formation can be ruled out.
While first reported by Gammonetal. for natural GaAs/AlGaAs SQDs in
1996 [19], similar results have been obtained shortly after for CdSe/ZnSe
SQDs [2,15,25]. In this system, however, the characteristic energy splitting
of the doublet structure exceeds the values found for III-V SQDs by roughly
one order of magnitude.

In the left part of Fig. 5, spatially resolved PL spectra of two different
CdSe/ZnSe SQDs are plotted for both linearly and circularly polarized de-
tection. As illustrated, QD1 reveals a clear doublet structure with an energy
splitting of about 0.8 meV, while for QD2, the energy splitting is quite small
and can hardly be resolved in linear spectroscopy. We found that the energy
splitting varies from dot to dot in magnitude and sign [70]. However, the two
components of the doublet are always linearly polarized and the polariza-
tion in most cases is oriented along the [110] and [110] crystal orientation,
respectively.

In order to understand these experimental findings, one first has to be
aware that due to strain and quantum confinement, the light holes are strongly
shifted in energy with respect to heavy holes and consequently the PL signal
arises from heavy hole excitons. The ground state of a heavy hole exciton in
a SQD is a spin quadruplet, which can be characterized by the z-component
(= component in growth direction) of the total exciton spin, M. If the
z-component of the electron spin, s, = +1/2, and the z-component of the
total angular momentum (for simplicity also called ‘spin’ in the following)
of the heavy hole, j. = +3/2, are antiparallel, we get M = s, + j, = £1
(the so-called ‘bright’ exciton states), while for parallel spins of the particles
M = s, 4+ j, = £2 (the ‘dark’ exciton states). According to the selection
rules, only the |+ 1) states couple efficiently to the light field if no mixing
between bright and dark states occurs. The spin of the particles results in
an exchange interaction between electrons and holes, which lifts the ground
state spin degeneracy dependent on the symmetry of the QD (see right part
of Fig. 5).
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Fig. 5. Left: Circularly and linearly polarized PL spectra of two different SQDs
(QD1 and QD2), respectively. Right: Energy level scheme for the exciton ground
state in SQDs. The fourfold spin degenerate eigenstate splits into optically active
and optically passive states due to the electron—hole exchange interaction Hexc

It is convenient to write the Hamiltonian Hey. for the electron—hole ex-
change interaction in a matrix representation with respect to the (|+1), |-1),
|+2), |—2)) states [70]. Considering first only the short range part of the
exchange interaction, one obtains for a QD symmetry of Cg, to Doy

—dy 01 00

1| & =500
Hexc - _5 0 0 50 52 . (1)

0 0 0260

Here, &g respresents the splitting between the bright and the dark excitons,
while 01 (d2) accounts for the splitting of the bright (dark) exciton doublet.
From the Hamiltonian it can be seen that no coupling between bright and
dark states occurs. It has been shown that dp in self-assembled CdTe/ZnTe
QDs almost reaches 1 meV [36], while for CdSe/ZnSe QDs even values clearly
above 1 meV have been found [25,71]. Thus, the bright-dark splitting in II-VI
QDs is significantly enhanced (by up to an order of magnitude) as compared
to InAs/GaAs QDs [72], a consequence of the strong exchange interaction in
these materials.

As discussed above, the II-VI QDs are most likely disc-shaped and be-
cause of the zincblende structure of the materials investigated, the symmetry
for QDs with cylindrical shape is Dg4. In this case, d; is zero [25] and no
splitting of the bright exciton doublet is expected. In contrast, the spin de-
generacy of the dark state doublet is already lifted (see Fig. 5). However,
a reduction of the symmetry either due to an anisotropic shape and/or due
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X1 = (1+1) £] - 1)/v2. (2)

In that case, the optical transitions of ground state excitons are expected to
be linearly polarized, which is exactly what is seen in the experiment (see
Fig. 5). A quite impressive experiment of Flissikowski et al. supports this
interpretation [58]. As shown in Fig. 6, photon beats are observed in time-
resolved PL spectroscopy on a SQD, if one excites a superposition of the
two spin-split eigenstates of the bright exciton. The beating period of 330 ps
corresponds to an energy splitting of 13 ueV, not resolvable in the spectral
domain.

At this point, one issue has to be discussed. As discussed by Puls et al. [71],
the energy splitting of the bright exciton states seems to be mainly given by
the long range part of the exchange interaction. This effect can be easily
included in our matrix representation simply by adding the components of
the long range exchange interaction to the subblock of the |M| = 1 excitons,
while it does not influence the dark states. This contribution mainly increases
the bright-dark splitting and, in case of a QD symmetry < Doyg4, the energy
splitting of the bright exciton doublet. It is experimentally quite difficult to
unambiguously separate the contributions of the long and the short range
part of the exchange interaction. However, the experimental data presented
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by Puls and coworkers [71], in particular the fact that the splitting of the
bright excitons exceeds the dark exciton splitting significantly is an indication
of a contribution of the long range part of the exchange interaction to the fine
structure splitting of optically allowed exciton states in SQDs. This, however,
does not change the eigenstate symmetry and therefore the fact that the opti-
cal transitions are linearly polarized. Note that the exchange splitting of SQD
transitions has been found also for CdTe/CdMgTe [57] or CdTe/ZnTe [11]
SQDs as well as in the InAs/GaAs system [75], which emphasizes the quite
general aspect of these findings.

2.2 Biexcitons and Charged Excitons

The ability to vary the power of the exciting laser on one hand and to use
(modulation) doped QDs or to inject electrons or holes electrically into a SQD
on the other hand allows one to change the population of SQDs with indi-
vidual carriers in a well-defined way. Here, we concentrate on the formation
of biexcitons and charged excitons in II-VI SQDs and discuss their binding
energy as well as the coupling to the radiation field.

2.2.1 Biexciton Binding Energy in II-VI Single Quantum Dots

As soon as the number of optically generated electron—hole pairs is compa-
rable to or even larger than the number of QDs excited in the sample, the
population of the QD eigenstates by more than one electron—hole pair be-
comes likely. The formation probability of biexcitons (= two electron-hole
pairs) is strongly non-linear [76], in accordance to what is known from higher
dimensional systems. This can be clearly seen in Fig. 7, where PL spectra of
two different CdSe/ZnSe SQDs (QD1 and QD2, respectively) are plotted for
various excitation densities. In case of low excitation, only single electron—
hole pairs occupy the QD ground state and the exchange doublet (see above)
of the single exciton transition dominates the PL spectrum. If one increases
the excitation density, new lines appear around 2.27-2.275 eV, red shifted by
about 23-25 meV with respect to the single exciton transitions X. From the
power dependence as well as from the polarization properties (see below),
these emission peaks can be attributed to optical transitions from the biex-
citon state, Xs. Interestingly, the same doublet structure occurs for exciton
and biexciton transitions of a given SQD.

Because of the Pauli exclusion principle, the QD ground state can be
occupied by maximal two electron—hole pairs and the biexciton has to be
a spin singlet state as both the electrons and the holes must have antiparallel
spins. This has a rather important consequence for optical transitions of
biexcitons. As a direct recombination of the biexciton to the ground state
is forbidden, the exciton is the final state of recombination for biexciton
transitions. Consequently, the symmetry of the exciton eigenstate controls the
fine structure splitting of both the biexciton as well as the exciton transition.
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This becomes even more clear if one looks at the polarization resolved PL
spectra (Fig. 7, bottom). E.g. for QD1, both the exciton and the biexciton
lines are linearly polarized. Remarkably, the energy sequence of the polarized
components is different for the exciton and the biexciton transitions. While
the ¥ component is the low energetic component of the exciton doublet,
the low energy component of the biexciton transition is 7 polarized and
vice versa. This is exactly what we expect from the selection rules of optical
transitions in SQDs, if we take into account the exchange splitting of the
single exciton state and the fact that neither the biexciton state nor the
ground state is split due to their spin singlet structure (see also Fig. 14).

The fine structure of the exciton and the biexciton emission has an im-
portant impact on the determination of the biexciton binding energy in QDs.
The energetic distance Aj; between the emission of the single exciton and
the two exciton complex apparently depends strongly on the PL polarization.
As a consequence, in QDs with a large exchange splitting of excitons, A},
and the biexciton binding energy A,; are different entities. The biexciton
transition corresponds to the transition from the spin singlet biexciton state
to the excited (|£1)) rather than to the ground (]£2)) exciton state. Thus,
in QDs, Ay should be defined by the following equation

AM:A;/[—2(50:F(51—52 (3)

for #* and 7¥ polarization, respectively. E.g., for QD1 we obtain A}, =
24.9meV (23.3meV) for n” (7¥) polarization, which, however, is much larger
than Ajys. Thus, the commonly used energetic distance between the exciton
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and the biexciton emission results in a strong overestimate of the biexci-
ton binding energy by several meV [25]. Nevertheless, the biexciton bind-
ing energy for II-VI QDs is strongly enhanced as compared to their I1I-V
counterparts, a direct consequence of the larger Rydberg energy in these
materials. Slightly smaller biexciton binding energies have been found for
self-assembled CdTe/ZnTe QDs [36] and CdTe/CdMgTe QDs grown on vic-
inal surfaces [57], while in the CdS/ZnS system biexciton binding energies
even far above 30 meV have been obtained [37].

2.2.2 Coupling to the Radiation Field — Exciton Versus Biexciton

The fact that the final state of biexciton recombination is the single exciton
state can be directly seen in time-resolved experiments. In analogy to what
is known from nuclear physics as a consecutive decay, the recombination of
the biexciton should feed the population of the exciton state.

In the left part of Fig. 8, transient PL spectra are plotted for a single
CdSe/ZnSe QD showing both the exciton X (at £ = 2.690eV) and the
biexciton B (at E = 2.6715€eV) contribution to the PL signal. Here, an
etched mesa with a diameter of only 50 nm has been used for SQD selection.
This has allowed us to address only one individual QD, i.e. any interaction
between particles in different dots can be neglected. No transient change of
the lineshape and the emission energy is observed for both lines, indicating
the absence of any marked filling of excited QD states. However, the relative
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contribution of the two peaks changes in a characteristic way with increasing
time.

The time dependence of the PL intensity of the exciton and the biexciton
transition are shown in the right part of Fig. 8. The decay of the biexciton
signal is monoexponential with a time constant of 310 ps. In contrast, the
onset of the exciton line is significantly delayed, resulting in “plateau-like”
characteristics of the exciton decay curve. This behavior is in contrast to what
is usually observed in bulk or high quality quantum wells, where biexcitons
are formed by combining two excitons and the onset of the biexciton rather
than the exciton emission is delayed.

The dynamics of the exciton and the biexciton in a SQD can be described
taking into account the discrete number of excitons (0, 1, or 2) which are
allowed in the QD ground state because of the Pauli exclusion principle, and
the fact that the final state of the biexciton recombination is an optically
allowed state of the single exciton. Moreover, neither biexciton formation
nor biexciton dissociation have to be taken into account due to the 3D con-
finement in the QD. This results in an elegant analytical expression for the
time evolution of the probabilities for the population of the biexciton and the
exciton states, wo and wi, respectively:

dwy _ _wy g 4w w1 wp (@)
dt T2 dt T1t T2

with 1/7; = 1/71 + 1/715, where 71 and 72 are the radiative recombination

times of the bright exciton and the biexciton, respectively, and 7y is the spin
flip time from bright to dark excitons states.

This equation system results in an exponential decay of the biexciton line
and a nonmonotonic time dependence for the exciton line, in full accordance
with the experimental findings. This clearly indicates a cascaded decay of
biexcitons and excitons, in agreement with the conclusions drawn from the
optical selection rules. Taking into account the fact that 715 exceeds the
radiative lifetime of bright excitons significantly [30,77], one obtains 71 & 71;.
From a fitting of the experimental data with this simple model (see solid line
of Fig. 8), we surprisingly obtain a radiative lifetime of the biexciton which
is comparable to the single exciton one [30].

In general, the ratio between the biexciton and the exciton lifetime, 72 /71,
should depend on both the spin structure of the particles and their spatial
wavefunctions which govern the coupling to the photon field, i.e. the dipolar
superradiance effect. It has been shown that in the limit of very small QDs
(dot radius 740t much smaller than the Bohr radius ag), Coulomb interaction
induced corrections to the electron and hole wavefunctions in the confining
potential are negligible. In that case, the biexciton lifetime should be half
the exciton one [30]. Apparently this contradicts our experimental findings.
However, model calculations show an increase of the spatial separation of the
hole wavefunctions with increasing dot radius, while in contrast the electron
wavefunctions are almost homogeneously distributed within the dot [78]. In
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close analogy, e.g. to the spatial separation of the protons in an Ho-molecule,
this is a direct consequence of the different masses of electrons and holes
and has an important impact on the radiative lifetimes of biexcitons. As the
annihilation of a |+ 2) (| — £)) hole with a |+ 1) (| — £)) electron is dipole
forbidden, a spatial separation of the holes results in an increase of the biex-
citon lifetime, because only closely lying electron—hole pairs with antiparallel
spins are able to couple to the radiation field, i.e. the biexciton lifetime is
expected to approach the exciton one in the case of QDs with sizes compara-
ble to the Bohr radius. In the limit of extremely large ‘dots’ (i.e. 7qot > aB),
a biexciton lifetime even larger than the exciton one is expected [30,79]. This
simple model idea agrees quite nicely with the experimental findings, sug-
gesting that both the spatial distribution of the carrier wavefunctions as well
as their spin structure have to be taken into account when discussing the
coupling of excitons and biexcitons to the radiation field [30].

2.2.3 Charged Excitons

Laser excitation usually generates electron—hole pairs, i.e. the number of elec-
trons populating the QDs is expected to be identical to the number of holes. In
semiconductors, however, both (modulation) doping and electrical injection
can be used for an efficient injection of either electrons or holes. Combining
these techniques with laser excitation in QDs, one may expect the formation
of charged excitons occupying the QD eigenstates.

Modulation Doped Quantum Dots. In a variety of II-VI quantum wells
it was demonstrated that laser excitation above the barrier bandgap results in
the occurrence of a new PL line located at the low energy side of the single ex-
citon signal. This includes experiments on modulation doped CdTe-quantum
wells [80] and nominally undoped as well as doped ZnSe-quantum well het-
erostructures [31,82]. Apparently excess electrons (holes) from the barrier are
captured by the quantum well and in conjunction with the optically excited
electron—hole pair form negatively (positively) charged excitons.

Quite recently, Besombes and coworkers [36] applied this experimental
technique to CdTe/ZnTe SQDs. As can be seen in Fig. 9, a new line X~
appears in the SQD PL spectra, energetically located between the single
exciton X and the biexciton X5 line. The authors conclude that this line
arises from negatively charged excitons. Although the trion and the biexciton
signal coexist in the SQD PL spectrum, one should note that the QD is
either populated by a biexciton or by a charged exciton at a time. Only due
to the statistical nature of the QD population one observes both lines in
time-integrated PL measurements, where one usually averages over lots of
recombination events. Depending on the specific SQD studied, typical trion
binding energies range from 6 to 8 meV and a strong correlation between the
binding energies of the charged exciton and the biexciton is observed [30].
Similar findings have been reported in CdSe/ZnSe SQDs grown by metal



162 Gerd Bacher

q (a) B=0T
2 1000

2 100

=
PL Integrated Intensity (arb.unit)

10' 10° 100 .
Excitation density (W.em”) X

Norm PL intensity (arb.unit)

40P,

i %o+ O+ (b) B=8T

. 1 . 1 . 1 .
1930 1940 1950 1960 1970

Energy (meV)

Fig.9. (a) PL spectra of a SQD taken under two different excitation densities
(Py = 5W/cm?). (b) Non-polarized PL spectrum at B = 8 T. The inset shows the
integrated PL intensity of the emission lines of the exciton X, the charged exciton
X~ and the biexciton X» plotted versus excitation density. From [30]

organic vapor phase epitaxy using cathodoluminescence experiments. Here
the binding energy of the trion even reaches values in the order of 10 meV [83].
Both groups used the correlated spectral diffusion observed for the trion and
the neutral exciton PL signal to demonstrate that both transitions originate
from the same SQD, similar to what was observed for exciton—biexciton pairs
in CdSe/ZnSe SQDs [63].

Electrical Injection of Electrons into Single Quantum Dots. The
purely optical approaches to manipulate the charge inside a quantum dot
are based on statistical emission/re-emission processes of impurities in the
semiconductor matrix embedding the dots. This all-optical technique will
not be sufficient to switch the charge state of a QD by external means. To
obtain a direct control over the charge inside a SQD electrical injection of
single carriers is desirable [33,34].
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In Fig. 10, the sample geometry used for a controlled injection of single
electrons into a II-VI SQD is shown schematically. Self-assembled CdSe QDs
embedded in ZnSe barriers have been grown on a highly n-doped (doping level
~ 2x 108 cm™3) GaAs substrate. To address SQDs a 100 nm thick chromium
mask was deposited on the sample surface containing lithographically defined
nanoapertures of various sizes (diameters down to 80 nm). The metal mask
was also used as a top contact for the application of a vertical electric field.
By applying a bias between the top contact and the substrate the Fermi level
of the heterostructure can be tuned relative to the SQD ground state allowing
electrons from the substrate to enter the SQD.

The right part of Fig. 10 shows the PL emission of two individual QDs,
labelled as QD1 and QD2, for various bias voltages applied to the top contact.
For a high negative bias the PL spectra consist of a single line due to exciton
(X) recombination from the ground state. In this case the Fermi level of
the heterostructure is below the QD ground state and electrons from the
substrate cannot occupy QD states. For increasing positive bias, a second
line, denoted as X ~, emerges on the low energy side. This spectral feature
reflects the emission from the negatively charged exciton state, since electrons
from the substrate can reach the QD ground state. The binding energy of
the negatively charged exciton is 10.4meV for QD1 and 8.0meV for QD2.
Interestingly, both the lineshape and the linewidth of the neutral and the
charged exciton emission are remarkably similar for X—X ~ pairs belonging
to the same SQD. In fact, these data show that the charge state of a SQD
can be switched by applying a vertical electrical field.

It is well worth comparing the results found for II-VI SQDs with the
ones obtained in GaAs-based SQDs. The main difference here seems to be
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of a quantitative nature: the binding energies of trions in II-VI SQDs are
much higher than in GaAs/AlGaAs [341] or InAs/GaAs [33,34] SQDs. This
is similar to what is known for the biexcitons and is related to the larger
Coulomb effects in the II-VI materials. However, it might be very attractive
for spintronics or quantum information technology to combine the technique
of electrical single electron injection into a SQD with the usage of spin align-
ers consisting of magnetic semiconductors for injecting single, spin polarized
electrons into a SQD or even a SQD molecule.

3 Eigenstate Manipulation by External Fields

Up to now, we have discussed how to control the occupation of SQDs with
individual carriers either by optical excitation or by combining optical and
electrical carrier injection. For the usage of SQDs for device applications in
addition an external control of the SQD eigenstates would be desirable. Here,
we show how the eigenstates in II-VI SQDs can be manipulated in a well-
controlled way by applying either external electric or magnetic fields.

3.1 Applying Electrical Fields — The Stark Effect

By applying electrical fields to low dimensional semiconductor structures the
eigenstates can be changed via the quantum confined Stark effect. This is
well-known for quantum wells or for QD ensembles. Exposing a SQD to
a well-defined external electrical field, however, is quite challenging and re-
quires a highly developed nanotechnological approach. In the framework of
the quantum confined Stark effect, the energy shift A F of the QD eigenstates
in an external electric field F' is for small fields usually described by

AE =p F +aF?, (5)

where [, and « are the components of the permanent dipole moment and
the polarizability, respectively, in the direction of the electric field F'. Thus,
a careful analysis of the field-induced energy shift of the SQD PL signal can
be used to extract detailed information about the permanent and the induced
dipole moment of the recombining particles in the QD.

3.1.1 Lateral Electrical Fields

In CdSe/ZnSe QDs the dot height is usually much smaller than its lateral
extension [13,15]. Thus, the electronic eigenstates should be much more sen-
sitive to lateral electric fields as compared to vertical ones. In order to apply
well-controllable lateral electric fields, a capacitor-like geometry as shown in
the left part of Fig. 11 was developed. Self-assembled CdSe/ZnSe have been
grown on an insulating GaAs substrate. For SQD selection, etched mesas
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Fig.11. Left: Scanning electron micrograph of an etched mesa structure used for
SQD selection embedded between two Au contacts. Right: Energy shift A E versus
lateral electric field [Symbols: Experiment, solid line: Fit according to (5)]. The
inset shows normalized PL spectra for two different voltages

acting as nanoprobes have been prepared lithographically while in a second
lithography step, pairs of Au electrodes with a gap between d = 2 um and
d = 8 um have been defined [24]. Assuming that the mesa containing indi-
vidual CdSe/ZnSe QDs is placed close to the center of the capacitor and the
mesa diameter is small compared to the distance between the electrodes, the
electric field F' applied to the SQDs is given in a good approximation by

U
Fr—. (6)
Here U is the applied voltage, ¢ = 9.3 is the dielectric constant of the
CdSe/ZnSe QD and d is the distance between the electrodes. Thus, the elec-
tric field acting on the QD can be calculated quite accurately, in contrast to
other approaches, where simply metal stripes have been defined on top of the
samples [21,23].

As can be seen in the right part of Fig. 11, applying a voltage to the
contacts results in both an energy shift and a linewidth broadening of the
single exciton luminescence signal (see inset of Fig 11). E.g. for this particular
SQD, a voltage of U = 52V (corresponding to an electric field of about
13kV/cm with d = 4 pm) causes a redshift of the PL peak of about 1 meV.
While the linewidth broadening at high electric fields is a consequence of
a field-induced tunneling of the carriers out of the SQD [21,35], the energy
shift A E is due to the quantum confined Stark effect.

The experimental data can be described by a pure quadratic dependence
of the energy shift on the applied electric field (solid line in Fig. 11). No
indication of a significant contribution from the linear Stark effect due to
a permanent dipole moment is found. For this SQD, we obtain an exci-
ton polarizability of a@ = 4.9 x 1073 meV cm?kV 2. This value is in quite
good agreement with theoretical calculations, assuming a disc-shaped QD



166 Gerd Bacher

with a diameter of 8 nm and a lateral potential depth for the electrons and
holes of 100 meV [24], which seems to be quite reasonable for these kinds of
CdSe/ZnSe QDs [13,15].

3.1.2 Vertical Electrical Fields

In order to apply electrical fields in the vertical direction, the technological
approach depicted in Fig. 10 is used. At first glance, one might expect that in
this geometry the sensitivity of the eigenstates to electrical fields is smaller
than in the case of lateral fields, as the extension of the QD in the vertical
direction is much smaller than in the lateral one. However, two important
points have to be emphasized. First, the intrinsic zone of the Schottky diode
can be kept small, i.e. the electric field mainly drops in the vicinity of the
QD region. Second, there is no air bridge between the contacts and the QD
resulting in higher effective electrical fields acting on the SQD for a given
voltage.

Applying a vertical voltage of only a few volts to the Schottky diode
results in a measurable energy shift of the QD PL signal. This is shown in
Fig. 12, where the Stark shift A F is depicted for the neutral and the charged
exciton for two different SQDs. Although the Stark shift seems to be linear
throughout the investigated voltage range, a clear separation of the linear
and the quadratic contribution to the Stark effect is quite difficult due to
the small energy shifts obtained. As can be seen from the data the Stark
shift of the charged exciton emission for QD2 amounts to about 1.0 meV for
the highest applied bias value of U = 3.0V, whereas the neutral exciton
emission from the same SQD shows a considerably smaller energy shift of
only 0.4 meV. This might be due to the fact that the number of negatively
charged particles is twice as large for the trion than for the neutral exciton.
The same ratio of the dipole moments is found for the emission lines of QD1,
which generally show a weaker dependence on electric field than that of QD2,
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Fig. 12. Energy shift versus applied voltage in vertical direction for the neutral
and the charged exciton emission from two SQDs (QD1 and QD2, respectively).
The solid lines are guides to the eye
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most likely due to a stronger confinement and/or a smaller QD size in the
growth direction.

3.2 Applying Magnetic Fields — The Zeeman Effect

Single Exciton Transitions. Due to the spin of the particles, the QD
excitons cannot only couple to electric fields, but also to magnetic ones. This
gives the opportunity to manipulate the eigenstates of these ‘artifical atoms’
using the Zeeman effect, similar to what is known for ‘real” atoms.

In the matrix representation introduced above (1) the Zeeman interaction
can be included quite easily in the Hamiltonian, which is for the Faraday
geometry given by

—00 + g1uBB 01 0 0
1 01 —d0 — 1B 0 0
Hexc,B - _5 : 0 0 50 _g2NBB 52 (7)
0 0 (52 (50 + 92MBB

Here, g1 = ge+3¢gn and g2 = g.—3gn (ge = electron g-factor and g, = g-factor
of the heavy hole) represent the effective g-factors of the bright and the dark
excitons, respectively. Solving the Schrodinger equation, the magnetic field
B induced change of the eigenstates can be derived. Limiting ourselves to the
optically active bright excitons we obtain for the eigenenergies F 5 and the
eigenstates | X 12)

Eip=1/2 (50 F1/(g1uBB)? + 5%) , (8)

[+ E(VI+a?Fa)|-1)
V2V/1+ a2 Favl+a?

From these calculations it can be seen that both the energy splitting as well
as the symmetry of the eigenstates are expected to depend on «, which is
given by the ratio between the Zeeman and the exchange energy. In order to
demonstrate this experimentally, a vertical magnetic field (Faraday geometry)
was applied to self-assembled CdSe/ZnSe SQDs.

In Fig. 13, magneto-PL spectra for two different QDs are plotted for var-
ious magnetic fields. Low excitation density ensures only recombination from
neutral single excitons. The solid lines correspond to o™ -, the dashed line to
o~ -polarized light. Two important features can be extracted from the data.
First, the energy splitting between the upper and the lower spin state of the
exciton increases with B, and second, the polarization of the optical transi-
tions changes from purely linear at zero field to almost completely circular
for the highest magnetic field of 8 T applied. This is exactly what one ex-
pects from the magnetic field induced change of the eigenenergies and the
eigenstates (8,9).

X12)

;o= g1ugB/ér. 9)
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Fig. 13. Circularly polarized PL spectra from two individual QDs for different
magnetic fields applied in the Faraday geometry

Biexciton Transitions. Because of the Pauli exclusion principle, a pair
of excitons (= biexciton) occupying the QD ground state is a spin singlet
state. In analogy to what was found for the exchange splitted exciton and
biexciton transitions, one would expect that the Zeeman effect will modify
the biexciton transitions in a quite similar way to the exciton ones.

This can be nicely seen if one looks at the polarization properties of op-
tical transitions in a SQD as a function of magnetic field. In Fig. 14, linearly
polarized zero field PL spectra of two SQDs, QD1 and QD2, are compared
to circular polarized ones at B = 8 T. It is interesting to follow the polariza-
tion sequence for biexciton and exciton transitions. While at B = 0 the #”
polarized component of the exciton transition in QD1 is the higher energetic
part of the doublet, the situation is exactly the opposite for the biexciton,
where the 7% polarized component forms the low energy part of the doublet.
As discussed in Sect. 2.2 (see, e.g. Fig. 7), this can be understood by look-
ing at the symmetry of the exciton eigenstates at zero field, which, e.g. for
the asymmetric dot is a linear combination of | + 1) and | — 1) states. For
high magnetic fields, the | + 1) and the | — 1) states become eigenstates of
the system, resulting in circular polarized transitions for excitons and biex-
citons. Interestingly, the energy sequence of the ot and o~ transitions at
B = 8T is the same for excitons and biexcitons, i.e. for both transitions the
o~ -polarized component is the high energetic one of the Zeeman doublet.
Comparing the zero field data and the experiments at high magnetic fields,
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Fig.14. Left: PL spectra from two SQDs showing the single exciton (X) and
the biexciton (X2) transition. Linearly polarized data are plotted for B = 0 and
circularly polarized spectra are shown for B = 8 T. Right: Energy level scheme for
the bright exciton and the biexciton states in a QD. The optical transitions and
the corresponding polarizations are included as solid and dashed lines, respectively

it can be clearly seen that if the 7% (7¥) components of the exciton line trans-
form with increasing magnetic field B into the o~ (o) lines, the biexciton
emission component 7% transforms into o™ and, vice versa, ¥ into ¢~ lines,
in full agreement with the theoretical expectation (see right part of Fig. 14).

In Fig. 15, the energy splitting 6;(B) = E; — E is plotted for both
the exciton and the biexciton transition for QD1 and QD2. Due to the fact
that no Zeeman splitting occurs for the biexciton state, the magnetic field
induced energy splitting should be identical for the exciton and the biexciton
transition. This is exactly what is seen in the figure. As in QD1 the zero
field exchange splitting §; ~ 0, §;(B) increases almost linearly with B with
a g-factor of g; = 1.6. For the asymmetric QD2, in contrast, 0;(B) strongly
differs from the linear dependence. This deviation is related to the large zero-
field splitting &; of the radiative exciton state due to electron—hole exchange
interaction. Taking the exchange splitting §; from the zero-field data, the
energy shift of both QDs can be described quite nicely according to (8) with
the effective g-factor g; of the bright exciton as the only fitting parameter. It
is worth noting that no sigificant variation of the g-factor was found for the
SQDs under investigation.
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From the variation of the eigenstates with magnetic fields, one can easily
see that the interplay between exchange and Zeeman interaction results in
a change of the eigenstate symmetry with increasing field. The linear polar-
ization obtained for zero-field transitions transforms into circular polarized
transitions for high magnetic fields (see Fig. 14). From the eigenstates given
by (9), one can define a degree of circular polarization P given by

o+ o—

_! _I_:1— = : (10)
Iot +1° a?+avl+a?+1

In order to compare this magnetic field-induced change of the eigenstate
symmetry with experimental data, one has to be aware that analyzing exci-
ton transitions would not give the correct result, as in that case the measured
polarization degree not only depends on the eigenstate symmetry, but also
on the spin flip process between the exciton eigenstates. For that reason, we
plotted in Fig. 16 the polarization degree of the biexciton transition versus .
The transition from the spin singlet biexciton state to the radiative doublet
of the single exciton is not affected by any spin flip processes. Consequently,
the polarization degree does purely reflect the symmetry of the exciton eigen-
states. As can be seen in Fig. 16, indeed the experimental data can be well
described by the theory. Thus, the interplay between exchange and Zeeman
interaction gives a coherent description of the fine structure of single exciton
and biexciton transitions in CdSe/ZnSe SQDs. Recently, similar results have
been obtained for CdTe/CdMgTe SQDs [57].

Finally, we would like to comment on the dark states of the exciton. As
mentioned above, in CdSe/ZnSe QDs the splitting between dark and bright
states exceeds 1 meV and for a QD symmetry of Cs, or above, a magnetic field

P
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Fig. 16. Degree of polariza-
tion P taken for the X transi-
tion. The symbols characterize

F=17)/(+17)
o

0.0 experimental data, the solid
0 1 2 3 4 5  line is a fit according to (10).
o = g,ugB/6, From [30]

in Faraday geometry cannot mix bright and dark states. For localized states
in CdZnSe/ZnSe quantum wells, it was shown by Puls et al., that a magnetic
field in Voigt geometry can cause mixing of bright and dark states [77], in
accordance to what is expected from theory [75]. In addition, even for Faraday
geometry a contribution of dark states to the single exciton PL spectrum
was observed in InGaAs/GaAs [72] and in CdTe/CdMgTe [57] SQDs. This is
attributed to a further reduction of the QD symmetry, where a pronounced
mixing of bright and dark states will become possible even for a magnetic
field applied in the growth direction.

4 Single Magnetic Semiconductor Quantum Dots

In IT-VI semiconductors, magnetic ions like, e.g. Mn?* can be incorporated
isoelectronically into the crystal matrix. Lots of studies on such magnetic
semiconductors have been reported so far for bulk and quantum wells. Only
recently, people succeeded in the epitaxial growth of quantum dots contain-
ing magnetic ions [8,9,10]. II-Mn—VI QDs with a PL efficiency large enough
to perform optical studies on SQDs became accessible. This is in contrast
to III-Mn-V compounds, where the Mn?* ions act as p-dopants and poor
quantum efficiencies are obtained so far. First measurements have been per-
formed on ‘natural’ CdMnTe/CdMgTe SQDs [12] or lithographically defined
CdTe/CdMnTe SQDs [37]. Nowadays, the research efforts mainly concen-
trate on self-assembled Cd(Mn)Se/Zn(Mn)Se QDs and recently, optical spec-
troscopy on CdSe/ZnMnSe SQDs was reported for the first time [40,41].

4.1 Giant Magneto-Optical Effects in a Zero-Dimensional System

In magnetic semiconductor SQDs, exchange interaction not only occurs be-
tween electrons and holes, but also between charge carrier spins and the
spins of magnetic ions of the crystal matrix. This has some important conse-
quences, like the occurrence of giant magnetooptic effects. This includes the
giant Faraday and the giant Zeeman effect as well as the formation of exciton
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magnetic polarons (EMPs) [88]. An EMP is a small area in the crystal where
the spins of the charge carriers and the spins of the Mn?T ions are strongly
correlated due to sp-d exchange interaction.

The formation of quasi-zero-dimensional magnetic polarons as bound
states becomes evident if temperature dependent measurements are per-
formed on a diluted magnetic SQD. At low temperatures, the Mn?* spins
are aligned in the quantum mechanical exchange field of the charge carriers.
For increasing temperature the magnetic ordering inside the EMP is reduced
and thus the emission line should shift to higher energy. It is important to
note here that in a QD, the electronic localization does not change with tem-
perature, provided the temperature is low enough to suppress a significant
occupation of excited QD levels or extended states in the wetting layer or
the barrier. Thus, in the equilibrium case the variation of the PL energy
E(T) with temperature directly reflects the thermally induced change of the
Mn?* spin alignment and can be well described by a Brillouin-like behaviour
characteristic of a paramagnetic spin system [12,89]:

(11)

B
E(T) = Egap(T) + C Bs 2 (M) 7

2kp(T + Tp)

where C' = —1vNo(a— 3)xSo and Bs 5 () is the Brillouin function for spin S
= 5/2. Here, Ega,(T) describes the temperature dependence of the bandgap,
gy the g-factor of the Mn?* ions and C' is a temperature independent con-
stant depending on the well-known exchange parameters for the electron Nya
and the hole Ny, the Mn concentration x, the effective spin of the localized
Mn?t ions Sy, and the overlap « of the exciton wavefunction with the Mn?*+
ions. The exchange field Byp describes the interaction between the carrier
spins and the spins of the magnetic ions and the phenomenological parame-
ters Sp < 5/2 and Ty > 0 take into account the antiferromagnetic interaction
of neighboring Mn ions.

In diluted magnetic semiconductors the magnetization M can be de-
scribed by a modified Brillouin function [39]

5MBgMnB >

2kp (T + Tp) (12)

M(B,T) = xNogympsSo Bs /2 (
For zero external magnetic field the magnetic field B is given by the exchange
field Byp and combining (11) and (12) one immediately obtains a nice rela-
tion between the temperature dependent PL energy shift A F and the mag-
netization M in a magnetic semiconductor SQD:

AB(T) = B(T) = Fgup(T) = - 22D ap(pyp 7). (13)
21tBgMn

Note that (13) only holds in the equilibrium case, i.e. if the spins of the
magnetic ions reach their equilibrium state prior exciton recombination.
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Fig.17. (a) Temperature dependence of the PL energy for non-magnetic (open
symbols) and magnetic (solid circles) SQDs. (b) Experimental (symbols) and cal-
culated (solid line) magnetic contribution to the PL energy shift of a magnetic SQD
versus temperature. The data are plotted in a way that A E reaches zero in the
limit of high temperatures. From [412]

In Fig. 17a, the PL energy of a ‘natural’ CdMnTe SQD is plotted in
comparison to its non-magnetic CdMgTe counterpart. The QDs are formed
by embedding nominally 3 MLs of Cdg.g3Mng.g7Te (Cdg.9sMgo.o7Te) within
Cdg.60Mgp.40Te barriers and SQD selection is obtained by using metal nano-
apertures with diameters down to 100 nm [12]. As expected, the PL line of
the non-magnetic SQD shows a monotonic shift to smaller energies accord-
ing to the temperature induced band gap shrinkage. In contrast, the energy
of the PL line in the magnetic SQD first increases with T'. This can be at-
tributed to the thermal suppression of EMPs and thus to a reduction of the
EMP binding energy. Only for T" > 20 K does the influence of the band gap
shrinkage dominate. By comparing the PL shift of the non-magnetic SQD
and the shift found for the magnetic SQD (see symbols in Fig. 17b), we can
extract A E, i.e. the part of the energy shift which is of purely magnetic ori-
gin and thus reflects the change of the magnetic localization within the EMP
with temperature. As can be seen in the figure, this temperature dependence
can be well described by a Brillouin-like behaviour according to (11). The
excellent agreement between experiment and calculations strongly supports
the validity of the equilibrium model used. Moreover, an EMP binding en-
ergy of Eyip &~ 10.5meV at T'= 2K as well as an internal exchange field of
Byp = 3.5 T can be directly exctracted from the data.

Due to the magnetic ions involved, the electron—hole pairs do not only
couple to an external magnetic field via their band g-factor g1, but in ad-
dition via the Mn?*t system. In fact, the energy splitting Ez of the exciton
eigenstates of magnetic QDs in an external magnetic field is given by [12]

5/“LBgMn-B
Ey = g1jip By _ B)YN _OHBIMn D 14
7 = G118 Bext + (o — B)yNoxSo B 2 (2kB(T 7o) (14)
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The magnetic field B contains both the exchange field Byp and the ex-
ternal field Beyt and is given by B = Byp + Bext- It becomes clear that
the energy splitting Fz between the | + 1) and the | — 1) exciton states is
strongly enhanced as compared to non-magnetic QDs. Moreover it can be ad-
justed by changing the concentration of the magnetic ions in the SQD. This
is shown in Fig. 18, where for ‘natural’ Cd;_;_,Mn,Mg,Te/Cdy.cMgo.4Te
SQDs the energy shift of the o7 polarized PL component is plotted versus
external magnetic field. For a Mn?T concentration of 2 = 0.005, the PL signal
shifts to higher energies, which corresponds to a negative g-factor of —3.2,
mainly given by the band g-factor of the exciton. With increasing manganese
concentration, a more and more pronounced red shift of the o polarized
PL peak is obtained and it can easily be seen that this energy shift exceeds
the values found in non-magnetic SQD (see Fig. 13) by 1-2 orders of mag-
nitude. This effect is usually called the giant Zeeman effect. Although due
to the Brillouin-like energy shift the definition of an effective g-factor may
not be appropriate, one can use the linear part of the Brillouin function,
i.e. the limit of small magnetic fields, to estimate an effective g-factor geg in
these magnetic SQDs. Depending on xpy,, values even larger than geg = 100
can be extracted from the data and just recently, Kratzert et al. obtained for
self-assembled CdMnSe/ZnSe QDs effective g-factors on the order of 200 [3].

4.2 Statistical Fluctuations of the Nano-Scale Magnetization

The unique possibility to tailor electronic and magnetic properties indepen-
dently has triggered a variety of visionary device concepts, based on control-
ling the interaction of zero-dimensional carrier spins and the spins of magnetic
ions [46,50]. However, as one proceeds to ultrasmall magnetic systems, there
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arises a fundamental limit for operating such devices: statistical magnetic
fluctuations are expected to severely restrict the device functionality. As we
have shown above, the PL signal of a magnetic SQD can be used to mon-
itor changes of the magnetization. The question arises, whether nano-scale
magnetic fluctuations are accessible by SQD spectroscopy.

For that purpose, self-assembled CdSe/ZnMnSe SQDs have been studied
by magneto-PL spectroscopy. A nominal CdSe thickness of 2.5 monolayers
and a Mn content of x = 0.25 have been chosen. In such a wide-bandgap self-
assembled II-VI QD, the exciton is three-dimensionally confined. For mag-
netic fields below ~ 10 T, the QD radius is smaller than the typical magnetic
length of | = y/h/eB. In addition the energy spacing between the ground
state and excited states is in the range of several tens of meV [58,67], i.e. much
larger than the thermal energy for temperatures below ~ 100 K. Within these
limits, neither increasing the temperature nor applying a magnetic field is ex-
pected to change the exciton wavefunction significantly. Thus, the PL energy
of a magnetic QD is expected to directly reflect changes in the magnetization
via the sp-d exchange interaction. To get a sufficient spatial resolution for the
selection of individual QDs metal apertures with diameters down to 80 nm
have been defined lithographically on top of the samples [10,412].

In Fig. 19, the magnetic field dependent (left) and the temperature de-
pendent (right) PL spectra of CdSe/ZnMnSe SQDs are compared to their
non-magnetic CdSe/ZnSe counterparts. The energy shifts versus temperature
and versus magnetic field have been discussed above and were related to the
suppression of the EMP and the giant Zeeman effect, respectively. The most
striking result of the experiments is the large emission linewidth of SQD tran-
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Fig. 19. Highly spatially resolved PL spectra of individual QDs for different mag-
netic fields (left) and different temperatures (right). Note the distinct difference in
the energy shift and the emission linewidth of non-magnetic CdSe/ZnSe SQDs and
magnetic CdSe/ZnMnSe SQDs
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sitions in the CdSe/ZnMnSe system. Moreover, the linewidth strongly nar-
rows with increasing magnetic field and a distinct broadening with increasing
temperature, which cannot be explained by phonon scattering, is found. This
behaviour, which is characteristic for all the magnetic SQDs studied, is obvi-
ously related to the influence of the magnetic ions located within the spatial
extent of the exciton wavefunction. Using time-resolved PL spectroscopy it
has been shown that in this sample the EMP formation time is much smaller
than the recombination lifetime [90], i.e. the equilibrium case of the EMP is
being probed in case of continuous wave SQD spectroscopy.

At first glance one would expect that in the equilibrium case the EMP in
a given SQD is characterized by a well-defined energy — i.e., the PL signal
should be spectrally quite narrow. However, as the SQD is being probed
repeatedly in our experiment, statistical variations of the orientation of the
magnetic ion spins, i.e., fluctuations of the magnetization within the exciton
wavefunction, should result in a broadening of the SQD emission peak in
time-integrated experiments [41,91]. This is quite similar to what is known
from fluctuating charges in the environment of a non-magnetic SQD, which
is found to result in a distinct linewidth broadening in CW PL measurements
(see Sect. 2) [60,62,64,65].

In order to get a theoretical approach to the nano-scale fluctuations of the
magnetization one can assume a Gaussian distribution of the magnetization,
which is characterized by a broadening of A M = /(M?2)81n2. Being aware
that the exchange interaction between the carrier spins and the magnetic ions
is dominated by the heavy hole — Mn?* spin interaction and the in-plane hole
g-factor is expected to be small in our QDs, we monitor for Faraday geome-
try, predominantly the longitudinal magnetic fluctuations. The broadening of
the magnetization distribution A M thus transfers into a broadening of the
SQD emission signal FWHM according to FWHM = A M Byp Veg. Using the
well-known fluctuation-dissipation theorem (M?) = (dM/dB) kgT/Veg, one
obtains [91]

dE
FWHM = BMP%HV <M2>81n = \/BMP -81n2 - kJBT (—@

B) ()

The effective volume is given by Veg = vV, where V is the volume occu-
pied by the exciton wavefunction, and ~y takes into account the fact that only
a part of the exciton wavefunction actually overlaps with the Mn?* ion spins.
This leads us to a very fundamental result: the emission linewidth FWHM
is proportional to /(M?), i.e. the optical response of the SQD is directly
correlated to the statistical magnetic fluctuations on a scale defined by the
spatial extent of the exciton wavefunction. Even more, the emission linewidth
should be proportional to (—dE/dB)"/?. As the emission peaks narrow with
increasing magnetic field, the optical response of individual QDs can be eas-
ily resolved, and the Zeeman shift (and therefore dE/dB) can be determined
very accurately.
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Fig. 20a,b. PL linewidth FWHM as a function of Bext for two different SQDs. The
insets show the magnetic-field induced energy shifts of the PL lines for the same
SQDs. Symbols correspond to experimental data, solid lines are model calculations
according to (14) and (15). From [41]

In the insets of Fig. 20, the Zeeman shift for two SQDs with strongly
different PL energies is depicted. The solid lines represent fits using (14)
showing rather excellent agreement with the experiment. As the internal ex-
change field Byp can be obtained by analyzing the temperature dependent
energy shift of the PL signal at zero field [10], we are in a position to describe
quantitatively the linewidth broadening due to magnetic fluctuations. This
can be seen in Fig. 20, where the FWHM is plotted for the same two SQDs as
a function of Beyt. It is evident that the value of the PL linewidth as well as
the magnetic-field-induced linewidth narrowing, which is ascribed to the sup-
pression of magnetic fluctuations, is quantitatively reproduced by our model.
Thus, the PL linewidth from a single magnetic semiconductor QD can be
used to analyze statistical magnetic fluctuations on a scale of a few nanome-
ters. It has to be emphasized that this is only true if the EMP formation time
is much smaller than the recombination lifetime. Otherwise, the transient en-
ergy shift during EMP formation as well as memory effects due to an incom-
plete magnetic relaxation between two recombination events have to be taken
into account when discussing the linewidth of optical transitions in magnetic
SQDs [42]. Tt is interesting to note that investigating a magnetic SQD corre-
sponds to detecting a magnetic moment of only n ~ 100up at Bext = 0, as
estimated using the relation p ~ Eyp/Bup. The linewidth broadening at low
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temperatures corresponds to fluctuations of £20up at Beyxy = 0, which are
reduced to about £3up at Bexy = 12T — i.e., we are able to resolve magnetic
moment changes in the magnetic ion ensemble of only a few ug.

5 Summary and Outlook

The ability to address individual II-VI quantum dots by means of spatially
resolved optical spectroscopy opened the path to study a variety of fasci-
nating aspects of individual quantum objects. In particular, the II-VI com-
pounds are characterized by a strong Coulomb and exchange interaction and
by a pronounced light—matter and exciton—phonon coupling. It is shown that
the quantum dots can be populated in a very controlled way with individual
electrons and holes by combining optical and electrical carrier injection. In
addition, applying magnetic and electric fields becomes accessible even for
single TI-VI quantum dots, which allows one to systematically tune the en-
ergy and the symmetry of the eigenstates by external means. A quite unique
feature of II-VI quantum dots is the possibility to add magnetic ions like
Mn2t isoelectronically to the crystal matrix. This, e.g. allows us to inves-
tigate fundamental aspects of the interaction between carrier spins and the
spins of magnetic ions on a length scale in the order of 10 nm.

At this point, let us just briefly outline some possible applications, where
the IT-VI quantum dots may be superior to the well-known InAs/GaAs sys-
tem due to their specific properties. First, the deep carrier confinement, the
large Coulomb interaction as well as the strong exciton—photon coupling
seems to be quite promising for the development of single photon sources
operating at elevated temperatures, possibly up to room temperature (see
the contribution by Michler in this volume). Second, combining (electrical)
single electron injection into a II-VI single quantum dot with the concept of
(diluted) magnetic semiconductor spin aligners may give the chance to inject
single spin-polarized electrons into a quantum dot, which should be a rather
important step for spintronics or quantum computation. Third, including
magnetic ions into the crystal matrix of individual quantum dots adds a new
degree of freedom for quasi-zero-dimensional systems. This provides the pos-
sibility to combine the discrete density of states of quasi-zero-dimensional
systems with adjustable magnetic properties, a prerequisite for preparing de-
vices based on the interaction between single carrier spins and the spins of
magnetic ions. In addition, combining two single quantum dots with largely
different effective g-factors will allow one to define a single quantum dot
molecule with adjustable coupling as recently suggested by us [92].

However, preparing and studying individual ‘man-made’ quantum ob-
jects like single quantum dots, magnetic single dots or single quantum dot
molecules will certainly exhibit a variety of new and unexpected results in
the future. Moreover, even completely new applications might be developed
or surprising physical aspects may be discovered.
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Abstract. The reduction of the active region of semiconductor lasers to quasi-zero
dimensions has different effects on static and dynamic laser parameters as already
discussed in the last two decades. Most prominent effects due to thermodynamics
of low dimensional electron—hole plasmas are the threshold reduction and improved
temperature stability of lasers with low dimensional active regions. Based on the
changed density of states also some interesting device properties with respect to
modulation response and beam quality of a laser are expected but not yet reached.
This obvious discrepancy between theoretical expectations and experimental results
must be related to additional effects such as carrier transport and relaxation. After
a brief review of nano-fabrication aspects of dot lasers by self assembled methods
as well as by lithography based implantation and etching methods, also laser device
properties based on thermodynamics in low dimensional systems will be discussed.
Strong emphasis will be put on carrier dynamics (transport, recombination, and
relaxation). On the footing of a rate equation approach we discuss the static and
dynamic properties of quantum dot lasers as a function of the dot array filling factor.
Also some applications and device properties will be discussed. Based on periodic
dot arrays, gain coupled dot distributed feedback (DFB) lasers can be realized
which result in an improved side mode suppression ratio of the laser emission. From
modulation experiments, extremely low dynamic chirp of dot lasers can be observed
making quantum dot lasers promising candidates for high speed communication in
the long wavelength range, if modulation response limitations can be solved.

1 Introduction

Dot lasers are nanometer optical devices which combine both length scales
defining the confinement of photons (100 nm) and length scales defining the
confinement of electrons and holes (10nm) in the solid. Both scales are
strongly different but should be controlled to better than 10 nanometers to
realize low dimensional electronic systems and simultaneously macroscopic
filter structures with dot arrays.

1.1 History of Dot Lasers

In Fig. 1 resonator structures with active regions consisting of wires and
dots and passive regions serving as waveguide and cladding region are shown
schematically. The picture shows that there are two independent design rules
possible. As photons and electrons have fundamentally different dispersion

P. Michler (Ed.): Single Quantum Dots, Topics Appl. Phys. 90, 185-237 (2003)
© Springer-Verlag Berlin Heidelberg 2003
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Fig. 1. Principle of a low dimensional laser structure of InGaAs wires and dots
(active region) embedded in an InGaAsP waveguide and an InP cladding layer.
The active wire and dot region can be realized by different fabrication techniques
(see text)

relations, the design of laser structures can be decoupled (see seperate con-
finement heterostructure lasers [1,2]) i) with respect to questions on photon
waveguiding and ii) with respect to carrier transport as well as to density
of state engineering. Waveguide design meets, nearly independently of the
applications (high speed lasers, single frequency lasers, or high power lasers),
mainly macroscopic physical aspects (Maxwell’s equations, diffusion equa-
tions). An exception may be if optical transition energies of a wire or dot ar-
ray coincide with filter energies of the macroscopic/mesoscopic resonator res-
onantly. On the other hand, density of state engineering can be realized nearly
independently of the photon aspects in separate confinement heterostructure
lasers.

The history of quantum dot lasers is strongly correlated with the history
of the general development of semiconductor lasers, beginning from bulk
lasers, continuing with heterostructure lasers and ending with dot lasers.
According to the above mentioned design principles of photon and carrier
confinement, the laser structures have been permanently improved from the
first bulk lasers [1,2] to the highly sophisticated quantum dot separate con-
finement heterostructure lasers [3]. Finally with the advent of quantum film
lasers the carrier confinement principle not only includes the macroscopic
design rules of carrier transport but also the possibility of density of states
engineering in a semiconductor material by realizing nanometer structures
(films, wires, and dots) in the active region of a laser. Very early, the ad-
vantages of density of state engineering were recognized by Arakawa and
Sakaki [1] with respect to a laser’s characteristic temperature Tp. First ex-
perimental indications of improvements could be obtained from laser exper-
iments in high magnetic fields [4]. From the analysis of the density of states
in low dimensional structures, a strong improvement of the optical gain as
well as of the differential optical gain in going from 3D to 0D semiconductor
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sytems [5] has been stated. Especially higher modulation frequencies were ex-
pected due to higher differential gain in low dimensions. These expectations,
however, must be modified by taking into account carrier transport [6,7,3,9]
and carrier relaxation effects [10], which can counterbalance the pure density
of state effects. With the continous improvement of processing technology,
lasers with artificially patterned wires [11,12,13,14] and dots could be real-
ized [15,16]. The advantage of those structures is the possibility to combine
optical filter effects (DFB, DBR, complex coupling) with density of states
effects. A strong disadvantage in artificially patterned nano-structures is the
incompletely suppressed process induced defect level, which counterbalances
in most cases density of states effects. A possible solution are self assembling
growth techniques to realize quantum dots (SAD). With these techniques
different material systems have been investigated (InAs/GaAs [3],[17]-][37],
GalnP /InP [36]-[15], InGaAs/GaAs [16]-[60], CdSe/ZnSe [61]-[66]) (see also
the Chapter by Petroff in this volume. Especially in the material system
InAs and GalnAs, the expected improvement of laser operation parameters
with respect to threshold and quantum efficiency could be observed. The
also expected higher modulation response could not be observed and will be
adressed in the sections below. Moreover high output powers could be ob-
tained. However, the also expected improvement in beam quality due to the
low optical confinement factor and the mostly passive optical resonator could
not be demonstrated up to now and will also be discussed below.

1.2 Motivation/Applications/Material Systems

Key parameters in laser applications are the laser threshold Iy}, and its charac-
teristic temperature Ty, the quantum efficiency 7 and its characteristic tem-
perature T7. These parameters determine the temperature range in which
a laser device can be used. Furthermore, modulation speed and maximum
output power and last but not least beam quality are important parame-
ters for communication applications. These requirements favour semiconduc-
tor lasers with active regions, whose band dispersion is especially designed
(strained structures, quantum films, and quantum dots). According to ap-
plications also specific emission wavelengths are required: long wavelengths
(> 1300nm) for optical communication lasers and shorter wavelengths be-
low 1300 nm for material processing lasers. Especially for CD- and DVD-
applications the laser emission should be short enough to ensure high data
storage capability and the laser should be stable against light back-reflection
to minimize noise. Due to its low threshold and therefore low power con-
sumption as well as higher back-reflection stability, again, dot lasers are in
the discussion for these applications.

From published dot laser data, actually we can derive a tendency that
dot lasers with larger filling factors of the active dot region show improved
threshold current densities [67,68]. This threshold behaviour is remarkably
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different to the behaviour of 2D lasers, where single well lasers (small con-
finement factor) for suitably adjusted resonator lengths nearly always show
the lowest threshold current densities. Furthermore, besides the thermody-
namically expected high characteristic temperature Ty for the laser threshold
of a dot laser (see below), nearly all dot lasers show a strong reduction of
T, at higher temperatures combined with a strong reduction of the quantum
efficiency (see for instance the InGaAs/GaAs material system [3,69] or the
InP/GalnP material system [70,71,72]). These effects might be attributed to
the strongly modified carrier transport and carrier relaxation (see also the
discussion of carrier relaxation and linewidth by Borri and Langbein in this
volume) in low dimensional lasers and will be discussed in the next section.
Also dot lasers with shorter wavelengths show generally higher threshold
values [70,71,72,73,74,75,76] than lasers with longer wavelengths [(67,68,69,77]
[78,79] indicating that barrier leakage currents play an important role in the
(Al)GaInP, (Al)GaInN systems. Of course at the present status also material
problems (defect density, doping) may affect the laser performance strongly.

1.3 Artificial versus Self Assembly

For the fabrication of low dimensional lasers a paramount number of tech-
niques have been developed. Below we give a list of fabrication techniques to
realize wire and dot structures.

1. Lithographical techniques

e overgrowth of patterned strained layers (buried stressors [30])

e overgrowth of etched V-grooves (an extension of the buried crescent laser
technique to nanometer sizes) [81,82]. V-groove and migration growth
(AlGaAs/GaAs material system) along (111)4-planes for V-grooves in
the [011]-direction [%3,54]

e lithography based patterning (dry etching and overgrowth) techniques
[14,16,85,86,87,88]. Dry etching and control of surface recombination and
dead layer effects [36,88,89,90]

e local implantation enhanced intermixing (IEI) techniques [91,92,93,94]

[7777]

o focused ion beam (FIB) technique (wire and dot structures) [100]
2. Growth techniques

e growth on vicinal substrates (FLS fractional layer super-lattices [101])
by MOVPE

e growth on misoriented substrates (tilted super-lattices (TSL) [102]) by
MBE

e SSL (serpentine super lattice) technique [103,104]

3. Self assembled growth techniques (self assembled dots = SAD)
e growth of dots [17,105,106,107,108,109] (see also Sect. 2)



Quantum-Dot Lasers 189

It turns out that in general, artificially patterned nano-structures based
on implantation or etching techniques show a non-vanishing contribution of
defect effects. These defects seriously mask quantization effects and there-
fore clear single dot effects could hardly be observed. Epitaxially grown
nano-structures by self organization principles, on the other hand, already
showed nice low dimensional effects (see for instance the Chapter by Petroff
in this volume). Therefore the expected low laser threshold behaviour could
be demonstrated [3]. Despite this sucess of low dimensional lasers based on
self organized nanometer structures there is an intrinsic disadvantage of SAD
structures as size and average distance between dots can be controlled only to
a certain degree inside the Gaussian distribution due to the epitaxial growth
conditions. However (see the contribution by Petroff in this volume and [110])
there are first experimental results of ordered SAD arrays, which overcome
these problems.

The Gaussian distribution width shows a twofold effect:

e The distribution width of dots reduces the available gain in a certain energy
range and can even result in an inferior device performance of a dot laser
compared to a QW laser.

e The distribution of dot—dot distances doesn’t allow the realization of an
optical filter like a DFB or DBR by SAD growth solely. A post epitaxial
realization of a DFB grating is of course always possible, but would not
meet the very attractive possibility to realize complex coupled DFB lasers
with dot arrays directly.

These restrictions can be overcome in dot and wire lasers with artificially
designed nanometer structures, despite the already mentioned limitations by
process induced defects. Complex coupled wire and dot CC-DFB lasers in the
long wavelength range (1550 nm) could be realized [9,16]. The technoslogi-
cal progress triggered by dot and wire DFB laser design has even fertilized
further CC-DFB-laser development: CC-DFB lasers with very low threshold
and extremely low emission linewidths [111] even for short lasers could be
realized.

An approach to combine the benefits of precise optical filter definition
with the benefits of the SAD growth technique has been published for the
material system GaAs recently [110].

2 Epitaxially Fabricated Quantum Dot Lasers

As already mentioned, old crystal growth analysis results have been redis-
covered recently for the epitaxial growth of self assembled dots (SAD) as the
active region of a semiconductor laser diode. As described in detail elsewhere
in this book (see also the contribution by Petroff in this volume), the sum of
the free enthalpies of layer, interface and substrate

Ao =0+ 0] — 0 (1)
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Fig. 2. Different epitaxial growth modes for strained layer growth. Left bottom
figure: 2D growth of a strained layer. Center bottom: Formation of 3D island arising
after wetting layer growth. Right bottom: 3D island growth without wetting layer
growth

controls the growth mode near the heterointerface, in particular if the epi-
taxial layer has a lattice constant different to the substrate. It can be clas-
sified into three modes depicted in Fig. 2. When the substrate term dom-
inates (Ao < 0), a two-dimensional epitaxial layer grows pseudomorphi-
cally strained to the substrate (Frank-Van der Merwe mode [112]). If, on
the other hand, the layer term dominates (Ao > 0), then the layer does
not wet the substrate, but forms three-dimensional islands (Volmer—Weber
growth mode [113], right side). For the growth of quantum dots, the most
interesting mode turned out to be just in between these two extremes: The
growth starts by completely wetting the substrate surface. However, due to
the lattice mismatch induced strain, the interface enthalpy o; increases dur-
ing growth. After a few monolayers, when reaching a critical thickness, this
results in a change of sign of A g, i.e. three-dimensional islands start to grow
on the wetting layer (Stranski-Krastanov mode [114], middle).

Under optimized growth conditions, the resulting quantum dots show
fairly good size and height homogeneity (see below Fig. 9, right) making them
useful for basic studies about zero-dimensional systems as well as for appli-
cations in device structures like semiconductor laser diodes. Within a short
time, most groups working on quantum dot research adapted this simple
fabrication method which does not require any lithography or other arti-
ficial lateral structurization technique. It has then been applied to many
semiconductor material systems including Si/Ge as well as III-V and II-VI
compounds.
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In the following, after discussing some basic growth considerations, we
review the current state of laser diodes employing SAD structures as active
region.

2.1 Growth Considerations
for Self-assembled Quantum Dot Laser Structures

As outlined in the contribution by Petroff in this volume, the growth of
SADs has been achieved mainly by both of today’s most sophisticated epitax-
ial methods: molecular beam epitaxy (MBE) and metalorganic vapor phase
epitaxy (MOVPE or MOCVD). In order to achieve self-assembling, a dras-
tic change of the growth conditions established for two-dimensional layer
growth is required. First, a large lattice mismatch of several percent between
layer and substrate is a prerequisite. Second, a significant lowering of the
growth temperature of 100°C or more compared to best two-dimensional
layer growth must be employed. The temperature controls directly the dot
properties: Lower temperatures lead to larger densities with smaller dimen-
sions owing to the shorter atom diffusion lengths on the growing surface,
whereas higher temperatures may cause three-dimensional growth of defect-
rich layers because of the large lattice mismatch.

For laser applications, dot densities as large as possible should be obtained
in order to increase the filling factor of the gain material (see Sect. 4.3), which
is inherently very small for any dot structure compared to a two-dimensional
film. Moreover, the dots should be fairly small to show the expected quanti-
zation effects, both features asking for low growth temperatures.

A laser structure is built of many layers and the majority of them would
require high growth temperatures for best material properties. In order not to
destroy the dots during growth of the covering layers, the growth temperature
after having deposited the dots should, however, be kept low up to the end
of the epitaxial process. This may be in conflict with other needs and design
rules, especially for the growth of high quality waveguide layers or optimized
doping of the outer barrier layers. Thus, special care must be taken for the
temperature profile during the epitaxy of a quantum dot laser structure.

In general, MBE seems to be more favorable for the growth of self-
assembled quantum dots. This may be related to the fact that the growth
temperatures in MBE are in general lower than in MOVPE. Therefore, the
further lowering for dot growth is somewhat less dramatic or leads more easily
to the needed higher dot density with still good properties.

2.2 Specific Problems
of Self-assembled Quantum Dot Laser Structures

An ideal quantum dot laser would contain a large number of identical quan-
tum dots in the active region (Sect. 4.2). This basic requirement can hardly be
obtained by the Stranski—Krastanov growth mode. The self-assembled dots
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show a characteristic comparably broad size distribution (Fig. 9) which leads
to typical spectral linewidths of several 10 meV. Special techniques such as
adequate growth interruptions after depositing the dots [115] or use of miscut
substrates [12,59,116] may help to improve the dot size distribution. Still, as
mentioned earlier the lateral filling factor of a single quantum dot layer is
at least a factor of 10 smaller than that of a quantum well even for highest
dot densities which may exceed 5 x 10 cm~2. Therefore, the modal opti-
cal gain may be quite small [117] and saturate at low emission powers. In
consequence, laser action may start from excited states which have a higher
density of states compared to the ground state [118], or it will switch from
ground state to excited state transitions. Thus, the above mentioned increase
of the dot density, in parallel with best size homogeneity, is one of the major
challenges for the epitaxial growers. Stacking of quantum dots, as described
by Petroff in this volume, is just a logical step to further increase the den-

sity and decrease dot laser threshold currents [35,119,120] or modal gain,
respectively [121]. Additionally, it turned out to improve the size homogene-
ity of SADs [31,122,123,124] which may lead to extremely low inhomogeneous

broadening of the SAD photoluminescence below 20 meV [125].

Obviously, the latter is one of the major characteristics to be considered
for optimized quantum dot lasers, as it is directly related with the spec-
tral width of the optical gain curve (see (8) and the Chapter by Borri and
Langbein in this volume). In a quantum well, nearly all carriers excited in
the well may finally contribute to the laser action, even if the gain curve is
fairly broad, due to the carrier—carrier interaction and redistribution during
lasing. On a first glance, this is questionable for a quantum dot structure,
which ideally should consist of many electronically noninteracting quantum
dots. Thus, only those dots would contribute to lasing which hit exactly the
very narrow laser line. This would be a very low number in a structure with
a typical photoluminescence line width of some 10 meV resulting from the
inhomogeneous broadening of the dot ensemble.

To some extent, this may be counterbalanced by the extremely large spe-
cific gain attributed to quantum dots [126]. But fortunately it seems that
even a perfect quantum dot system shows some homogeneous line broaden-
ing [127,128] (see also the Chapter by Borri and Langbein). This was ex-
plained by a carrier redistribution process between different dots via elec-
tronic states in the wetting layer or even the barrier material [129]. By com-
paring two dot lasers with different barrier heights between vertically stacked
dot layers, but otherwise identical, Groom etal. [130] found direct evidence
for this explanation: the structure with AlGaAs barriers exhibited a broad
laser spectrum at lower temperatures attributed to imperfect interdot com-
munication, whereas the device with GaAs barriers showed a much narrower
laser spectrum (see Fig. 3). At higher temperatures, the high barrier laser
finally outperforms its low barrier counterpart because of reduced thermal
carrier escape. Thus, the thermally activated interdot communication pro-
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Fig. 3. (a) Threshold current density vs temperature for InAs quantum dot lasers
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cess makes single energy laser action more probable at higher temperatures,
as experimentally observed by many groups.

The broadening mechanism is still a matter of scientific debate. It has
been explained by a lattice relaxation mechanism, where the carriers couple
to the acoustic phonons during the optical transition [131], or by polarization
dephasing, i.e. by interaction between different dots through photons lead-
ing to collective lasing of the dot ensemble, whereas coupling via thermally
activated carriers would not be required [128].

The inhomogeneous broadening may be taken, on the other hand, as
a chance for realizing wavelength tunable lasers, because it is responsible
for a broad optical gain spectrum of the dot ensemble. Wavelength tuning
can be done either by changing the resonator by external means or by taking
adavantage of the fast gain saturation of the quantum dots. Devices starting
lasing at a rather long wavelength may gradually shift to shorter wavelengths
with increasing injection current, because other quantum dots and/or higher
energy levels will take over after saturation of those levels involved in the
laser process at low current densities [132]. Indeed, we observed a smooth
blue shift of the gain curve of InP-GalnP dots with increasing temperature,
which might be explained by this effect [44], whereas an opposite shift would
be expected because of the temperature dependence of the band gap.

2.3 InAs-GaAs Quantum Dot Lasers

InAs quantum dots on GaAs have become the prototype material system
of self-assembled quantum dots and respective lasers. Due to the large lat-
tice mismatch of about 8% between GaAs and InAs, the Stranski-Krastanov
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growth mode can easily be established. Moreover, the mismatch can be tuned
over a wide range by forming the ternary alloy GalnAs enabling basic inves-
tigations about the correlations between strain and development of SADs.
Finally, this material system has already been the material of choice for most
MBE machines, before SAD investigations started, whereas others like phos-
phides or nitrides impose special growth problems.

At the beginning, scientists have been fascinated by the fact that many ba-
sic properties of zero-dimensional systems could be easily studied with quan-
tum dots the fabrication of which was just as easy as that of a quantum well.
Of course, it was expected that lasers with such quantum dots would show
all those nice properties predicted by theoreticians many years ago. However,
these hopes could not be realized yet, especially when studying devices at
higher than cryogenic temperatures. This can be mainly attributed to the
inherently large dot size distribution mentioned above. Another reason may
be the limited quantum dot potential depth. As we are interested in growing
very small dots, the quantization energy of electron and hole states becomes
fairly large. In addition, the dots are grown under compressive strain shift-
ing the carrier states further to higher energies. Therefore, thermal escape of
carriers is still one of the major problems in most quantum dot lasers leading
to a strong increase of non-radiative losses and thus of the threshold current
when the device temperatures are increased to 300 K or more. Therefore,
a very high characteristic temperature close to infinity, as ideally expected
for zero dimensional systems and often measured at cryogenic temperatures
(c.f. [133,134]), could not yet be observed around room temperature.

However, very soon, another quite important advantage has been discov-
ered. Self-assembled quantum dots are not just a logical step from three-
dimensional layers over two- and one-dimensional structures (quantum wells
and wires) to zero dimensions, they additionally can be regarded as a new
class of materials. In normal two-dimensional film growth of lattice mis-
matched materials, the layer grows pseudomorphically strained and defect-
free on the substrate (see Fig. 2) only up to a critical thickness defined by the
built-in strain energy [135]. Then, the layer relaxes by forming a high density
of defects and becomes unsuitable for most applications. This limits, as an
example, the In content x in Gaj;_,In,As on GaAs to values below about
15% and thus the emission wavelength of respective laser diodes to values
below about 1100 nm.

By the formation of self-assembled quantum dots, these limits can be
overcome, opening up the telecom wavelength region of 1300 nm and above
to materials grown on GaAs, the technologically best developed and thus
most important substrate for compound semiconductors. Today, InAs dot
lasers are regarded as the most promising technology for telecom laser diodes
on GaAs wafers, besides GalnAsN structures [136] where the lattice mismatch
induced strain is reduced by alloying low amounts of nitrogen into GalnAs
quantum wells.
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Now, SAD lasers did not just compete with quantum well lasers in terms
of threshold current or output power, but are potentially enabled to cover
emission wavelength regions which otherwise would be impossible or at least
difficult to reach. As described later, such a widening of the material range
by SADs may also be helpful in other regions of the optical spectrum.

In recent years, tremendous progress has been achieved especially for InAs
SAD lasers, published in a vast number of papers. In the following, we can
only describe some outstanding results, referring the reader to other review
papers [3,127,130] and the original publications.

2.3.1 Shift of the Emission Wavelength to the Telecom Windows

As mentioned above, typical SAD systems show fairly large effective band
gaps due to quantization and strain effects. Thus, the first InAs quantum dot
laser structures emitted at wavelengths shorter than about 1.25 pm. In order
to reach the first telecom window at 1.3 um, several groups [137,138,139]
proposed to embed the InAs dots into a GalnAs quantum well (see Fig. 4)
which may decrease both the compressive strain in the dot and the barrier
height and thus the quantization energy [136]. Moreover, this may help to
increase the dot density to values close to 10t cm ™2 [140]. Using these effects,
the first CW lasing at 1.3 pm at room temperature (Fig. 5) has been achieved
by Mukai et al. [141].

A further reduction of emission wavelength up to the second telecom
window at 1.55 um is still a challenge. By growing laterally assosiated InAs
dots at very low temperatures (320-400°C) in MBE, Mazimov et al. could
achieve photoluminescence (PL) emission at 1.7 um [142]. More recently,
Tatebayashi et al. reported about InAs dots embedded in GalnAs and grown
by MOVPE which emitted PL at 1.52 um [143].
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2.3.2 Low Threshold Current Density
and Temperature Sensitivity

As the most obvious figure of merit of a laser diode, the optimization of its
threshold current density jin and its temperature dependence expressed by
the characteristic temperature Ty are the primary goals of many research at-
tempts. Although already the first SAD lasers showed fairly low ji, around
100 A/ cm? with excellent temperature stability at cryogenic temperatures
(around 70-100K, see Fig. 6), a drastic increase with temperature was com-
monly observed [60,133] making the laser action at room temperature less
attractive. As mentioned above, high modal gain and the suppression of any
losses in the active region or at the mirrors are prerequisites to obtain las-
ing via the ground state. In order to suppress lasing via excited states, long
laser cavities of several millimeters were fabricated [144], often combined with
coating the laser facets for higher reflectivities [35,145,

Since then, better material quality and basic understanding of SADs have
resulted in a drastic improvement of both threshold current and characteristic
temperature. Lowest threshold current densities of SAD edge emitter lasers
reported to date are around 25A/cm? [110,146] with best absolute room
temperature threshold currents close to 1 mA [147]. These values are better
than those of best quantum well lasers, a fact which was never expected by
most laser experts because of the random nature of self-assembled quantum
dots.

However, the characteristic temperature T remained at low values around
70 K, comparable to the competing GalnAsP quantum well lasers on InP sub-
strates. As mentioned above, this is mainly attributed to the thermal escape
of carriers out of the ground state involved in the laser process. Very recently,
Shchekin and Deppe pointed out that in particular the valence band structure
in the dots may be responsible for the low Ty [148]. Due to the large mass of
the holes, the separation between the hole levels is much closer than between
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the electron levels. Whereas the electrons, once arrived in their ground state
level, may reside there long enough for subsequent emission processes, the
holes may easily thermally escape to higher levels thus reducing the ground
state recombination probability. The authors showed both theoretically and
experimentally that p-type doping of the dots leads to a higher occupation
probability of the dot ground states and thus to improved laser performance
in terms of gain and characteristic temperature. Ty could be increased up to
161 K for operating temperatures up to 80°C. Moreover, these effects may
result in a significantly higher modulation bandwidth [149].

Another approach to decrease thermal excitation of the carriers and thus
increase the characteristic temperature is obviously to increase the band gap
of the barrier material. By this technique, Zhukov et al. could substantially
reduce the threshold current density of their quantum dot lasers at room
temperature and achieve fairly high output powers of 1 W [150]. Schdfer et al.
have embedded their Gag 4Ing ¢As SADs in an Aly 33Gag ¢7As-GaAs graded
index separate confinement heterostructure. With this approach, they could
achieve laser action via the dot ground state up to 214°C (Fig. 7) with still
7mW output power per (uncoated) facet [151]. However, a fairly low emission
wavelength of about 940 nm at room temperature was obtained.

2.3.3 Long Wavelength VCSELs

GaAs based vertical cavity surface emitting laser diodes (VCSELs) emitting
around 850 nm have reached a high state of development. In such lasers, the
optical feedback is provided by highly reflective epitaxially grown multilayers
acting as top and bottom Bragg mirrors around the active zone of a laser.
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Fig. 7. Threshold current density of a 600 um X 50 um broad-area quantum dot
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output curve at 200°C. From [151]

These devices are very attractive owing to their monomode emission poten-
tial, their extremely low threshold currents and the simple device process,
where nearly all testing can be done on the wafer, and the difficult and risky
production of laser mirrors by facet cleaving becomes obsolete. Similar de-
vices for longer wavelengths around 1.3 or 1.55 um, however, are just getting
to being commercialized, although there is a huge interest to use such de-
vices in glass fibre optics instead of the sophisticated and very expensive edge
emitting DFB lasers, as VCSELs should have similar monomode behaviour
at much lower price. However, there are basic material problems making the
development of such lasers difficult. Structures based on InP wafers can emit
the required wavelength fairly well. However, VCSELs made of these mate-
rials lattice matched to InP would need a huge number of Bragg mirrors,
because the potential mirror materials InP and GalnAsP posses a very small
difference of their refractive index.

Therefore, many alternative routes are currently investigated including
AlSb-GaSb mirrors, dielectric mirrors, wafer fusing to combine a GalnAs/InP
based active region with GaAs/AlAs Bragg mirrors, or special techniques to
overcome the problems of the thick Bragg mirrors.

InAs laser structures turned out to be of great benefit here as well as
for edge emitters. Again, wavelength regions can be obtained with InAs dots
which would not be possible with quantum wells on GaAs. Besides this good
reason, already discussed extensively above, an even more important plus is
the possibility to use AlGaAs-GaAs layers with a comparably large refractive
index difference as Bragg mirrors.

After having achieved laser emission from edge emitters, it was there-
fore obvious to grow long wavelength quantum dot VCSEL structures. First
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devices, emitting at a fairly short wavelength of about 950 nm, have been
reported in 1996 [152]. As the Bragg mirror reflectivity still limited the per-
formance, others have used AlO-GaAs mirror stacks by fully oxidizing the
epitaxially grown AlAs [153,154]. Extremely low threshold currents below
200 pA have been observed [154] for an emission wavelength around 1000 nm.
Only with this mirror technology, a VCSEL emitting at 1.3 pm could be fi-
nally realized [155] (Fig. 8).

However, it seems that VCSELSs in this wavelength region can be realized
more easily with GalnAsN as the active region, the competing material sys-
tem as pointed out above, where impressive performance has already been
achieved [156] with semiconductor Bragg mirrors.

2.3.4 Long Wavelength Dot Laser Structures on InP Wafers

As mentioned above, the large lattice mismatch induced strain contributes
significantly to the up-shift of the InAs quantum dot band gap. This strain
can be easily reduced by growing the dots on InP wafers, where the lattice
mismatch to InAs is only about 3.2%. Indeed, such InAs dots show optical
emission at much longer wavelength, and lasers emitting at 1.9 pm (although
at cryogenic temperatures) have been reported [157]. However, the driving
force for developing such lasers is quite small.

2.3.5 Are Dot Lasers Mature for Industrial Applications?

Despite these impressive results obtained in many research labs, the semi-
conductor industry has not yet started to change their long wavelength laser
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production to quantum dot structures. The main objection is the inherently
random growth process of the active region, which is thought to influence
negatively the long term reproducibility. Up to now, only a small U.S. com-
pany has announced the production of such lasers [132] by MBE on both,
GaAs wafers for 1310 nm emission and on InP wafers for 1550 nm emission.
The wavelength stability is quoted to be better than 0.25 and 0.3nm/°C,
respectively, whereas quantum well lasers would exhibit about twice these
values.

2.4 Red Light Emitting Dot Lasers

After the success of InAs self-assembled quantum dots, it is worth studying
other similar material systems. Changing arsenic to phosphorus opens an-
other class of compound semiconductors which possess substantially higher
band gaps.

2.4.1 InP-GalnP Dot Lasers

The perfect analogon would be InP dots in a GaP matrix. However, due to the
indirect character of GaP, this material is less attractive for optoelectronic
applications. Therefore, research in our labs as well as in others concentrated
first on InP dots in a GalnP matrix, a ternary compound which is lattice
matched to GaAs for nearly equal parts of Ga and In. Let us come back to
the InP/GaP system later.

The larger band gaps of the phosphides open another interesting part of
the spectrum for quantum dot laser diodes: GalnP is the material of choice
for high brightness red and yellow light emitting LEDs as well as for red
light emitting laser diodes with emission wavelengths around 650 nm. As in
particular the latter still are inferior compared to GaAs-AlGaAs infrared
lasers, quantum dot structures may be a chance to improve them.

Due to the restriction to GalnP on GaAs, the maximum lattice mis-
match between the dot material (InP) and the matrix (GalnP) is about 3.7%
and thus half the value as in the case of InAs/GaAs. But this is still large
enough to give rise to self-assembled dot growth, which has been achieved
mainly by MOVPE [124,158,159,160]. The growth of phosphorus containing
layers in MBE is much more difficult due to the lack of well controllable
solid P sources. Manz et al. achieved excellent phosphide and InP dot growth
using GaP single crystalline material as evaporation source in their MBE
machine [45]. It has been observed that InP dots develop at somewhat higher
growth temperatures than InAs dots which is in line with the common trend
that arsenides need in general lower growth temperatures than phosphides.
We found that dots start to grow after depositing a wetting layer of about
1.6 monolayers at 580°C in low pressure MOVPE [12]. However, two types
of dots develop under these growth conditions differing mainly in size. The
larger ones (called type B), less interesting in terms of quantization and band
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Fig. 9. Photoluminescence (PL) signal (left) and height probability (right), as mea-
sured by atomic force microscopy, from InP-GalnP self-assembled quantum dots
grown on differently misoriented GaAs wafers. Only on wafers misoriented by more
than 10° versus (111)g, could the growth of the larger type B dots emitting at
lower energy be completely suppressed. The PL signal at £ > 1.85 eV stems from
the GalnP barrier

gap, soon dominate the sample’s characteristics. Lower growth temperatures
lead to a larger number of small dots (called type A), which, however, degrade
drastically in their spectroscopic properties under these conditions.
Therefore, we have influenced the surface migration properties, which
finally are responsible for the dot formation process, by choosing miscut sub-
strates (see Fig. 9). Perfect single mode development of type A dots could
be obtained on GaAs wafers miscut by 15° to (111)p with still very good
photoluminescence properties [12] at comparably high growth temperatures.
We could establish structures with excellent dot size uniformity as indicated
by a small PL linewidth around 40 meV. Also here, the stacking of dots may
lead to better size uniformity reducing the inhomogeneous PL linewidth fur-
ther down to below 30 meV [124]. Similar to InAs dots, the effective band
gap of these InP dots lies substantially above that of InP bulk material, due
to the large compressive strain and quantization effects. This brings them
close to the above mentioned matrix or barrier material Gag sIng 5P, giving
rise to strong thermal carrier evaporation and thus to a dramatic decrease
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Fig. 10. Transmission electron microscopy photograph of a laser diode structure
containing InP-GalnP self-assembled quantum dots

of the photoluminescence intensity when increasing the temperature above
about 150 K. However, their emission is still at comparably long wavelengths
around 700 nm. Either embedding them into a GalnP matrix with higher Ga
content or by mixing Ga into the dots themselves, could only slightly change
their emission wavelength.

Recent spectroscopic studies have even pointed to another fundamental
difference to InAs dots: it seems that the InP valence band lies energeti-
cally below the valence band edge of the GalnP matrix material forming
a type II band alignment of these dots. Thus, while the electrons may be
confined within the InP dots as expected, the holes may just be attracted
by Coulomb interaction to the interface between the dots and the matrix.
This would reduce the wave function overlap of electrons and holes and thus
their recombination probability, as indeed observed by time resolved mea-
surements [161].

Laser structures with InP or GalnP dots could be grown by using the
experience of GalnP quantum well laser diodes. In order to provide best dot
characteristics, we embedded the dots in a GaIlnP waveguide layer (Fig. 10).
The outer barriers were made of AlGalnP or AllnP. Also here, the growth
of the ternary and quaternary p-type doped layers on top of the dots had
to be optimized at lower growth temperatures compared to normal GalnP
quantum well lasers in order not to destroy the InP dots in the overgrowth
process.

These structures showed optically pumped as well as electrically driven
laser action [44,124]. Due to the small difference between the quantum dot
levels and the band gaps of the surrounding layers, thermal carrier escape
was again very severe. The above mentioned indirect band structure in real
space may also limit the laser performance. Similar as for InAs dot lasers,
we observed excellent temperature stability only at cryogenic temperatures,
whereas the characteristic temperature dropped to about 40 K at room tem-
perature, where we, however, still achieved fairly low threshold current den-
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Fig.11. Threshold current density of laser diodes containing InP-GalnP self-
assembled quantum dots versus temperature

sities around 1.8 kA/ cm? (Fig. 11) [162]. From the difference between the PL
maximum and the laser line, we conclude that the laser emission at room
temperature does not occur on the ground state of the dots, but involves
excited states.

Similar laser properties have been achieved by Manz etal. [15]. Ground
state emission could be established, probably due to the fact that by MBE,
smaller dots with better size uniformity could be grown.

In order to improve the optoelectronic characteristics of the dots at ele-
vated temperatures, we have investigated quaternary AlGalnP as a matrix
material for the InP dots. This material tends to grow with much lower
quality than GalnP, in particular if low growth temperatures are required,
and thus the self-assembling process needs special optimization. In spite of
these problems, we were able to improve the quantum dot PL intensity at
room temperature dramatically [124]. Similar results have been obtained by
Ryouetal. [160] who found largest intensities for barriers with a quaternary
composition having the largest direct band gap. Optically pumped lasers
grown by them with such structures emitted at somewhat smaller wave-
lengths of 650-680 nm, and recently, they could achieve electrically driven
laser operation down to 637 nm by adding a GalnP auxiliary quantum well
which helps to aid carrier collection [163].

2.4.2 GaP as Substrate for Dot Lasers?

As mentioned above, InP dots on GaP seem, in terms of lattice mismatch,
even more attractive for self-assembled dot growth. GaP was, due to its indi-
rect band structure, never regarded as attractive for laser diode applications.
Layers with direct band gap would require some alloying with InP. However,
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mixing larger amounts of InP to GaP would soon change the lattice constant
too far for defect free two-dimensional epitaxial growth. But if we consider
quantum dots, we are no longer limited to two-dimensional growth. This po-
tentially opens the chance to use GaP or even AIP as barrier material for laser
diodes thus increasing the barrier height for better temperature stability or
shorter emission wavelength of red light emitting lasers.

Indeed, InP forms excellently developed self-assembled dots on GaP [43].
However, these dots do not show any photoluminescence, probably due to
the fact that their band structure becomes of indirect character due to the
large lattice mismatch induced strain [164]. On the other hand, self-assembled
GalnP dots on GaP with reduced strain exhibit photoluminescence at wave-
lengths around 650 nm [39,43] proving that light emission is attainable from
material grown on this indirect substrate. Further studies are needed to in-
vestigate the potential of these structures for laser action.

2.4.3 Red Light Emitting Lasers with AlInAs Dots

An alternative way to shorten the emission wavelength is the use of AllnAs as
the quantum dot material, i.e. increasing the band gap of InAs by mixing of
AlAs. Although the lattice mismatch to GaAs is reduced, it is still possible to
grow nicely developed quantum dots. By embedding them into a well estab-
lished laser structure containing AlGaAs as large band gap barrier material,
laser action at a wavelength of about 720 nm could be obtained [165,166].

2.5 Nitride Quantum Dots for Laser Action

Besides the ongoing race towards long wavelength laser diodes on GaAs
wafers, an impressively large amount of research focuses on the opposite
part of the optoelectronic spectrum. Since the first report of a GalnN laser
diode in 1996 [167], many companies have tried to develop such short wave-
length lasers which can be used in next generation optical disk memories
at an emission wavelength of about 400 nm. In the nitride material system,
however, it is difficult to obtain laser action at rather long wavelengths, i.e.
in the blue or even green visible part of the spectrum. This is partly true
because GalnN cannot be alloyed in the total composition range, but tends
to form local composition variations or even shows segregation for In con-
centrations exceeding 10-15%. These fluctuations, also found in early laser
structures, have been considered as quantum dots [168]. However, it became
clear that these fluctuations do not really improve the performance of laser
diodes, probably because they exhibit a totally random size distribution in
strong contrast to typical self-assembled quantum dots.

On the other hand, (Ga)InN possesses a large lattice constant difference to
GaN and thus may be an excellent candidate for Stranski-Krastanov grown
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Fig. 12. Left: Dependence of the polarized emission intensity of a GalnN quantum
dot laser on the excitation energy per pulse at room temperature. The excitation
source was a dye laser (367 nm). Right (a): Conventional PL spectrum, excited by
a HeCd laser (325nm), (b) and (c): Emission spectra above threshold, excited by
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quantum dots. Moreover, such dots may not suffer but may even take ad-
vantage of the above mentioned immiscibility and thus open again a spectral
range not accessible to quantum well structures.

Indeed, Stranski-Krastanov growth mode of GaN dots on Al(GaN) [169]
and of GalnN dots on GaN [170,171] has been successfully obtained. The first
optically pumped lasers containing GalnN quantum dots have been reported
by Tachibana et al. [172]. However, although rather long wavelength photo-
luminescence emission up to 475nm has been observed [173], these lasers
still emit at the same wavelength (around 405 nm, Fig. 12) as best quantum
well lasers, for which, in contrast, the emission could recently be shifted to
460 nm [174] and beyond.

2.6 ZnSe Based Quantum Dot Lasers

IT-VI compounds offer another wide range of materials which have been stud-
ied for many years. In particular, they were regarded as the best materials
to realize short wavelength green and blue lasers. Although such lasers could
be fabricated with quite good performance in terms of wavelength, threshold
current and quantum efficiency, they still suffer from short device lifetimes
which could not yet be managed accurately.

Nevertheless, only recently, Klude et al. could realize an electrically driven
ZnSe based laser by MBE growth with self-assembled CdSe quantum dots as
the active region [65]. These lasers emitting at 560 nm exhibited rather large
threshold current densities in the range of 7.5kA/cm? (Fig. 13). However,
the authors expect to improve their performance by optimizing the dot size
uniformity and by stacking several dot layers. Moreover, the device lifetime
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Fig. 13. Light output versus current (left) and output spectrum (right) of a laser
containing self-assembled CdSe dots as active region. From [65]

may be increased, because dot structures are expected to be less sensitive
to defect formation because of their small lateral filling factor [(4] when
compared to quantum wells.

3 Lithography Based Quantum Dot Laser Fabrication

This section gives a brief overview of lithography based nano-fabrication tech-
niques for wire and dot lasers. The realization of dot and wire lasers requires
a flexible definition and fabrication of large scale structures as optical res-
onators and filters as well as definition of the device periphery for carrier
injection. On the other hand on a small length scale, mainly two techniques
can be distinguished as mentioned in Sect. 1.3 —... (i) direct epitaxial growth
with reduced flexibility, but in principal improved material quality and (ii)
lithography based as implantation and dry etching with enhanced flexibility,
but for some cases reduced material quality.

3.1 Electron Beam Lithography

The realization of small, arbitrarily shaped crystal structures to obtain quan-
tum size effects can be realized by patterning techniques based on electron
beam resist masks in the nanometer range. A quite flexible technique to re-
alize small masks is based on a local variation of the chemistry of the mask
material by a well defined local energy supply. The different possibilities to
supply energy defines the kind of lithography (photons (UV, and X-rays),
electron beams, ion beams):

1. Optical lithography [176,177]

2. X-ray lithography [178,179]

3. Electron beam lithography [180,181]
4. Ton beam lithography [182,183]
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Very flexible and commonly used is electron beam lithography (e-beam) to
define artificially shaped nano-structures. Very often, except for ion beam
lithography, e-beam is also used to define masks for the other above men-
tioned lithography techniques. The mask materials for e-beam processes con-
sist mostly of polymeric materials. According to the type of resist (negative
tone or positive tone) the resists possess long chain lengths (high molecular
weights & 105 units) or short chain lengths (small molecular weight). The
exposure leads in the case of the positive tone resists to a reduction of the
chain length whereas in the case of the negative tone resists a further poly-
merization of the molecule (increase of chain length) occurs. The development
process now uses the solubility of the resist materials which depends on chain
length. Therefore, the resolution of the e-beam process not only depends on
the minimum electron beam width, but also on the detailed parameters of the
development process. Examples for negative tone resists are aM-CMS [184],
AZPN114 [185], and a common positive tone resist represents PMMA [1806].
The contrast v = 1/]1g(Dy,0/Dy,;)] with D, ; = threshold dose for increase
of resist thickness (negative tone resist, polymerization of chains) or for de-
crease of resist thickness (positive tone resist, chain length reduction), Dy ,
= dose for full resist thickness (negative tone resist) or zero resist thickness
(positive tone resist) is an important key parameter of a resist material and
should be large to ensure digital patterns of wires or dots. Furthermore, the
resist sensitivity is also an important parameter in defining wire and dot
structures. For a resist with sensitivity D the number of electrons defining
a pixel with size (3 can be calculated according to N = % - DI3. For PMMA
with a sensitivity of D = 300-500 uC/cm? one needs between 2000 and 3000
electrons to define a pixel of (10nm)? corresponding to a statistical fluctua-
tion of 0.018-0.022. On the other hand for a pixel of the same size defined
in AZPN114 only 216 electrons are necessary corresponding to a statistical
fluctuation of 0.07. Therefore the ideal resist possesses high contrast and high
threshold dose D;. Further mechanisms limiting the structure definition are
processes of electron back-scattering resulting in a background dose (proxim-
ity effect) in the resist. The range of the back-scattered electrons can reach
a few pm depending on the substrate under the resist [187,188,189]. From
dose variation experiments with single wires and dots as well as with wire and
dot arrays we found a minimum structure resolution of 20 nm for a PMMA
mask and below 50nm for a AZPN114 mask which is near the minimum
focus width (8 nm) of the e-beam lithography system [JEOL JBX-5DII(U)]
used. Examples of nanometer optical filters and lasers are given for PMMA
in [190] and for AZPN114 in [191]. Some examples of dot arrays are depicted
in Fig. 14.

3.2 Structurization Technology

After lithography, different technologies can be applied to transfer the litho-
graphy pattern to the semiconductor substrate. Most common are dry etching
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Fig. 14. Left: SEM picture of a dot array with a simple DFB period (A = 240 nm).
Right: Analogous to left but with filling factor modified DFB period A

techniques or implantation techniques. The properties of dry etching will be
briefly discussed. By implantation techniques no devices with real dot features
at room temperature could be achieved.

3.2.1 Dry Etching

After definition of masks with nanometer sizes the structures can be trans-
fered into the semiconductor by dry etching in conjunction with epitaxial
overgrowth (Fig. 15). This technique allows a most flexible wire and dot
definition with the additional advantage to use the wire and dot array di-
rectly as an optical filter. Many results reported in this contribution are
based on this fabrication method. However, this fabrication method is deter-
mined strongly by the damage level induced by etching, especially during dry
etching [192,193]. Nevertheless, if low damage etching techniques [194,193] in
combination with epitaxial overgrowth [195,196,197,198,199,200,193] are ap-
plied, structures down to 50 nm with optical functionality can be realized.
Examples of single mode lasers based on wires or dots are given in Sect. 5.

4 Basic Considerations

The discussion of the advantages of low dimensional systems with respect to
device operation parameters are at first glance based on the changed density
of states in those systems [4].

4.1 Electronic States and Statistics

For a more detailed description, the interaction between the different bands
must be taken into account and can change the density of states appreciably
(see the contribution by Hawrylak and Korkusirniski in this volume). The
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effects for various dimensions d can be directly seen by studying the density
of states D(E). Assuming a spherical dispersion relation F(k), the number of
states in k-space can be simply derived from the volume N of a d-dimensional
sphere with constant energy E (Eq. 32 in [201]), The density of states D(E)
follows from the derivative of the volume with respect to energy by

ON (D)

D(E) = : 2

()= 22 2
Based on the density of states the chemical potential y = (Onf/0n)r v can
be calculated from the free energy f = F/N per particle [201] as a function

of carrier density and temperature. The result is the well known density and
dimension dependence of the chemical potential

p~n2d, (3)

Using the inverse function of (3), we end up with the well known dependency
of the density of transparency on temperature and dimension

nee ~ T2 (4)

If we assume in a first approach no further density and temperature depen-
dence of the carrier lifetime in a laser, (4) predicts an extremely weak depen-
dence of the laser threshold current on temperature [4] for low dimensional
lasers [202].
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The strong structure dependence of the chemical potential according
to (3) can be nicely demonstrated in GaAs/AlGaAs quasi-wire structures
with different wire widths [195,201,203]. The main result for the chemical
potential is a steeper increase of the potential value for smaller dimensions
according to the decrease of the average number of states. This behaviour of
the chemical potential in low dimensional electron—hole plasmas (LD-EHP)
develops continuously to the case of quantum dots and is the reason for the
laser threshold density reduction in low dimensional systems. Furthermore
this dimension dependence of k-space occupation also determines the tem-
perature dependence of the density of transparency, which determines mainly
the characteristic temperature Tp,

H\\ ¢
T = Ln (ntr ) ~ 2 (5)
0 oT d

if we neglect in a first approach the temperature dependence of the carrier
lifetime in the LD-EHP. This results in an increase of Ty for lasers whose
active regions have a small dimension d.

Based on experimental data of wires with different widths [195], this in-
crease of the characteristic temperature in low dimensional systems can be
demonstrated quite systematically by calculating the density of transparency
nt, and its temperature slope (5) [201].

In going to lower dimensions this temperature slope of n(T) becomes
continously larger ending in an infinitely large value of Ty in the 0D-li-
mit [4,201].

4.2 Optical Transitions

The optical transitions in a low dimensional gain medium can be described
by a wave function

oD = g d=3—0;i=CB,VB (6)

consisting of a central cell function u for electrons (S-type) or holes (p-type),
which describes the polarization of the optical transitions, and an envelope
function [204,205,206], which describes the subband selection rule of the op-
tical transitions between different subbands. Together with the density of
states (2) the optical gain can be expressed by

nem?

Glw) = S P D) (1) = ] (0 =3.2,1,0). (1)

Results on gain calculations can be found in [5].
The matrix elements are given by (S | pz | Ps) = (S | py | Py) =

(S| p2| P.) =Py = m%E", with E, = 20.17¢eV for the interband matrix
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element for InGaAs [207] and E, = 22.71 eV for the interband matrix element
for GaAs [205]. Due to the strong kp-interaction of the valence bands in
1D and 0D structures, strong mixing occurs between heavy and light hole
states. Therefore hole states in wires or dots appear as heavy or light hole
like keeping their original pseudo-angular momenta [204,205]. An important
contribution to optical gain represents damping mechanisms described by
a frequency dependent broadening constant I'(w) which broadens according
to the relation

e . I'w)
6w = [ oGl G ey )
the originally narrower gain spectrum (7) of the dots. These broadening
mechanisms are of homogeneous type (internal fluctuating fields, dot—dot
interaction, carrier—carrier scattering) and of inhomogeneous type as dot size
fluctuations. For very strong broadening contributions the dot gain can be
strongly reduced showing no advantage compared to QW laser gain. This
means that the dispersion of dot size widths plays a crucial role in achieving
high gain in a dot laser.

4.3 Dot Laser Threshold and Laser Dynamics

A simple description of laser operation can be achieved using rate equations
for carriers (electrons and holes) and photons [208,209], which describe the
interaction of electrons and photons by stimulated and spontaneous emission
mechanisms as well as the pump process.

4.3.1 Dot Laser Threshold

The stationary solutions of the rate equations lead to a linear dependence of
the threshold density Vi, on losses oy:

Qg

Ny = —2— + Ni» 9

th 0G/oN) + NV 9)
and of the output power S on the pump current I:

1

=—+ (I —I). 10

GugrqV ( ) (10)

Assuming a pump term G, = I/qV, we obtain for the threshold current Iy

N,
Iin = qV - T““ . (11)

Assuming a density dependence of the spontaneous lifetime 75 as 1/75 =
A+ BNy, (with A = linear recombination coefficient, B = bimolecular re-
combination coefficient) (11) may be replaced by

Ith = qVNth . (A —+ BNth) . (12)
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(The meanings of the above used constants are: oy = optical resonator loss,
G = optical gain = o, G, = pump rate radiative contribution, Ny, = density
of transparency, Ny, = threshold density, S = photon density, ver = group
velocity of light, V' = volume of active area.)

The description of the dot or wire laser operation can be obtained by a 2-
level (active, passive region) rate equation approach [7,3,9]. Similar to the
example of QW lasers the laser threshold current can be expressed in terms
of a structural factor A [(13), Fig. 16]:

A= N.IWI,L ~ N,LyLypao L (13)

with NV, = number of QWs or of dot layer stacks in the growth direction, I},
= optical filling factor in the z-direction, I, = optical filling factor in the
y-direction, L,,L,,L, dot sizes in z-, y-, z-directions, pqot = sheet area dot
density, w = resonator width, L. = resonator length.

The threshold current is then given by

I, = quw(Cl + CoX + C3/>\) (14)
with constants

C1 = AN + 2B Niwo - Nina
Cy = ANino + BNy
Cs = BN?,

with Nino = N+ e+ aug- (1—17)/I'/(0g/ON) = threshold density contri-
bution (losses and density of transparency) without outcoupling contribution,
Nini = In(1/R)/[Lsn - (0g/ON)] (outcoupling), I' =1, - I, - N, - I, = to-
tal optical filling factor, and I, = optical filling factor in growth direction
(z-direction) of one dot layer.

Usually laser thresholds are represented as functions of resonator lengths L
and the other structural factors are parametrically used. The plot as a func-
tion of the structural parameter A (Fig. 16) gives us a more compact descrip-
tion of the laser threshold I;;, with respect to geometrical parameters. The
threshold current minimum can be obtained in terms of the coefficients C1,
Cs, and Cj3. (1 is related to a mixtutre of the outcoupling rate and the inter-
nal losses in a resonator. Cs is mainly related to the losses in a resonator and
C5 depends mainly on the outcoupling rate in a resonator. From the deriva-
tive of I;;, with respect to A, we get the optimum Ay, value with respect to
the minimum threshold current

Amin = V/C3/Cq (15)

and the minimum threshold current by

Ith,min(Amin) = quw : (Cl +2- V C(2 : 03) . (16)
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Fig. 16. Threshold current as a function of structural parameter A = N, [, I, L

Fig. 17. Threshold current as a function of structural parameter \ = N,I,I,L
and optical resonator loss

Besides the monomolecular parameter A and the bimolecular parame-
ter B, the optical resonator losses o, Qg are most prominent material
parameters in determining the optimum A. For increasing internal losses the
minimum value of \ decreases and the minimum value of the threshold cur-
rent increases in a low dimensional laser as shown in Fig. 17. The physical
meaning of the minimum threshold current can be seen in more detail if the
recombination rates in a laser at the minimum length Lyin = Amin/(Nz- I 1y)
are calculated and give the condition:

B - (Nt — Nino)?

1=
A'Ntho—i—B'thO

(17)
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with the carrier density at laser threshold given by

Nin = Nenwo + Neni /A

Cac + (FF5) oug [
= Ne+ = -In—. 1
9g/oN  »FTTL "R (18)

From (17) it turns out that the minimum length with respect to threshold
current is achieved, if the internal total rate ANtho—f—BthO without outcou-
pling contributions in a laser (mainly governed by the active volume) equals
the radiative excess rate B(Ngy, — Nino)? (mainly governed by the mirror loss).

In analogy to the description of the threshold of a dot laser in terms of
the structural parameter A, a similar expression can be obtained in terms of
the dot density pqot

Itn = qL.w(D1 + D2paot + D3/paot) (19)
with constants D1—Dgs given by
D — In(1/R) 4+ Lo,
"7 (9g/ON) - Ty
Dy = N,L,L,L(AN,, + BNZ2),

In(1/R) + Loy \> 1 B
(8g/ON) T, ) LyLyN.L

(A4 2BNy,),

3 =

The optimum of the dot density will be achieved for pdot,min = +/Ds/D2
and the physical meaning of the minimum is the balance between the total
rate at density of transparency ANy, + BNZ2 and the radiative excess rate
B(Ngy, — Nip)? given by

B(Nin — Nip)?

e (20)
The difference Ny, — Nip
1-r In(1/R
N = N = (0e + 1y + 2V g0 1)

represents the carrier density, which is needed for the resonator gain to cover

all internal absorption losses and the mirror loss (outcoupling). In a low

dimensional laser, the stationary solutions of (9,11,12) are modified (modifi-

cation of Gy) due to carrier transport processes [210] and carrier relaxation

processes [211]. A main result is the approximation of the effective capture

time Tceg,, which is split in a low dimensional laser into a diffusion contribution
eff

Taif and in a scaled up capture time contribution ¢, [6,7,8,9]

Vb
Tcef; = Taif + v Tgp (22)
ac
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which results from the conservation law of particles in the active region/
barrier-scattering processes. This modification of the capture time with the
filling factor of the low dimensional structure strongly reduces the carrier
capture rate and limits therefore the modulation response as well as the
effective gain of the material. The relation (22) can be nicely verified by
measuring the modulation response of wire and dot lasers with various ratios
of Vi /Vae [8,9] (see also Fig. 24, right). The effect of the capture time (22)
on the recombination coefficients A, B in the laser threshold equation (12)
can be described by a factor Fg.

eff 7—Q
ca ca
FB:1+Teffp%1+ Tdiff + Fp ' (23)
s,B
with T(gp = LO-phonon based carrier scattering time.
This factor describes the efficiency of carrier capture into the active region

of a laser from a reservoir (barrier region) under a certain carrier lifetime 7%
,

in the barrier region. The modification of the constants A, B is then given
by

eff

* _ Tcap
A* = FgA+ Tsef]ngeSC s (24)
B* = FsB. (25)

For large filling factors as in QW and bulk lasers, Fp is ~ 1. For small filling
factors, especially in wire and dot lasers, Fg can become larger than 1. This
modifies strongly the threshold current and the quantum efficiency. Compared
to lasers with I ~ 1 the threshold current

Ity = qLaw (CF + C3A + C5/A) (26)
increases and the quantum efficiency 7

* Ui

=T (27)

Ui
decreases. Therefore, filling factor dependent carrier capture effects described
by the factor Fp can counterbalance low dimensional density of state effects
as present in wire and dot lasers.

(Cy, C3, and C3 are calculated according to (14), (15) with coefficients
A*, B*.)

A complete picture of Iy}, as a function of the laser length L and the dot
density pgot is given in Fig. 18. As can be seen, the parameters L and pgot
must be rather large to obtain low enough thresholds which is due to the
small filling factors in the lasers. The respective optimum values for laser
length Ly, (Fig. 19)

)\min 1

Lmin = X r 5
(p) NoL.L, p
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Fig. 19. Optimum laser length for minimum threshold current as a function of dot

density
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prmin(L) (99/ON)N.IonLoL, \| ANy + BNZ T (29)

show a hyperbolic dependence on pgot and L, respectively.
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As the threshold current Iiy, (L, p) for fixed length L reaches its minimum
for a certain dot density pmin(L) (see It v.s. p in Fig. 18) the optimization of
a dot laser is rather complex. Each dot density p possesses its own optimum
laser length Ly,in(p) and vice versa the same is true for the laser length L.

Further important parameters are the ratio between optical losses a and
differential gain (0g/0N) as well as the number of dot stacks N,. From these
dependencies it is clear that the number of stacks must be increased and
the losses in the resonator must be strongly reduced to obtain low threshold
currents at moderate laser lengths and to omit higher level lasing.

4.3.2 Modulation Limit

Besides the low threshold of a laser also its ultimate modulation speed is
a very important parameter for data communication applications. According
to the expected higher gain g and differential gain dg/9N [5,204] the modu-
lation bandwidth of a dot laser should overcome the modulation bandwidth
of a QW laser. The modulation limit in a laser can be given in a compact
form by its K-factor [212]:

K =47 (ron + 750) (30)
with
1
T = —
ph Tvgrarg’

which determines the 3 dB-bandwidth of a laser

f3aB = @ (31)

There are only two time constants which determine K. This is the photon
lifetime 7 (31) and the effective capture time T('ffp (22), which an electron—
hole pair needs to scatter from the barrier into the quantum dot or wire.
The capture time includes transport mechanisms like diffusion, tunneling,
and drift from the claddings to the active region of a laser. Furthermore
the capture time predominantly determines the gain compression factor. In
a three-level system consisting of a barrier reservoir and a two-level active
region the damping constant € and the differential gain of the active region

are related to each other by the effective carrier capture time Tceg) by

€ = o8 v (D9 On) (32)

which determines the damping in a laser and in addition the ultimate band-
width (Fig. 20). Especially in low dimensional structures, both time ranges
eff

(Teap and 7pn) can become long due to confinement factor effects and due to

transport effects. Very important is the relationship between the gain com-
pression factor € and differential gain dg/0n (32). From this relation we see
that the gain compression and therefore the maximum modulation speed of
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Fig. 20. Relaxation frequency as a function of drive current

a low dimensional laser is directly correlated to the differential gain by the
capture time ng): the larger the differential gain the smaller the maximum
modulation speed. This relationship explains why low dimensional lasers with
high differential gain can show much smaller maximum modulation speed

than, e.g. 2D lasers.

4.3.3 Key Parameters

Summarizing the above discussion on optimization of low dimensional lasers
the following key parameters for laser development can be identified:

e The threshold density Ny

Nin = Nino + Nenr /A (33)
with
~ In(1/R)
Nthl - m (34)
Nino = [Qae + ug(1 = T')/T)/(09/ON) + Ny, . (35)

e The minimum structural factor A

BN?
Amin = V C3/C :1/—“11. 36
3/ ? ANthO +BNtQhO ( )

e The relationship between optimum dot density and optimum laser length

)\min 1
min — X7 5 -+ " 7 37
Pdot, N.L.L, L (87)
)\min 1
Lmin = (38)

N.L.L, paoi
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e Factor Fy describing carrier capture and its influence on threshold given by

Fp=14—22 (39)

s,barrier

e The relation between damping e and differential gain 9g/0N
€= Tfaf; - Ugr - (0g/ON) (40)

with I, = confinement factor per dot layer in the growth direction, I" =
I, Iy, =~ N.LyLypdos.

5 Devices and Applications

The advantage of lithography based nanometer fabrication techniques com-
pared to SAD techniques is their high flexibility in defining optical resonators
with arbitrary geometry (Figs. 1 and 21). Despite the disadvantage of reduced
optical quality of the fabricated dots, the lithography based technique allows
the realization of resonators with dots serving as the optical filter and simul-
taneously as gain media.

5.1 Dot- and Wire-DFB-Lasers

Such laser structures are also called complex coupled DFB lasers [14,16,111]
[213], as besides a periodic real index function the resonator possesses also
a periodic imaginary function. By fine tuning the filling factor (Fig. 14, left
and right) keeping the DFB period constant, detailed and systematic dynamic
investigations of carrier transport and carrier relaxation can be accomplished
which is hardly achieved in SAD structures.

5.1.1 Static Characteristics

An impression of the quality of the optical resonators can be obtained by
studying sectional views of wire and dot DFB resonators by AFM (Fig. 21,
left). From spectra below threshold one can obtain the optical gain in dot
DFB lasers as a function of pump current (Fig. 21, right). As expected, the
dot laser shows higher differential gain than the 2D laser. The strong barrier—
active region interaction of a dot-DFB-laser can be analyzed by measuring the
threshold current density as a function of the lateral geometrical resonator
filling factor I'yeo = I, (Fig. 22), which can be realized by fine tuning the
filling factor by lithography based nanometer structuring techniques (Fig. 14).
For a given filling factor, the totally injected current splits into a barrier
current (carrier recombination in the waveguide and cladding region) and an
active region current (radiative and non-radiative carrier recombination in
the active region). To simplify the analysis, we assumed in the case of the
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Fig.21. Left: AFM picture of a sectional view of a GalnAs/GalnAsP/InP wire
DFB laser with a DFB period of A = 240 nm. Right: Comparison of differential
gain values dg/dI for QW- and dot-laser
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Fig. 22. Left: Calculated barrier density of a box DFB laser for various dot filling
factors. Right: Measured total current density (open circles) of box DFB lasers for
various array filling factors and calculated total current j; (solid line). The barrier
current j, (dashed line) and the active current j, contributions (dashed dotted line)
are also shown. We assumed a barrier lifetime ¢, = Tﬁffg of 5.0 ns, and a LO-phonon-
carrier scattering time t. = 72, of 3 ps (22)

dot-DFB lasers spontaneous recombination (radiative and non-radiative) in
the barrier regions and radiative recombination in the dots. As can be seen
from the different contributions of barrier and active region current even
at the threshold current minimum (Iyeo ~ 0.25 for InGaAs/InGaAsP-dot
lasers), the barrier current has roughly the same magnitude as the active
region current and increases steeply for non-optimal filling factors due to
high barrier carrier density (Fig. 22). For higher filling factors, the dot laser
approaches the QW-laser case and the current is mainly determined by the
active region current.
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Right: Experimental wire (solid line) and dot (dashed line) DFB spectra at room

temperature

5.1.2 Spectra of Dot DFB Lasers

Dot and wire arrays with periodic distances between wires or dots adjusted
for Bragg emission wavelength (here 1550 nm) serve as optical filters with
complex coupling mechanism between the light field and grating. In Fig. 23,
left, the calculated mode threshold (dot filter: solid circles, wire filter: open
diamonds) of a dot and a wire DFB laser is depicted. The dot DFB laser shows
a stronger asymmetry of the threshold values and therefore also a stronger
side mode suppression ratio, which is due to the higher imaginary contribu-

tion k, of the total coupling factor ke=4 /K2 4. + ngain in the dot DFB filter.

This theoretical expectation is demonstrated in Fig. 23, right: compared to
a conventional QW DFB laser or even to a wire DFB laser, the dot DFB laser
shows strongly improved side mode suppression ratio of the order of 40 dB [1]
even in the case of a very wide transversal resonator cavity of 64 um. This
makes dot DFB lasers suitable candidates for improved DFB laser emission
and for low cost optical single mode laser devices as fabrication tolerances
to achieve transversal single mode in these lasers are strongly relaxed due to

the two-dimensional DFB-grating.

5.2 Modulation Dynamics

From the analysis of the rate equations [7,3,9,

] one finds the well known

modulation band width, which depends on the K-factor (30) by (31). The
modulation band width depends on the one hand on the differential gain
0g/0n, which determines the relaxation oscillation frequency of a laser and
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on the other hand on the damping of the relaxation oscillations mainly
determined by the gain compression factor €. These dependencies can be
summarized by the K-factor given in (30). A further analysis of the 2-level
model [7] yields a relation between gain compression factor € and differen-
tial gain 0g/0n (32) by the strongly geometry dependent effective capture
time ng) (22). This relation represents a strong restriction of the maximum
achievable modulation band width and leads to strong constraints for the
optimization of the modulation band width of a dot/wire laser. An attempt
to increase the modulation band width by an increase of the differential gain
results simultaneously in an increase of the gain compression via the effective
capture time (22) in a laser structure. This strong dependence of the laser re-
sponse on the filling factor can be seen directly in Fig. 24, where we compare
QW wire and dot DFB lasers with respect to their modulation response. The
lower the dimension the stronger capture time effects on delay-on time and
pulse width of the lasers.

5.3 Chirp

The current modulation of a laser enforces the modulation of the carrier
density, which result in a modulation of the emission wavelength. In Fig. 25,
right side, we depict the wavelength chirp (triangles) during the laser emission
after a short ps excitation pulse. Due to the phase shift between the intensity
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pulse and carrier density pulse, one observes mainly a red shift of the emission

according to the falling edge of the carrier pulse. The overall wavelength shift
a [dinP(t)

Av(t)= —— | ————= P(t 41

u(t) =~ | L+ kP(Y) (41)

consists of a structure independent shift according to a change in photon

density (and therefore carrier density) and a structure dependent shift ex-

pressed by the factor k with P = optical power of the laser, k = VL;,W,
a= —47” : gz;gx, A v = dynamical frequency shift. The overall wavelength

shift in low dimensional lasers not only depends on the carrier density change
in the active region; also the carrier density change in the passive waveguide
region contributes to a refractive index change and therefore to a wavelength
change. In Fig. 25, left we compare the wavelength shift of QW-, wire- and
dot DFB lasers. The QW and the wire DFB lasers show comparable shifts
as expected from the carrier density changes in the active region and in the
barrier. The wavelength change of the dot DFB laser, however, is nearly zero.
The strong chirp reduction in dot DFB lasers remains, even if we change the
pump power by a factor of 4. As the barrier filling factor is larger in dot
DFB lasers than in wire or QW DFB lasers, also in dot DFB lasers a chirp
effect should occur. However, a more detailed analysis reveals that the barrier
carriers experience an increase in carrier temperature with increased pump
level (Fig. 25, right). We attribute this to Auger heating [214]. Taking into
account the measured increase in carrier temperature in the total refractive
index change

Aneﬂ:g—;AN—kg—;AT (42)
we find nearly a balance between carrier induced refractive index change and
temperature induced refractive index change leading to the low observed chirp
values in dot DFB lasers. An additional effect comes up in DFB lasers with
complex coupling, where the linewidth enhancement factor can be controlled
to a certain degree by the different amounts of the real and the imaginary
part of the grating coupling factor [111].

5.4 High Power Lasers

Output power is another very important characteristic defining the useful-
ness of a laser diode in modern applications. Semiconductor high brightness
lasers (lasers with high power and high beam quality and small emission band
width) require a low filamentation tendency and a low saturation intensity of
the active gain medium. Filamentation in a semiconductor laser occurs under
high field intensities. High light field intensities induce, by carrier-photon in-
teraction, waveguide effects (generation of filaments), which can enhance the
light field intensity locally up to the destruction of the laser structure. If the
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Fig. 25. Left: Comparison of emission intensity and wavelength chirp of QW, wire,
and box lasers as a function of delay time. Right: Comparison of the barrier emission
of a box laser for different pump powers

average gain in a resonator is low, as in a dot laser, these filamentation effects
are more efficiently suppressed. Furthermore to obtain high output power
densities on the outcoupling mirror, low confinement factors are wanted. The
field intensity on the mirror and therefore the mirror temperature depends
on the effective modewidth dpoqe given approximately by

dmode = dac/I"  with d,. = width of active region. (43)

This leads to a relationship between the output power Pcop,out (Pcob,out
represents the output power where catastrophic optical damage (COD) of
the mirror occurs) and the internal power P, given by [215,216,217]

dec-w 1—R

S ——= . Py, 44
Toe 14R M (44)

Pcop,out =
with d,. = thickness of the active region, w = waveguide width, R = intensity
reflectivity of the mirror facet.

From this equation we see that besides a low appropriate output reflec-
tivity R, a small confinement factor I, of a laser (as present in a dot laser)
is helpful to suppress oxidation processes. Reduced nonradiative surface re-
combination may help to decrease facet overheating and thus to increase the
power for catastrophic optical mirror damage. A low confinement factor not
only improves the COD behaviour but also results in a low average gain,
which reduces the tendency to build up higher optical modes in a resonator
(tendency for filamentation).

Some advantages (beam quality, COD stability) are expected when using
quantum dot structures for high power applications. Especially the more or
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less optically passive resonator of a dot laser should result in a beam of
very low filamentation and good M?2-values. Moreover, owing to the lower
filling factor, such lasers should possess lowest intrinsic optical losses, which
are strongly needed to allow for a long cavity laser design [218] to meet the
requirements of sufficient heat spreading in a high power laser. As the low
filling factor is also responsible for a gain saturation at quite low current
densities, high power can only be expected from lasers with large dot density
or a long cavity. Nevertheless, quantum dot lasers emitting several watts of
light have been reported recently. Heinrichsdorff etal. [219] have achieved
output powers of 3.7W on 2mm long devices at a wavelength of 1100 nm
and even 4.5 W at 1068 nm after having optimized their laser structures with
regard to quantum efficiency and dot density. Impressively high lateral dot
densities of more than 10! em~?2 could be measured on their MOVPE grown
material, and the filling factor was further increased by using stacks of 3 or 6
such dot layers. Later, the same group could improve their laser fabrication
process thus achieving the same output power at 1140 nm on shorter devices
(1.3mm) [220], which exhibited extremely low internal losses around 2 cm™!.
On the other hand, demonstrations of good beam quality and high COD-
power are not so clear. This might be due to the fact that resonator losses
strongly depend on waveguide design (doping level, waveguide geometry)
which was possibly not on the focus of present dot laser structures. Another
reason may be the relatively large effective capture time Tffp, which results
in a carrier accumulation in the barrier of the laser leading to a refractive
index change and therefore possibly to a degradation of the beam quality.

6 Conclusions

In this contribution, we discussed physical aspects, fabrication aspects, and
some applications of dot lasers. From the size reduction we found not only
density of states related phenomena, but also transport related phenomena
influencing dot laser operation. From this analysis we saw that the filling
factor of a dot laser is most prominently characterized by the effective carrier
capture time of dots, which strongly determines laser threshold, quantum
efficiency, and modulation band width in a counterbalancing scheme with
respect to the density of states. For obtaining high power or high modulation
band width, the filling factor in dot lasers must be increased showing in
a certain respect an opposite optimization behaviour compared to QW lasers.
SAD fabrication methods are found most promissing in obtaining dots of high
quality. Lithography based fabrication methods are interesting fabrication
techniques despite the disadvantage of reduced dot quality due to their higher
flexibility in defining resonator structures. Resonators with very high side
mode suppression ratios can be realized in dot arrays as 2D-DFB gratings.
The combination of SAD growth with lateral patterning techniques possibly
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combines the flexibility of lithography based methods of resonator design
with the high quality growth of SADs.

The dynamical analysis reveals a severe limitation in maximum modula-
tion response, which is principally based on the relationship between damping
and gain in low dimensional lasers. The dynamic emission analysis shows very
low chirp behaviour of dot DFB lasers making these lasers suitable for data
communication at longer wavelengths.
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Abstract. In this contribution the dynamics of the optically induced interband
polarization in (In,Ga)As/(Ga,Al)As quantum dots is reviewed, following the ad-
vances in the literature of the last ten years. Radiative recombination, exciton—
phonon interaction and Coulomb interaction of excitons with other carriers are
discussed as mechanisms responsible of the excitonic dephasing in relation to their
influence in the decay of the excitonic population. Following the recent progress in
this area, the coherent non-linear light—matter interaction under strong light fields
that results in optical Rabi oscillations of the excitonic population in quantum dots
is also reviewed.

1 Introduction

The dynamics of electrons and holes in semiconductors and semiconductor
heterostructures have been extensively discussed in the literature, and are
governed by their mutual Coulomb interaction, by their interaction with lat-
tice vibrations (phonons) and by their radiative recombination. A powerful
technique to study the carrier dynamics in semiconductors utilizes short op-
tical pulses to photoexcite electrons from the valence to the conduction band
(i.e. to create electron—hole pairs) that subsequently relax until the photon
energy stored in the medium is dissipated and the system has recovered
thermal equilibrium. The dynamics of the carriers photoexcited by the short
optical pulse can be followed by monitoring two main optical observables: the
interband population difference and the induced polarization. Both quanti-
ties decay with time after the photoexcitation due to the carrier dynamics,
however the induced polarization (which is an ensemble average over many
photoexcited dipole moments) is sensitive to scattering events that break the
phase relationship among the individual dipoles and/or with the light field
creating them (dephasing processes), while the population difference is sen-
sitive to events that change the energy of the carriers. Transient coherent
optical spectroscopy addresses the time-evolution of the induced polarization
in the time-regime during and immediately following the photoexcitation by
a short pulse laser, in which the photoexcited dipoles have retained a de-
fined phase relationship among each other and with the exciting coherent
radiation.

P. Michler (Ed.): Single Quantum Dots, Topics Appl. Phys. 90, 237-270 (2003)
© Springer-Verlag Berlin Heidelberg 2003
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In semiconductor structures with at least one direction of translational
invariance, electrons and holes can span over a continuum range of energies
and wavevectors. The description of light-matter interaction in these sys-
tems has to account for many-body Coulomb interactions among the carriers
and is generally rather complicated. In semiconductor quantum dots (QDs),
the translational invariance is destroyed in all three directions, and electrons
and holes have discrete energy levels (see the Chapter by Hawrylak and Ko-
rkusiniski in this volume). The description of light-matter interaction in QDs
can thus recover most of the simplified approaches known from atomic physics
for a long time.

This article concentrates on the carrier dynamics in semiconductor QDs
epitaxially grown with III-V materials such as (In,Ga,Al)As, with particu-
lar emphasis on the dephasing processes. In the following section the the-
oretical background for the description of the coherent light—matter inter-
action in QDs is given (Sect. 2.1), together with an overview of the op-
tical experiments used in the literature for coherent optical spectroscopy
in QDs (Sect. 2.2). A discussion of the different dephasing processes in
(In,Ga)As/(Ga,Al)As QDs will follow in Sect. 3, such as radiative recombi-
nation (Sect. 3.1), phonon interactions (Sect. 3.2) and Coulomb interactions
(Sect. 3.3). Sect. 4 is dedicated to coherent non-linear spectroscopy of QDs
in the presence of strong light fields resulting in optical Rabi oscillations.
Finally, a summary of the work is given in Sect. 5 together with an outlook
toward the importance of QD dephasing in applications.

2 Coherent Spectroscopy
of Semiconductor Quantum Dots

As mentioned before, with respect to their optical properties QDs can be in
a good approximation described as atom-like objects. Many transient coher-
ent effects in atoms are analyzed describing the atoms as two-level systems.
This model assumes that the interacting light has a narrow frequency spec-
trum such that photons are resonant with an optically allowed transition
between two energy levels, and off resonant with respect to all other optical
transitions. We begin our discussion on the coherent spectroscopy of QDs
with the basic treatment of light—matter interaction in the two-level model.

2.1 Theoretical Background

2.1.1 Optical Bloch Equations

Let us consider an atom-like two-level system, i.e. a charged particle bound
to move in a confining potential with two discrete energy levels E,, F}, (see
Fig. 1a), in the presence of an electromagnetic field. The two-level system is
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treated quantum-mechanically, i.e. its wavefunction ¥ follows the Schrédinger
equation:
e
ih 5 = HY (1)
where H is the Hamiltonian operator, in general time-dependent, while the
electromagnetic field is described classically and obeys the Maxwell equations.
This semiclassical treatment of the light—matter interaction is bound to be
incomplete, but offers a simpler framework than using the quantum theory of
radiation. With the semiclassical treatment it is possible to give a correct de-
scription of the influence of an external coherent radiation field to the system
(absorption and stimulated emission) but not of the spontaneous emission of
radiation from the system which is accounted for only phenomenologically.
The treatment of the interaction of atoms with a quantized field can be found
in [1,2].
The Hamiltonian Hj of the isolated two-level system in the absence of
the electromagnetic field is time-independent and (1) has solutions of the
form [1]:

Ti(r,t) = @;(r)e EM L Hyp; = Ejp;, (2)

with j = a,b and @,, ¢}, are orthogonal functions normalized to one; r denotes
the spatial coordinate of the charged particle. In the presence of a time-
dependent field, the solution of (1) with H = Hy + H'(t) is sought in the
form:

LD(Tv t) = Ca(t)kpa(’rv t) +cp (t)wb (Tv t) ’ (3)

with the coefficient c, (cp) such that |ca|? (|ep|?) is the probability of finding
the system in the level a (b). We require the normalization condition:

ca®)]? + |en(®))” =1, (4)

so that the wavefunction in (3) is normalized at all times, i.e. the probability
is conserved. For an electric-dipole allowed transition the main contribution
to the interaction Hamiltonian H' is:

H=-p B, (5)

where FE is the incident electric field and p is the electric dipole moment of
the charged particle. In the so-called dipole approximation, the size of the
wavefunction that describes the motion of the particle is negligible compared
to the wavelength of the field, and F is evaluated at a fixed spatial position
(e.g. at the nucleus of the atom). By substituting (3) into (1), taking into
account of (2) and (5), one gets:

de dep

ihd—: =c H., +cH., , ihﬁ = ¢ Hy, + v Hy,, (6)



240 Paola Borri and Wolfgang Langbein

with
H =e BB (_p . E),  p,; =/d‘°’w;-*ps0j- (7)

The four elements H;; (i,j = a,b) of the interaction Hamiltonian can be
simplified when considering that H’ is a self-adjoint operator, since it is the
representation of a physical observable, and thus H{j =H j’z* Moreover, if
the eigenfunctions ¢; have a given parity, which is the case for an inversion
symmetric Hamiltonian Hy(r) = Ho(—r) (like for example in the hydrogen
atom with the origin of the coordinates taken in the nucleus), then:

Pi; = /drsﬁ’:(—er)%' =0, (8)

where the electric dipole moment of a particle of charge —e has been written.
Let us now introduce the following substitutions:

hwo = Ey, — E, , a = cpeTiwot/2 , b= cpe iwot/2 , (9)
and
s = (81,82, 83) = (ab® + ba™,i(ab* — ba™),bb* — aa™) . (10)

Then, (6) can be rewritten in the vectorial form:

ds +pu7) E . —pu’)- E
E -2 x s, = ((pab I;Lab ) 7l(pa,b ?Lab ) 7_WO) , (11)

which describes the precession of the vector s (of unitary modulo as follows
from (4)) with the angular frequency vector £2. Equations (11) represent the
general form of the interaction of a two-level system with a light field in
the semiclassical theory and are called optical Bloch equations, due to their
analogy with the equations introduced by Bloch for magnetic resonances de-
scribing the behavior of a spin 1/2 particle in an oscillatory magnetic field [3].
The solution of the precession in (11) is in general complicated since {2 is
time dependent. Let us for the moment consider an electric field in the form
of a linearly polarized monochromatic wave E = E( coswt and let us suppose
that p,, = Pup* = W, 1.€. a linearly polarized transition (the case of circularly
polarized dipole transitions can be found in [4]).

If (11) is rewritten in the rotating system with the angular frequency
w = (0,0, —w) one gets:

(12)

ds’ p- Eo(l 4 cos2wt) p- Egsin 2wt s
= —w
dt A ) 7 ) 0 )

where s’ is the transformed vector in the rotating system. Therefore, in the
rotating system the precession is described by a constant angular frequency,
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if one neglects the terms rapidly oscillating at the frequency 2w. This is the
so-called rotating wave approximation [3], which is valid if p - Eg/h < w
and one considers averaged effects over observation times much longer than
the optical period 27/w (note that for visible light 27 /w ~ 1071°s). The
vectors s and s’ are related by the matrix of the rotation and one finds:

s1 = s} coswt + shsinwt ,

59 = —s) sinwt + s5 coswt

s3 = s5. (13)
The precession of s’ with constant angular frequency is finally given by:

ds’ -FE
& moxs, B=mOw-w),  wn=2EO

and can be easily solved. The frequency wgr is called the Rabi frequency. It
is interesting to point out the physical meaning of the components of the
vector s’. The component s§ = s3 gives the difference between the excited-
state and the ground-state occupation probabilities (10), and it is also called
population difference or inversion. To understand the physical meaning of s
and s/, let us write the expectation value of the dipole moment operator for
the state ¥:

(14)

(p) = /dr@*p@ = p(ab* +ba™) = ps; . (15)

From (13) it follows that s} and s} are the amplitudes of the induced
dipole moment in phase and in quadrature with the driving electric field,
respectively [from (8) it follows that the dipole moment of the system at
equilibrium without field is zero].

With the initial conditions s’(t = 0) = (0,0,—1) one finds as solution
of (14):

wr? sin? (\/(au—wo)—2+wR2t/2)

[bf* = 2 2
(w—wp)? 4+ wr

. (16)

Two examples of this solution are shown in Fig. 1b.

For the resonant case w = wy, the occupation probability oscillates in time
with the Rabi frequency and reaches a maximum value of 1. Out of resonance,
the probability oscillates faster and never reaches its maximum value of 1.
Note that using (4) the population inversion is given by sj = 2[b|? — 1.
This oscillatory behavior of the occupation probability versus time (Rabi
oscillations) is the physical origin of the coherent optical effect called transient
nutation [3,4] in which the transmission of light, immediately following its
switching-on, exhibits a modulation due to the interaction with the medium
which is absorbing and re-emitting light sinusoidally versus time, according
to (16).
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Fig. 1. (a) Energy scheme of a two-level system. (b) Time-evolution of the excited
state occupation probability according to (16) in the resonant case w = wo (solid
line), and for a detuning w — wo given by twice the Rabi frequency (dashed line)

2.1.2 Ensemble of Identical Two-level Systems: Density Matrix

In real systems, the transient nutation showed a damped oscillation toward
a steady-state value [3,4]. There are various physical mechanisms as the origin
of this damping. First, the spontaneous emission from level b to level a results
in a finite radiative lifetime of level b. Additionally, one might have to take
into account interactions with the environment such as collisions with other
atoms for gases, or lattice vibrations and Coulomb interactions with other
carriers for solids. It is in general complicated to account for these effects
since the dynamics of a large number of other particles have to be consid-
ered. In a simple approach, one considers the environment as a thermal bath
without memory and the time evolution of the system is described by an
exponential decay to the equilibrium value. This simple approach introduces
phenomenological damping constants for the time evolution of the vector s,
with the result that s’ no longer maintains its unitary modulo [3]. This is,
however, not compatible with the description followed up to now where the
unitarity of s’ is a direct consequence of the conservation probability in (4).

A consistent description of the damping mechanisms has to abandon the
possibility of describing a two-level system with the wavefunction ¥ (called
a pure state in quantum mechanics) and has to introduce the density matrix
formalism [4]. In this case, the system is not in a pure state but in a “mixture”
of states, and it is described by the probabilities Pj of being in the state
Ui, = cq,kWa + ¢ x¥b. The density matrix of the system is defined as:

|Ca,k|2 Ca,kCp i
P:kak * 2 ' (17)
CokCoty [Cook

We use this description for systems consisting of a large ensemble of iden-
tical systems which are in different pure states or for a single system where
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physical quantities measured over long times can be equivalently treated as
an average over a large ensemble of statistically independent realizations.
The density matrix describes statistical properties of the system. Let us in-
troduce two physically measurable quantities that are important in optical
experiments: the population difference A IV and the polarization P of the sys-
tem. These are macroscopic properties of the system, i.e. ensemble averages,
and are given by:

AN = nZPk(\cb7k|2 - |Ca,k

%) = nz Pys3 .,

% %

P=n) Pup)=npY Pisik, (18)
k k

with n number of systems per unit volume in the ensemble. Therefore the
diagonal terms in the density matrix are associated to the population of the
energy eigenstates, while the off-diagonal terms are associated to the phase—
sensitive superposition of the two-level dipoles in the ensemble and, thus, to
their mutual coherence. We now introduce a new vector S’ which describes
the macroscopic inversion and polarization:

Si = Zpks/l,k ) Sé = Z Pk3/2,k ) Sg = Zpksg,k ) (19)
k E k
and obeys the optical Bloch equations with damping:
dss Sh+1
—wopsl oS8T
at R T
ds! S}
3 = (W wo)St —wrS; - ?2,
dsi ;S
= — _— —_ . 2
=~ —w0)Sy— o (20)

We have introduced T; > 0 as the decay time of the population difference,
such that the system returns to its ground state at equilibrium without field
[S" = (0,0,—1)] due to the spontaneous emission from the level b. To > 0
is the damping constant of the polarization, also called the dephasing time.
T and T5 are also known as the longitudinal and transverse relaxation time,
respectively, in analogy with the theory of magnetic resonance. In general,
they are related by the following equation:

1 1 1

41 21
T, o1 T 1)

T3 > 0 is often called the “pure” or “elastic” dephasing time. For example,
the collision broadening in atoms is often of this type [2], i.e. collisions can
leave the atom in the same energy level (elastic collisions) and only change
the phases of ¢, 1 and ¢ without changing their amplitudes. The macro-
scopic polarization is sensitive to the phase relations of the terms ¢, cp 1™ in
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Fig. 2. Solution of the population difference from the optical Bloch equations with
radiative damping 7% and without pure dephasing (73 = 0) in the resonant case,
for different ratios of the Rabi frequency to the damping rate

the superposition ), P51k, and thus random phase changes caused by the
elastic collisions result in a decay of the macroscopic polarization additional
to the one given by the population damping. The factor of two between the
elastic dephasing rate and the radiative one in (21) should be noted. This
can be understood since the polarization is proportional to the amplitude
of excited-state occupation probability ¢, while the population inversion is
proportional to |cp|?.

In the presence of damping, the components of S’ decay with time and
tend to steady-state values. Equation (20) can be solved analytically [3] in
the resonant case w = wy. In Fig. 2 this solution is shown for the population
difference S% with the initial condition S4(0) = —1 in the case of pure pop-
ulation damping, i.e. 1/T4 = 0 for different ratios of the Rabi frequency to
the damping rate 1/T5. Significant oscillations occur for large Rabi frequency
and long dephasing time.

The steady state solution of (20) results in constant amplitudes of the po-
larization in phase and in quadrature with the incident electric field. These
terms allow one to define a susceptibility with its absorptive and disper-
sive part and link the damping constants to the spectral linewidth of the
absorption [2]. In the limit of linear susceptibility (S5 + 1 < 1), one finds
a Lorentzian spectral lineshape of the absorption a,, (w) centered on wy with
a full width at half maximum (FWHM) given by v/ = 2/T5.

Let us briefly comment that the introduction of the damping constants
T1, T5 is the simplest approximation to describe the relaxation of the system
to its equilibrium, which is also called the relaxation-time approximation.
The general description of the processes that bring the system to thermal
equilibrium via interactions with its environment, such as collisions, radiative
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and non-radiative recombination, interactions with other charges, considers
dephasing processes that are non-instantaneous functions of the environment
(non Markovian behavior) [5].

2.1.3 Inhomogeneously Broadened Transitions

In most of the real cases the system under observation is an inhomogeneous
ensemble, i.e. it is formed by non-identical two-level systems. Each two-level
system can be described by (20) but parameters such as the transition fre-
quency, the dipole moment and the damping constants can have different
values for the different systems in the ensemble. The formal description of
an inhomogeneous ensemble of a large number of systems with density n
defines how a given parameter is statistically distributed in the ensemble.
The distribution of transition frequencies is often the most important inho-
mogeneous effect in the optical properties of an ensemble. In many cases, an
inhomogeneous ensemble is approximated assuming that only a distribution
of resonance frequencies wy, is present, represented by a function G(wy) such
that nG(wj)dw is the number of systems per unit volume with transition
frequencies between w(, and w{, + dwj. A well known example is the Doppler
broadening for atomic gases which leads to a Gaussian distribution of reso-
nance frequencies [2]. The macroscopic population difference and polarization
are given by the statistical average over the inhomogeneous distribution:

o0
AN = n/ S3(wp) G (wp)dwy

P= nu/ S1(wg) G (wg)dwy, - (22)
0

From (22) the absorption spectral lineshape a(w) is given by the convolution
of the Lorentzian lineshape of the individual two-level system ay (w), cen-
tered in w( and homogeneously broadened by v/h, with the distribution [2]
G (wp):

+o00
aw) = [ @Gz, (23)

— 00

2.1.4 Beyond the Two-level Approximation: Many-level Systems

Even for discrete energy level systems, in many real situations the interaction
of light cannot be described in the two-level approximation. This is the case
if several transitions of one system are near resonance with the incident field.
For example, in InAs semiconductor quantum dots the ground-state excitonic
transition and the exciton—biexciton transition are separated by only a few
meV which is below the spectral width of a short optical pulse [6]. Even if the
other levels do not lead to optical transitions close in energy, one might have
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to take into account that the two levels under optical study interact with the
other levels, for example via phonon-mediated transitions. In this case the
radiative lifetime of level b toward level a is not a realistic description of the
relaxation of the population difference of the considered two-level transition
but several radiative and non-radiative population relaxation channels are
present.

A convenient way to describe the light—matter interaction in the presence
of more than two levels is to generalize the density matrix in (17) by consid-
ering the wavefunction ¥, = Y;a;,¥; with j that runs over the number of
levels under consideration. The generic element of the matrix is thus defined
as pij = EkPkai,ka;‘f’k. The time-dependent equation for p;; is given by:

dpij i / * dpij
& n zk:(pijik = Prillji) + dt /. -

The last term in the equation represents the relaxation of the system back
to thermal equilibrium due to the damping mechanisms. In the relaxation-
time approximation, phenomenological damping constants can be introduced
both for the diagonal and the off-diagonal elements of the density matrix, to
account for the relaxation of the populations and of the mutual coherences.

2.2 Optical Experiments

The optical study of the dephasing time can be addressed experimentally in
many ways. As mentioned in the previous section, the homogeneous width
of the absorption spectral lineshape is inversely proportional to the dephas-
ing time. Thus, experiments can be performed either in the time domain to
directly address the transient decay of the polarization induced by a pulsed
coherent light field or in the spectral domain by measuring the steady-state
optical absorption lineshape. Generally, the response of the medium to the
incident field depends on the field intensity. For example, only in the linear
response limit (i.e. in the first order to the incident field amplitude) is the
absorption lineshape Lorentzian with the FWHM given by v/h = 2/T5. At
higher orders, effects such as the power broadening [2], the quadratic Stark
shift [4], and the optical Stark splitting (the signature of Rabi oscillations in
the spectral domain) become important.

To separate effects at the different orders in the incident field amplitude,
the population and the polarization (or the diagonal and off-diagonal elements
of the density matrix) can be expanded in a Taylor series. Consequently, the
optical Bloch equations separate into a series of equations which can be trun-
cated to a desired order. This perturbation approach allows one to describe
nonlinear signals associated with the third-order polarization, which for ex-
ample in media with inversion symmetry is the lowest nonlinear polarization
allowed in the electric-dipole approximation. Third-order nonlinearities were
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shown to be very powerful in the measurement of the dephasing time in tran-
sient coherent experiments, or of the homogeneous broadening in continuous-
wave spectrally resolved experiments, overcoming many limitation of linear
spectroscopy.

One obvious limitation of linear spectroscopy in determining the homo-
geneous lineshape is the inhomogeneous broadening, which has to be de-
convoluted from the total line broadening expressed in (23). In the time do-
main, this translates into an additional decay rate (sometimes also indicated
as 1/T5 [3]) of the macroscopic first-order polarization inversely proportional
to the inhomogeneous spectral width o of G(wy}). In strongly inhomogeneously
broadened systems, linear spectroscopy usually fails in measuring the dephas-
ing time since v < ho. Note that, recently, a novel linear technique based on
a time-resolved speckle-analysis of the resonant Rayleigh scattering (RRS)
in systems with static disorder allowed to measure the 75 time also in the
presence of large inhomogeneous broadening [7].

Even when isolating one system from the inhomogeneous ensemble, linear
spectroscopy might be severely affected by backgrounds. This is for exam-
ple the case when light is detected in the transmitted or reflected directions
(which are the directions of propagation of the first order polarization in
planar samples) and only a small part of it contains the effect of the inves-
tigated resonance. The analysis of the secondary emission such as RRS or
photoluminescence might, once again, overcome the problem. Indeed, recent
achievements in performing photoluminescence spectroscopy with high spa-
tial and spectral resolutions allowed to infer the homogeneous broadening
from isolated excitons weakly confined by the lateral disorder in thin GaAs
quantum wells (QWs) [8] and in strongly confined single InGaAs QDs [9] (see
also the Chapter by Bayer in this volume).

Experiments based on third-order signals, such as four-wave mixing (FWM)
in the transient coherent domain after pulsed excitation [5] or spectral hole-
burning in the frequency domain with continuous wave excitation [10] allow
one to overcome the presence of an inhomogeneous distribution and can be
detected background-free with appropriate selection in the direction and/or
in the frequency domain. The formal treatment of third-order non-linearities
can be found in [41] while the application of transient FWM to measure the
dephasing time in semiconductors is reviewed in [5,11]. A comprehensive re-
view of laser spectroscopy including the subjects of nonlinear, coherent and
time-resolved spectroscopies can be found in [10].

Measurements of third-order nonlinearities have been successfully applied
to (In,Ga)As quantum dots. Transient FWM spectroscopy was performed on
localized excitons in thin GaAs QWs [12,13] and on strongly confined InGaAs
QDs [14,15,16]. In the frequency domain, the third-order polarization induced
by two narrow-bandwidth continuous wave lasers was investigated on isolated
excitons localized by the lateral disorder in thin GaAs QWs [17,18].
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3 Dephasing of Excitons in (In,Ga)As Quantum Dots

The optically induced interband polarization in a semiconductor quantum dot
under a coherent light field involves the coherent superposition of Coulomb-
correlated valence and conduction band states (excitonic polarization). Beside
its fundamental interest, the study of the dephasing time T5 of the excitonic
polarization in QDs has recently received renewed attention for its implication
in the potential applications of quantum dots for quantum information pro-
cessing. We will here review the physical mechanisms that are responsible for
the dephasing of the excitonic polarization in (In,Ga)As QDs. We subdivided
these mechanisms into three categories: radiative processes, exciton—phonon
interactions, and Coulomb interactions of excitons with other carriers.

3.1 Radiative Processes

The radiative lifetime of excitons is a T} time (see Sect. 2.1) that influences
the dephasing time T5 as given in (21). In the absence of interactions with
phonons and other carriers and of non-radiative recombination channels, the
dephasing time in QDs is limited by the radiative decay. The radiative lifetime
of the optically active ground-state Wannier excitons, going from quantum
dots in the strong confinement regime to free excitons in quantum wells, has
been discussed theoretically in [19,6]. This treatment considers a quantum
disk of radius Ry, with a height smaller than twice the exciton Bohr radius ag,
i.e. in strong vertical confinement. Three size regimes are distinguished: (i) the
strongly confined quantum-dot case when also Ry < ag, (ii) the mesoscopic
case when ag < Ry < Aex/n with Aex the wavelength of the exciton resonance
and n the refractive index, and (iii) the quantum well case when Aex/n < Ryp.

Case (i) is reached in (In,Ga)As QDs for Ry smaller than about 5nm and
results in a radiative lifetime in the nanosecond range (~ 1-2 ns), independent
of the dot size, essentially given by the band-to-band recombination rate of an
electron—hole pair in the bulk crystal. Case (ii) is an intermediate size range of
weak confinement, which allows the separation of variables into relative and
center—of-mass motion in the exciton wavefunction. In this case, a radiative
lifetime that decreases with increasing size of the quantum disks is found,
according to an inverse proportionality to the so-called coherence volume [20].
This is the regime for excitons weakly confined by the lateral disorder in
narrow quantum wells which results in radiative lifetimes in the range of
100 ps [21]. Case (iii) is practically reached for radii larger than about 150 nm
(which corresponds to ~ Aex/2n) in (In,Ga)As quantum wells and results in
the free-exciton radiative lifetime of 10-20ps [22].

Measured photoluminescence decay times agree with the predicted ra-
diative lifetimes in the nanosecond range in strongly confined InGaAs QDs
[23,24,25]. For Ty = 1ns one gets from (21) T5 < 2ns (i.e. a FWHM homo-
geneous broadening v > 0.66 ueV). Therefore, the radiative broadening in
strongly confined (In,Ga)As QDs is in the sub-peV range. Recently, T5 times



Dephasing Processes and Carrier Dynamics in (In,Ga)As Quantum Dots 249

TI FWM field amplitude (a.u.)

[E(@)(a.u.)

0o 1 2 3
7,(PS)
Fig. 3. Time-integrated four-wave mixing on Ing.7Gag.3As/GaAs self-assembled
quantum dots [15]. The dephasing time inferred from the exponential decays are
indicated together with the exponential fits. Inset: Power spectrum of the time-in-
tegrated four-wave mixing field (after [15])

of 630ps at 7K and 370ps at 5K were measured with transient FWM in
In0‘7Ga0,3AS/GaAS QDS [ } and In0‘5Gao,04A10,46AS/Ga0‘92Alo‘ogAS QDS
[16], respectively, approaching the radiative lifetime limit (see Fig. 3). Simi-
larly, a FWHM homogeneous broadening of less than 2 peV at 2K was mea-
sured on a single Ing gGag.4As QD [9]. We should comment that previous
experiments on the photoluminescence linewidth of the ground-state exci-
ton on single InGaAs dots showed low-temperature values in the 50 peV
range [26,27]. These higher values are now understood as a “dynamical”
broadening from the spectral jitter of the single-dot luminescence emission
frequency wgy occurring over time scales much longer than the 7y exciton
decay time [28,29].

For excitons weakly confined by lateral disorder in thin GaAs QWs the
FWHM homogeneous broadening at low temperature (~ 5K) is measured
to be in the range of 20-50 ueV [8,12,17,18] and it is found to be mainly
given by a Tj time, with no substantial pure dephasing (21). However, it
appears questionable whether such a population lifetime 77 (which is then in
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the range of 15-30ps) is given by the radiative lifetime which is expected to
be more in the range of ~ 100 ps for localized excitons in disordered QWs,
as mentioned before (see also [30]).

3.2 Exciton—Phonon Interaction

The interaction of excitons with phonons in III-V semiconductor quantum
dots is a topic intensively discussed in the literature since the early 1990s
and is still under debate. Two types of dynamics influenced by the exciton—
phonon interaction can be distinguished: the population relazation from ex-
cited states into the exciton ground state and the dephasing (i.e. the ho-
mogeneous broadening) of the transition from the crystal ground state to
the ground-state exciton (which we label 0-X). The first aspect has been
largely debated since the first claims of the so-called “phonon bottleneck”
effect. The second aspect has recently received renewed attention after the
measurement, of very long dephasing times of the 0—X transition in strongly
confined InGaAs QDs.

Let us first discuss the phonon bottleneck effect in the exciton relaxation
in QDs. When Fermi’s golden rule is used, the exciton relaxation rate via
spontaneous emission of longitudinal acoustic (LA) phonons is estimated to
be very inefficient (i.e. the relaxation time is larger than the radiative lifetime)
in dots of small sizes with energy level separations more than a few meV. This
is due to the energy conservation, requiring an acoustic phonon energy equal
to the level spacing, and the energy cut-off in the exciton—phonon matrix el-
ement proportional to the inverse of the dot size. Moreover, due to the small
energy dispersion of the longitudinal optical (LO) phonons, a simple con-
sideration based on energy conservation predicts a strongly reduced exciton
relaxation via emission of LO phonons unless the energy spacing equals the
LO-phonon energy ([31] and references therein).

The experimental observation of the phonon bottleneck, i.e. the reduced
exciton relaxation rate from the inefficient phonon emission at low temper-
ature in QDs, has been controversial. A large number of publications indi-
cated that the phonon bottleneck does not exist even in strongly confined
InGaAs QDs. Measurements of efficient low-temperature exciton relaxation
were explained at high carrier densities with Auger-like carrier—carrier scat-
tering and at low carrier densities with multi-phonon processes [32,33] or re-
laxation mediated by an efficient hole-acoustic-phonon scattering in the pres-
ence of closely spaced hole levels [34,35]. Recently, the presence of a contin-
uum of states extending at lower energies of the absorption edge of the wetting
layer, which was proposed to mediate fast intradot relaxation, was reported
in several photoluminescence excitation spectra of single QDs [36,35,37].

Alternatively, it was recently pointed out that, since the coupling strength
of excitons with LO phonons depends on the local charge density and thus
on the difference between the electron and hole wavefunctions, pyramidal In-
GaAs QDs with high aspect ratio can be strongly coupled to the LO phonons
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beyond the prediction of Fermi’s golden rule [38]. The strong coupling of ex-
citonic states with LO phonons is solved non-perturbatively and leads to
the formation of new eigenstates: the excitonic polarons [39]. The problem
of an excitonic excited-state to ground-state transition in the presence of
n LO phonons in a given mode can be solved in strict analogy with the prob-
lem of an atomic excited-state to ground-state transition in the presence of
n photons of a quantized photon mode in cavity quantum-electrodynamics
(similar considerations for the electron-LO phonon coupled system can be
found [10,41,42,43]). In this picture, the exciton occupation probability oscil-
lates between the excited and the ground state with a Rabi frequency related
to the exciton—phonon coupling strength (in analogy with the optical Rabi
frequency, which in the limit of n» > 1 tends to the semiclassical solution
discussed in Sect. 2.1 [3]). In other words, the coupled exciton-LO phonon
system conserves its energy which is exchanged repeatedly at the Rabi fre-
quency between the exciton and the LO phonons. However, when the finite
lifetime of the LO phonons is included, the excited-state occupation proba-
bility undergoes a damped Rabi oscillation with a decay time which defines
the relaxation time. In a similar form, it is for example calculated that the
LO-phonon mediated electron relaxation in QDs is quite efficient both at 0 K
and at 300K [10,41,44]. This occurs for a wide energy detuning between the
electronic energy level splitting and the LO phonon energy (tens of meV, in
the order of the Rabi splitting hiwg), in agreement with experiments [43,45],
thus relaxing the strict energy conservation of Fermi’s golden rule. Recent
experiments indeed indicate that in flat, truncated InGaAs/GaAs quantum
dots a suppressed exciton relaxation occurs in qualitative agreement with the
expectation from Fermi’s golden rule [16]. This was explained by a more simi-
lar shape of electron and hole wavefunctions and thus by a decreased strength
of the exciton—LLO phonon coupling in flat, truncated dots as compared to
pyramidal dots with high aspect ratio.

When considering the dephasing time of the 0—X transition from the crys-
tal ground state to the optically allowed ground-state exciton, the phonon-
mediated transition from the ground to excited-excitonic state (i.e. the oppo-
site of the exciton relaxation previously discussed) introduces a T7 damping
constant given by the inverse of the transition rate. While the relaxation rate
is non-zero even for zero temperature due to spontaneous phonon emission,
the activation rate which is a stimulated process in the scattering picture
tends to zero as the phonon occupation number tends to zero. This holds
also in the exciton—polaron description [39], as for an atom in its ground state
in the vacuum field which does not exhibit any Rabi oscillation [3]. There-
fore, the T1 phonon contribution to the dephasing of the 0—X transition at
low temperature is expected to be small. On the other hand, as it is stated
n (21), dephasing can occur without a change of the occupation probability
when pure dephasing times are important. The theoretical treatment of pure
dephasing of the 0—X transition due to exciton—phonon interaction in semi-
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conductor QDs has been discussed in recent literature [17,48,19,50,51,52]. As
pointed out in [17,50] the homogeneous lineshape of the 0-X transition for
excitons strongly localized in QDs can be described similarly to electrons lo-
calized on lattice defects in bulk semiconductors [53]. The starting point of
this treatment considers that the crystal ground state and the state where
the localized exciton is optically created correspond to different adiabatic po-
tentials for the nuclear motion. The modification of the adiabatic potential
for the nuclear motion due to the electronic excitation can be expressed in
different orders of the coupling of the nuclear displacement with the created
electronic density. A shift of the potential minima is a first-order contribution
while a change of the curvature is a second-order contribution. A relative shift
of the potential minima implies that optical transitions can occur with ab-
sorption and emission of phonons, like the electronic transitions of molecules
with roto-vibrational bands governed by the Franck—Condon principle.

The mathematical treatment of the exciton—phonon interaction to the
first-order contribution and without involving excitonic excites states is shown
in [47,51,52]. In this case the form of the exciton—-phonon Hamiltonian allows
for an analytical solution giving polaron eigenstates. The exciton—phonon in-
teraction in this form does not lead to a change of the excitonic population
and thus account only for pure dephasing. When LO phonons are considered,
the absorption (emission) spectra calculated for (In,Ga)As QDs exhibit sev-
eral side lines, separated by the LO phonon frequencies, above (below) the so-
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called zero (optical) phonon line (ZOPL), in agreement with experiments [38].
In the first-order contribution, the ZOPL is unbroadened [19,50,51]. When
acoustic phonons are taken into account as a continuum of bulk-like acoustic
phonon modes, a good approximation for dots embedded in a matrix with
similar elastic properties such as (In,Ga)As QDs on (Ga,Al)As barriers, the
ZOPL decomposes into a sharp zero-phonon line (ZPL) and a broad band
caused by the multiple acoustic-phonon assisted transitions, which is asym-
metric toward high (low) energies for the absorption (emission) spectrum at
low temperature. To first-order contribution the ZPL is unbroadened, while
the width of the broad band increases with decreasing the size of the dot [47].
The weight of the ZPL allows one to define the Huang—Rhys factor of the
exciton—acoustic-phonon coupling, which increases with decreasing size of
the dot and with increasing temperature [47,52]. Therefore, this compos-
ite non-Lorentzian lineshape of the ZOPL is expected to be more visible in
strongly confined dots and was experimentally observed in II-VI epitaxially
grown QDs (Fig. 4) but not in localized excitons in narrow GaAs QWs [8,18].
In the time domain, a strongly non-Lorentzian lineshape translates into
a non-exponential decay of the induced polarization. This was observed in
InGaAs QDs at temperatures below 100K [15], showing a long exponential
dephasing corresponding to the sharp ZPL and a fast initial dephasing cor-
responding to the broad acoustic-phonon band (Fig. 3). The experimental
temperature dependence [15] of the width of the ZPL and of the broad band
is shown in Fig. 5. The ZPL broadening shows a linear and an activated
temperature dependence as also measured in [9], i.e. can be expressed as

y=9 +al' +b (25)

The values of the parameters 7o, a, b, Ea (kg is Boltzmann’s constant) to
fit the experimental data in [15] are indicated in Fig. 5. As already mentioned,
in the first-order contribution the ZPL is not broadened by pure dephasing.
The measured broadening was interpreted as a T3 inelastic broadening given
by the radiative decay (vy) and by phonon-assisted transitions into other exci-
ton states. The linear temperature dependence is not expected to be observed
in QDs [8], contrary to bulk and QWs [14], unless transitions occur into exci-
ton states separated by less than kg7 even at low temperatures. This linear
dependence was therefore attributed to transitions among the fine-structure
states of the exciton ground state which are separated by only ~ 100 pueV

in InGaAs QDs [54]. However, this interpretation appears in contradiction
with recent measurements of the exciton spin-flip time much longer than the
radiative lifetime [55]. The activated temperature dependence was attributed

to the phonon-assisted transition toward the excited exciton state separated
by Ea involving the first excited hole level, which is consistent with typical
energy level spacings calculated in InGaAs QDs [56].

Theoretically, a broadening of the ZPL from pure dephasing occurs when
second-order contributions are considered. This was shown in [49] for the
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Fig. 5. Full width at half maximum homogeneous linewidth estimated from the
dephasing time of the 0—X transition in Ing.7Gag.3As/GaAs self-assembled quantum
dots (after [15]). Below 100 K, the open squares are the linewidths of the broadband
while the closed squares are the linewidths of the ZPL and the solid line is a fit
according to (25). The dotted line is the thermal energy kgT'. Above 100 K the solid
line is a linear fit of the homogeneous linewidth with the indicated slope

exciton—-LO phonon interaction, with the inclusion of exciton excited states.
The resulting ZPL broadening is estimated to have an activated behavior
at low temperature and vanishes at T = 0. A ZPL broadening from pure
dephasing also occurs in the first-order contribution when introducing phonon
damping from a finite phonon lifetime [57]. This has been recently proposed
for the exciton—LA phonon interaction [52] as an alternative explanation of
the ZPL broadening below 100 K measured in [15].

The weak temperature dependence of the width of the broad band caused
by the multiple acoustic-phonon assisted transitions is shown in Fig. 5. If
kT is bigger than the cutoff energy in the exciton—acoustic-phonon coupling,
roughly given by the inverse of the localization length, all the phonon modes
that contribute to the coupling are occupied and the width of the broad band
is given by the cutoff energy [15]. However, the experimental data are still
awaiting a clear comparison with theoretical expectations.

At higher temperatures from 100 K to 300 K the homogeneous lineshape
of InGaAs QDs is dominated by a broadening in the few-meV range which
increases approximately linearly with temperature [9,15,58] (Fig. 5) and is
comparable in value with the broadening of excitons in (In,Ga)As/(Al,Ga)
QWs [14,59]. Its interpretation its more complex since the role of the exciton
excited states in the modelling of the dephasing (inelastic and pure) cannot
be neglected [49]. Moreover, both optical and acoustic phonons have to be
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taken into account, which still awaits a theoretical treatment in the coupled
exciton—phonon model including the excited states.

3.3 Coulomb Interactions

Of particular importance are the Coulomb interactions occurring in a QD be-
yond the one-exciton limit. Pauli blocking allows no more than two carriers
to occupy the lowest lying two-fold spin degenerate states of electrons (eg)
and holes (hg) in a QD, which form the ground-state biexciton. Additional
carriers have to occupy higher states. At high (> 2) exciton occupancies,
single-dot photoluminescence spectra with a large number of emission lines
are observed [60,61,62,63]. In fact, the transition energy of the optical re-
combination of one electron—hole pair depends on the number of additional
electrons and holes present in the dot as “spectators” due to the Coulomb
interaction between carriers [64,65] (see also the Chapter by Hawrylak and
Korkusinski in this volume). Most of the work reported so far on biexcitons
and multiexcitons in (In,Ga)As QDs focused on the energy position and on
the strength of the optical transitions, while their homogeneous broadening
has been addressed only very recently.

It is generally found that with increasing number of carriers, both in-
side the dots and in the barrier/wetting layer material, the homogeneous
broadening of excitonic ground-state transitions, i.e. transitions that involve
the recombination of one eghg pair, increases [66,67,68,69,70,71,72,73]. Two
mechanisms of homogeneous broadening due to Coulomb interactions were
found to be important. (i) Pure dephasing due to Coulomb interaction of the
carriers in the QD with delocalized carriers in the barrier/wetting layer ma-
terial. This broadening has been investigated in self-assembled InGaAs QDs
theoretically [67,70] and experimentally [69,72,73]. (ii) Final state damping
given by the rapid population relaxation of the excited multiexciton with only
one eghg pair into its ground state with two eghg pairs, mediated by Auger-
like intradot carrier—carrier scattering and phonon emission in the presence
of several carriers in the excited states. The second type of broadening has
been investigated experimentally only recently in InGaAs QDs [71,72,73].

The dephasing time of excitonic ground-state transitions is measured
in [72,73] with FWM in electrically pumped InGaAs QDs. At low tempera-
ture the FWM decay of the GS transitions is dominated by the zero-phonon
line, and the dephasing due to Coulomb interactions with the injected car-
riers is clearly distinguished [72]. With increasing injection current, the 0—X
transition from the crystal ground state to the ground-state exciton is found
to be broadened dominantly by pure dephasing from Coulomb interactions
with carriers in the barrier/wetting layer material. At high injection currents
such that the majority of dots is occupied with two eghg pairs, the dephasing
of the biexciton to exciton transition (labelled X X—X) is measured. At low
temperature, also the X X—X transition is dominantly broadened by pure
dephasing from Coulomb interactions with carriers in the barrier/wetting
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Fig. 6. Time-integrated four-wave mixing at 10 K and different injection currents in
electrically pumped Ing.7Gag.3As/GaAs self-assembled quantum dots (after [72]).
The dependence of the homogeneous broadening on injection current deduced from
the signal decay at long delays is shown in the inset (squares), together with twenty
times the estimated carrier capture rate per dot (line). Sketches of the 0-X and
X X-X transitions probed in the experiment are shown (curly arrows are the in-
teracting photons)

layer material with the same dependence on injection current as for the
0-X transition (Fig. 6). The temperature dependence of the X X-X ho-
mogeneous broadening extrapolated to zero injection current is also inferred
and it is found to obey to (25) with the following parameters: vy = 2 peV,
a =0.37+£0.04peV/K, b = 1.1 £ 0.2meV, Ex = 16 £ 1meV. The iden-
tical thermally activated part of the 0-X and X X—-X transitions indicates
correlated exciton and biexciton scattering via phonon absorption, similar to
observations in InGaAs/GaAs and GaAs/AlGaAs quantum wells [14,74] and
in CdSe/ZnSe quantum dots [75]. The linear temperature dependence with
a coefficient approximately twice the one of the 0—X transition is not consis-
tent with the interpretation of this trend as being due to transitions among
the fine-structure states of the exciton ground state which are separated by
less than kgT'. In fact, within this picture the linear coefficients for the 0—X
and X X—X transitions should be equal, since X X is a singlet spin state as
the 0 state and thus does not have a fine-structure splitting. v = 2 peV
corresponds to three times the exciton radiative broadening, indicating an
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Fig. 7. Homogeneous broadening i, (solid squares) of the X"—(X™"')* transi-
tions deduced from the dephasing time measured with FWM in electrically-pumped
Ing.7Gao.3As/GaAs self-assembled quantum dots (after [73]). The homogeneous
broadening of the 0-X transition without electrical injection is shown for com-
parison. vy, is compared with the broadening v1 (open squares) deduced from the
population relaxation of the excited multiexciton (X" !)* measured with differ-

ential transmission spectroscopy. Ic/Iir is the injection current normalized to the
value at transparency

uncorrelated radiative decay of the three involved excitons in the X X—-X
transition.

The dephasing of the optical transition from the ground-state multiexci-
ton with two eghg pairs and additional carriers in the excited states to the
excited multiexciton with one less eghg pair (labelled X"—(X"~1)* n > 2) is
measured in electrically pumped InGaAs QDs in [72,73]. At low temperature
(< 30K), the dephasing is found to be dominated by the rapid relaxation
of the excited multiexciton to its ground state which was measured with dif-
ferential transmission spectroscopy (Fig. 7). With increasing temperature,
pure dephasing mechanisms due to phonon interactions become important
in the homogeneous broadening of the X™—(X"~1)* transition. With the oc-
currence of thermal equilibrium among the dots in the ensemble and with
the wetting layer (7' > 150 K), pure dephasing by Coulomb interactions with
carriers in the wetting layer becomes important and increases with increasing
injection current and temperature. At room temperature and with high in-
jection current, a large homogeneous broadening above 10 meV is measured.
This value of the homogeneous broadening was found to depend on the car-
rier confinement energy in the dots, mainly via the change of the thermal
population of carriers in the wetting layer for different confinement energies
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and thus of the pure dephasing from Coulomb interactions. InGaAs QDs
with confinement energies of ~ 100 meV showed homogeneous broadenings
> 25meV [69], while strongly confined dots with ~ 300 meV confinement
energy showed a homogeneous broadening of ~ 9meV at room temperature
and comparably high injection current [76], consistent with a reduced thermal
carrier population in the wetting layer for large confinement energies.

4 Optical Rabi Oscillations
in (In,Ga)As Quantum Dots

In Sect. 2 we have calculated the time evolution of the population difference
for a two-level system interacting with a strong coherent light field by solv-
ing the optical Bloch equations (Figs. 1 and 2). Significant oscillations in the
population difference occur at resonance for large Rabi frequencies (propor-
tional to the electric field amplitude and the transition dipole moment) and
long dephasing times. This oscillatory behavior of the population difference
versus time was observed in early times in molecules [77] and recently also
in semiconductor quantum wells [78], where however many-body Coulomb
interactions strongly modify the phenomenon compared to the two-level so-
lution.

Recently the optical Rabi oscillations in semiconductor quantum dots
have received a lot of attention, besides their fundamental interest, for their
potential application in quantum computing. It is proposed that a resonant
Rabi rotation using a pulsed excitation with 7 pulse area, where the pulse
area is the time integrated Rabi frequency (see Sect. 2): 6 = [*_wg(t)dt =
(R)y~f iooo - Eo(t)dt, can coherently flop the occupation probabilities of the
crystal ground state 0 with the one exciton state X in the QD, or the one
exciton state X with the biexciton state X X . Using the polarization selection
rules for the excitonic transitions and considering that the X—X X transition
is frequency shifted from the 0—X transition by the biexciton binding energy,
logic operations between two quantum bits are feasible in QDs if the pulse
duration is much shorter than the dephasing time of the optical excitonic
transitions [79].

In analogy with the oscillations versus time, optical Rabi oscillations of
the population inversion which is left after a pulsed excitation occur versus
pulse area. In Fig. 8 the solution of the population difference s5(t > to)
from (14) is shown versus pulse area and versus the energy detuning 7 (w—wy),
considering a Gaussian pulse E((t) = Egpe~ /1) with ¢, = 1ps and with
the initial condition s5(t < tg) = —1.

Rabi oscillations versus pulse area were measured first in Rb atoms [30].
The first observation in single semiconductor quantum dots has been reported
at low temperature for localized excitons in narrow GaAs QWs [81]. The
transition dipole moment of the excitonic ground-state transition was inferred
to be between 50 and 100 Debye [82], i.e. more than one order of magnitude
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Fig. 9. Measured probe differential transmission versus pump field amplitude, after
the excitation of isolated excitons localized by the lateral disorder in a thin GaAs
quantum well at 6 K with a 6 ps pump pulse (after [31]). Two data sets are shown for
different pump-probe delays and show Rabi oscillations of the exciton occupation
probability

larger than in atoms, while the dephasing time is of a few tens of picoseconds
at low temperature (see Sect. 3.1). Strongly damped Rabi oscillations versus
pulse area were measured (Fig. 9). The damping was interpreted as due to
Coulomb interactions with nearly degenerate delocalized excitons present in
these weakly confined systems, which are excited non-resonantly, resulting in
an exciton relaxation rate that increases with increasing excitation intensity.

Self-assembled InGaAs quantum dots are good candidates for the obser-
vation of Rabi oscillations, due to the long dephasing time (~1ns) of the
excitonic ground-state transition at low temperature [9,15,16], the strong
confinement energies in the range of 100-300meV and the transition dipole
moments expected to be of several tens of Debye [34,85]. First experiments on
InGaAs QDs showed indications of optical Rabi oscillations versus pulse area
for the optical transition from the crystal ground state to an ezcited exciton
state [80], which has a dephasing time 5-10 times shorter than the excitonic
ground-state transition [35]. In the experiment only the first maximum and
minimum of the oscillation was observed. The measured amplitude of the
oscillation was reduced compared to the ideal case shown in Fig. 8, proba-
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bly due to the dephasing. An optical Stark splitting (the signature of Rabi
oscillations in the spectral domain) in the photoluminescence spectrum of
the excitonic ground state was also observed under continuous wave resonant
excitation of an excitonic excited state in InGaAs QDs [87].

Experiments on optical Rabi oscillations of the excitonic ground-state
transition versus pulse area in self-assembled InGaAs QDs have been reported
recently [33,38]. In [83] coherent photocurrent spectroscopy was performed
on a single InGaAs QD photodiode by resonant picosecond excitation of the
excitonic ground state at low temperature. The amplitude of the photocur-
rent versus pulse area reflects the Rabi oscillation of the exciton occupancy.
A clear first maximum and minimum in the amplitude of the photocurrent
versus pulse area are reported (Fig. 10). The amplitude of the measured os-
cillation is still reduced as compared to the full modulation shown in Fig. 8
indicating that the system deviates from the ideal two-level model without
damping.

A systematic study of the effect of the dephasing and of the biexciton
resonance on the Rabi oscillations versus pulse area of the excitonic ground-
state transition in an InGaAs QD ensemble was performed in [38,89]. The
biexciton resonance is included by considering a four-level model as sketched
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Fig.12. Contour plot (black = 1, white = 0) of the excitonic (nx) and biex-
citonic (nxx) population versus detuning and pulse area, determined by solving
numerically (24) for the four-level system in Fig. 9 with a Gaussian electric field
Eo(t) = Ege~ /1) for different values of to as indicated. An infinitely long de-
phasing time is considered. The pulse intensity |Eo(w)|* in the spectral domain is
indicated (solid line). Dotted lines indicate the energy position of the ground-state-
to-exciton and exciton-biexciton transitions

in Fig. 11 and solving (24) for the corresponding 4 x 4 density matrix. In
Fig. 12 the solution for the exciton (nx) and biexciton (nxx) occupation
probability is shown versus detuning and pulse area as for Fig. 8 in the sim-
plified case of zero exciton fine-structure splitting (A ex = 0), linearly polar-
ized field along the 0-1-3 transition, same 0-X and X-X X transition dipole
moment, Aexx = 3meV biexciton binding energy and without damping
mechanisms, i.e. infinitely long dephasing times. Different pulse durations ¢
of Gaussian electric fields are considered, corresponding to FWHM of the
intensity spectrum ranging from 11.5meV to 0.36 meV, i.e. larger or smaller
than the biexciton binding energy.

The inclusion of the biexciton resonance in the calculations creates a biex-
citon density which has the maximum oscillation amplitude for a pulse car-
rier frequency in resonance with half the 0—X X transition energy. When the
pulse spectral width is larger than the biexciton binding energy a complex
interplay in the oscillations of the excitonic and biexcitonic occupation prob-
abilities occurs. When the pulse spectral width is smaller than the biexciton
binding energy, the oscillation of nx and nx x are distinct, with nx x oscillat-
ing with a longer period than nx (see Fig. 12 for ¢y = 1ps). When the pulse
spectral width is smaller than half of the biexciton binding energy, a pulse in
resonance with the 0-X transition is completely out of resonance for the X X
occupation, and its interaction with the 0—X transition recovers the form of
the solution of a two-level system shown in Fig. 8.
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Fig. 13. As Fig. 12, but for a finite dephasing time of 1.5 ps for both the 0-X and
X-XX transitions. The Lorentzian absorption cross-section of the 0—-X transition
is shown (solid line)

The effect of a finite dephasing time on the Rabi oscillations versus pulse
area was also studied in [88,89]. In Fig. 13, the solution for the exciton and
biexciton occupation probability is shown versus detuning and pulse area as
for Fig. 12 with the inclusion of a dephasing time To = 1.5 ps for both the
0-X and X—X X transitions. The inclusion of a finite dephasing reduces the
amplitude of the Rabi oscillations and adds a broadening versus the detuning,
as compared to the case without damping shown in Fig. 12. When the de-
phasing time is much shorter than the pulse duration, the incoherent regime
is reached and Rabi oscillations do not occur (see the case for tg = 4.3 ps
in Fig. 13). It is important to point out that when the dephasing time is
longer than the pulse duration and the oscillations are visible, several Rabi
oscillations versus pulse area occur. Thus a finite dephasing quenches the
visibility but does not strongly damp the oscillations versus pulse area since
the interaction time with the pulse is constant.

In [88,89] the differential transmission (AT/T) of a probe pulse spec-
trally degenerate to a strong pump pulse exciting the ground-state excitonic
transition of an InGaAs QD ensemble embedded in an optical waveguide
was measured at 10K for different pump pulse durations. The experimental
data are shown in Fig. 14. The indicated pulse durations are the FWHM of
the field intensity and correspond to the values of ¢y used in the calculations
shown in Figs. 12 and 13. Rabi oscillations strongly damped versus pulse area
were measured in the ensemble. The pulse area at the first minimum in the
oscillations slightly changed for different pulse durations (see Fig. 14). A size-
able two-photon absorption (TPA) occurred in the waveguide at high peak
pump—pulse intensities, i.e. for short pulse duration, which partly covered the
observation of Rabi oscillations (see dotted lines in Fig. 14a). With the use
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Fig. 14. Measured and calculated differential transmission intensity for a degen-
erate pump-probe experiment in resonance with the excitonic ground-state tran-
sition of an InGaAs QD ensemble embedded in an optical waveguide (after [39]).
(a) Time-integrated differential transmission probe intensity versus pump pulse
area measured for different pump pulse durations (intensity FWHM) as indicated.
Curves are vertically displaced for clarity. The vertical dashed line is a mark for the
eyes. Dotted lines show the effect of two-photon absorption (TPA). (b) Differential
transmission probe field amplitude measured for a spectrally square—shaped pulse.
The pulse spectrum is shown in the inset. (¢) Differential transmission intensity
calculated for different pulse durations and for an infinitely long dephasing time,
vertically displaced for clarity. Dotted lines are calculations for a spectrally square—
shaped pulse of ~ 1ps duration. The 27 pulse area is marked with a dashed line,
for reference. (d) As (c) for 1.5 ps dephasing time

of a spectrally square-shaped pulse of ~ 1ps duration, a second oscillation
maximum could be distinguished in the experiment (Fig. 14b). Simulations
(see Fig. 14c,d) of AT/T including the integration over the inhomogeneous
broadening of the transition energies and the spatial averaging over a hyper-
bolic secant field profile of the transverse electric waveguide mode in the QD
plane indicated that the measured strong damping versus pulse area is due to
a distribution of transition dipole moments in the ensemble, while the change
of the pulse area at the oscillation minimum with pulse duration is due to the
biexciton resonance. Calculations performed for a spectrally square-shaped
pulse also indicated an improved visibility of the second oscillation maximum
in this case (dotted lines in Fig. 14¢,d). These findings pointed out how non-
uniformity in a dot ensemble is critical for the observation of Rabi oscillations,
while Rabi oscillations in a single InGaAs quantum dot were calculated to
be quite “robust” as a function of pulse area even when dephasing processes
and biexcitonic effects were included.
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5 Summary and Outlook

In summary, the understanding of the mechanisms responsible of the ex-
citonic dephasing in quantum dots is undergoing a rapid and very active
evolution after the recent experimental progress in addressing the homoge-
neous broadening by isolating excitonic emission lines of single quantum dots
or directly measuring the exciton dephasing time with transient coherent
spectroscopy in quantum-dot ensembles. The achieved results have stimu-
lated several theoretical discussions, in major part still active and open. The
present stage of study in the field of excitonic dephasing in III-V epitaxially
grown quantum dots can be summarized as follows. (i) At low temperature
(~5K) the dephasing time of the ground-state exciton in strongly confined
InGaAs QDs is in the nanosecond range as compared to a dephasing time
in the few tens of picoseconds for localized excitons in thin GaAs quantum
wells. This is only partly explained by the change in the exciton radiative
lifetime from the mesoscopic to the strong confinement (see Sect. 3.1) since
processes additional to the radiative decay are present, the origin of which
is still under discussion. (ii) The influence of the exciton—phonon coupling
is presently under intense discussion, in particular after the measurement of
a temperature-dependent dephasing which is non-exponential, correspond-
ing a non-Lorentzian homogeneous lineshape, in strongly confined InGaAs
dots. Current theoretical reports show the need to solve the coupled exciton—
phonon system non-perturbatively in these dots. In such a model, the optical
transition that involves the creation or emission of a ground-state exciton
might also involve the absorption or emission of phonons, with the conse-
quent formation of optical phonon satellites and an acoustic-phonon broad-
band superimposed on a zero-phonon line. Quantitative comparisons between
experiments and theory of the temperature-dependent width of the ZPL, of
the broad band and of the ZPL weight are in progress (see Sect. 3.2). (iii)
The experimental study of Coulomb interactions on the ground-state exciton
dephasing time has revealed two important mechanisms: (a) a pure dephasing
due to Coulomb interaction of the carriers in the QD with delocalized carri-
ers in the barrier/wetting layer material and (b) a final state damping given
by the rapid population relaxation of multiexcitons with one less exciton in
the ground state. Moreover first experimental studies on the temperature-
dependent dephasing of the biexciton to exciton transition have revealed
a correlated scattering of the exciton and the biexciton with phonons (see
Sect. 3.3).

In the application of quantum dots in opto-electronics devices such as
lasers/amplifiers, the homogeneous broadening is an important parameter
(see also [90]). It sets the intrinsic limit to a delta-function-like density
of states which is the key property for expected superior performance of
quantum-dot compared to bulk and quantum-well devices (see also the Chap-
ter by Schweizer et al. in this volume). The study in Sect. 3.3 shows that bar-
rier engineering can reduce the pure dephasing from Coulomb interactions
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with carrier in the barrier/wetting layer in electrically pumped InGaAs QD
lasers/amplifiers. However, a homogeneous broadening of at least a few meV
is measured at room temperature even in strongly confined InGaAs QDs,
simply due to phonon interaction. Moreover, the rapid relaxation of multi-
excitons occurring in a QD in the gain case under strong carrier injection
(Sect. 3.3) adds a further contribution to the homogeneous broadening which
can also be up to a few meV. These values should be taken into account in
future design of QD devices. Indication of a lasing behavior dominated by the
homogeneous broadening has already been reported in the recent literature
for InGaAs QD lasers [91].

Let us also briefly remark that the measured long dephasing times in
InGaAs at low temperature give promising perspectives for the application
of excitonic transitions in quantum information processing. In this respect,
the demonstration of a coherent manipulation of the excitonic population
which has been achieved recently in single localized excitons in thin GaAs
QWs, in single InGaAs QDs and in InGaAs QD ensembles (Sect. 4) appears
very attractive. In fact, strong coherent light—matter coupling resulting in
a 7 rotation of the excitonic population is feasible in InGaAs QDs with
optical pulses of ~ 1ps duration, more than two orders of magnitude shorter
than the dephasing time at low temperature.
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Abstract. In this contribution, the recent development of cavity-quantum electro-
dynamics experiments in all semiconductor microcavities using self-assembled quan-
tum dots as “artificial atoms” is reviewed. In the weak coupling regime, a strong
enhancement of the spontaneous emission rate (Purcell effect) can be observed for
collections of dots as well as single dots. This effect permits us to achieve a regime
of “nearly” single-mode spontaneous emission and is the key for the efficient op-
eration of the first solid-state single-mode single-photon source, which is based on
a single quantum dot in a pillar microcavity. Several major issues for future work,
such as the quest for a strong coupling regime for single quantum dots in cavities
and the feasibility and performance of single QD lasers are also discussed.

1 Introduction

Cavity quantum electro dynamics (CQED) has become since 1990 a major
source of inspiration for basic research in optoelectronics [1,2,3,4]. In the
1980s, a beautiful series of experiments on atoms in microwave and optical
cavities had demonstrated that optical processes including spontaneous emis-
sion (SE) can be deeply modified by using a cavity to tailor the emitter—field
coupling [5]. Among other effects observable in the low-Q CQED regime, the
modification of the emission diagram, the enhancement or inhibition of the
SE rate, the funneling of SE photons into a single mode and the control of
the SE process on the single photon level are particularly attractive for appli-
cations in optoelectronics. For very high-@Q (i.e. weakly damped) cavities SE
can even become a reversible process, in the so-called strong-coupling regime.

The high quality of some solid-state microcavities available since the early
1990s has permitted some major achievements, such as the strong coupling for
quantum wells in planar cavities [0], the fabrication of high-efficiency micro-
cavity LEDs which exploit SE angular redistribution [7], and low-threshold
vertical-cavity surface emitting lasers [8] or microsphere lasers [9]. However,
the usual broad spectra of solid-state emitters (bulk semiconductors or quan-
tum wells, rare earth atoms, etc.) has been for long a major hindrance to the
observation of several important CQED effects, including SE rate enhance-
ment (often called “Purcell effect”[10]). For bulk material or quantum wells,
non-radiative recombination at microcavity sidewalls can also play a domi-
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© Springer-Verlag Berlin Heidelberg 2003
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nant role in recombination dynamics, and hide intrinsic modifications of the
SE rate induced by the microcavity.

Self-assembled semiconductor quantum dots (QDs) are particularly well
suited for performing solid-state CQED experiments, as shown for instance
by the observation of a strong Purcell effect for QDs in semiconductor micro-

cavities [11,12,13,14,15/16] and by the recent development of a single-mode
solid-state source of single photons based on a single QD in a pillar microcav-
ity [16,17]. This device is the first optoelectronic component whose operation

actually relies on CQED, through the Purcell effect.

In this review paper, we first briefly recall some relevant properties of
QDs in this context (Sect. 2), and some CQED basics (Sect. 3). We present
available 0D semiconductor microcavities in Sect. 4, and compare their re-
spective assets for CQED. Section 5 is devoted to a discussion of the current
status of the quest for a strong coupling regime with single QDs. We re-
view in Sect. 6 experimental data obtained in the weak coupling regime, with
an emphasis on the observation of strong Purcell effects and “nearly”-single
mode SE. Well-established as well as more prospective applications of these
CQED effects in the field of nanooptoelectronics and quantum information
processing are finally discussed in Sect. 7.

2 Some Assets of Self-Assembled QDs
for Quantum Optics

Solid-state CQED experiments have been until now mostly performed on
InAs/GaAs QDs in GaAs/GaAlAs microcavities. We will concentrate our
attention on this very mature system, although other QDs, such as II-VI
self-assembled QDs [18,19], QDs formed by interface fluctuations in quan-
tum wells [20,21] or semiconductor nanocrystals [22,23] are also potentially
interesting in this context.

It has been known since 1985 [24] that strained-layer epitaxy can be used
to build defect-free nanometer scale InAs rich clusters in GaAs, which consti-
tute potential traps for both electrons and holes. These self-assembled QDs
support well-separated discrete electronic states and exhibit a single narrow
emission line (<« kT) under weak excitation conditions [25]. A linewidth close
to the limit imposed by the exciton radiative lifetime (~ 1 peV) has been ob-
served at 2 K [26,27]. This permits us to fully exploit the potential of high-Q
cavities for SE control. When the temperature is raised, the electron—phonon
interaction causes the onset of a broadband line related to elastic acous-
tic phonon—exciton interactions as well as a broadening of the zero-phonon
line [18,26,27,28,29]. At 300K, the first of these effects is dominant and the
emission linewidth of single QDs can be as large as several meV [29].

Due to the strong 3D electronic confinement in QDs, few-particle Coulomb
effects dominate single QD emission spectra under high excitation condi-
tions [30,31]. For instance, “exciton” and “biexciton” lines, into which pho-
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tons are emitted when the QD contains respectively one or two electron—hole
pairs, are separated by typically one to three meV for InAs QDs. This split-
ting varies from QD to QD, and from one laboratory to another, a fact that
highlights the high sensitivity of these effects to the precise shape and size
of the QD. Under non-resonant pumping, the QD emission is influenced by
the fluctuating charge distribution in its surroundings [18,26], which entails
a significant broadening of the exciton and multi-exciton lines. This effect
as well as phonon-related ones shows that a single QD cannot in general be
considered as an isolated artificial atom and puts in practice severe limits
on the implementation of CQED effects on QDs in optoelectronic devices as
discussed in Sect. 7.

Self-assembled QDs also display a large electric dipole moment d for their
fundamental optical transition, providing an efficient coupling to the elec-
tromagnetic field. Due to the compressive strain experienced by InAs, this
dipole is (randomly) oriented in the z—y epilayer plane. Absorption experi-
ments on InAs QD arrays have shown that the oscillator strength per QD
is of the order of 10 [32]; this corresponds to values for dyx (or dy) around
9 x 10712 C-m, which is ten times larger than typical values for atoms emit-
ting in the same wavelength range. This feature is reflected by the rather
short radiative lifetime (~ 1ns) of InAs QDs in bulk GaAs.

The peak emission wavelength of InAs QD arrays can be chosen typically
in the 0.9-1.2 um range at 10 K since the average size of the QDs depends
reproducibly on the growth conditions in molecular beam epitaxy [33]. Such
QDs display a high radiative quantum yield (n ~ 1), provided that carrier
thermoemission is negligible. This corresponds to T' < 100-200 K depending
on their average size.

This excellent yield is due to the trapping of excitons in the defect-free
QDs, which prevents further diffusion towards non-radiative recombination
centers [34]. This trapping is obviously the key to the observation of intrinsic
properties for QDs in mesa structures or in 0D microcavities, which present
free surfaces close to the QDs under study [35].

Though moderate, size fluctuations lead to a significant dispersion of QD
bandgaps within arrays, revealed by the inhomogeneous broadening of QD ar-
ray emission lines (~ 15 to 100 meV). This feature constitutes at first sight
a major difficulty when one wants to place a single QD in resonance with
a discrete cavity mode. This difficulty can however be turned to some extent
into an asset. Instead of placing a single QD inside the cavity (which is in
practice rather tricky), it is possible to insert a collection of a few hundred
QDs, which are statistically all different thanks to size fluctuations. The de-
tuning between the cavity mode and the center of the QD distribution can
be easily adjusted so that a single QD on average is resonant with the cav-
ity mode. A fine tuning of the resonance can then be obtained using small
temperature changes [15].
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Fig. 1. Schematic configuration for sin-
gle atom CQED

SE into other modes

Finally, let us mention a major practical advantage of QDs for applica-
tions: unlike atoms, QDs can be pumped in a non-resonant way, by exciting
the GaAs barrier. This opens a route toward compact, electrically pumped
optoelectronic devices exploiting CQED effects on QDs.

3 Weak and Strong Coupling Regimes:
Some Basics [36]

We consider in this section the model system formed by a single localized
emitter, initially in its excited state and resonantly coupled to a single empty
mode of a lossless microcavity (Fig. 1). It is well known that in the ideal case
for which cavity losses and emitter’s relaxation can be neglected, this coupled
system experiences a Rabi oscillation. Spontaneous emission becomes a re-
versible process. Since the cavity stores the emitted photon in the emitter’s
neighbourhood, it can be reabsorbed and reemitted again and again. The an-
gular frequency 2(?2 of the Rabi oscillation is proportional to the strength of
the atom—field coupling, and therefore to the vacuum field amplitude at the
emitter’s location. As we will see later, {2 is directly related to the effective
volume V of the cavity, which allows us to quantify its ability to concentrate
vacuum field fluctuations at a given location.

In practice, however, microcavities are not perfect. The finite reflectiv-
ity of the mirrors, either due to residual absorption or transmission, allows
photons to leak out of the cavity. For an open cavity, SE into a continuum
of non-resonant modes opens also another path for the radiative relaxation of
the emitter. As long as such decoherence processes, affecting either the pho-
ton or the emitter, are slow enough on the scale of the Rabi period, the
coupled system is still in a strong coupling regime and experiences a damped
Rabi oscillation. Faster decoherence processes lead to overdamping; in this
so-called “weak coupling regime”, the emitter relaxes monotonically down to
its ground state. When the main decoherence process is due to cavity damp-
ing, characterized by the resonance quality factor of the mode, @, it is still
possible to tailor to a large extent the SE of this emitter and in particular
its SE rate 1/7cay, by playing both with the strength of the emitter-field cou-
pling (i.e. V) and with the cavity losses (i.e. Q). After having recalled the
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expressions of {2 and 1/7..y, we will present the Vs and @s of available solid-
state microcavities in order to discuss their potential for solid-state CQED
experiments.

3.1 The Strong Coupling Regime

The angular frequency 2f2 of the Rabi oscillation depends on the coupling
strength, i.e. on the emitter dipole and magnitude of the vacuum field. After
introducing some notation, we will recall the expression of 2.

Field quantization leads to the following expression for the electric field
operator for the cavity mode:

E(r,t) = iemax F(r)a(t) + h.c., (1)

where h.c. means Hermitian conjugate, a is the photon creation operator and
f the mode spatial function. f is a complex vector which describes the local
field polarization and relative field amplitude; it obeys Maxwell’s equations
and is normalized so that its norm is unity at the antinode of the electric
field. The normalization prefactor e,.x, which is often named, in a somewhat
improper way, “maximum field per photon” can be estimated by expressing
that the vacuum-field energy for a mode with angular frequency w is hw/2:

e = /w222 Y, where vz%///n(r)ﬂf(r)mf’r. 2)

In this expression, n is the refractive index at the field maximum and V'
the effective cavity volume, which describes how efficiently the cavity concen-
trates the electromagnetic field in a restricted space. More precisely, V' is the
volume of a cavity, defined by Born—von Karmén periodic boundary condi-
tions, which would provide the same maximum field per photon as the cavity
under study.

For an electric-dipole transition, the atom—field interaction Hamiltonian
can be written as:

Hint = i€max d.f (1) |g) (€] @ + h.c., (3)

where |g) and |e) designate the ground and excited states of the emitter,
modelled as a two-level system, 7, its location, and d its electric dipole.

In the limit of negligible dissipation, the system is described by the
Jaynes—Cummings Hamiltonian:

H = hwé, + hw(ata+1/2) +in(6_a*t —6.a), (4)

where 6, 6_, 6, are pseudospin operators for the two-level system, and {2
the Rabi pulsation defined by:

he2 = |emax d.F (70)] - (5)
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The interaction Hamiltonian couples only the (degenerate) states |e,n) and
|g,m+ 1) of the uncoupled emitter/cavity system. Therefore, the spectrum of
the Jaynes—Cummings Hamiltonian consists in a non-degenerate fundamental
level |g,0), and in a ladder of pairs of entangled states, |e,n) £ |g,n + 1)
(n=0,1,...) split by 2h2+/n + 1. If the system is initially prepared in the
state |e, 0), it will experience a Rabi oscillation at the pulsation 2(2 as stated
earlier.

In practical cases, this coherent evolution is observable only if all deco-
herence processes, affecting either the emitter or the photon, are slow on the
Rabi period timescale. For isolated atoms in cavities, the main decoherence
processes are the cavity damping, related e.g. to the finite mirror reflectivity,
and SE into additional modes. It is reasonable to consider that these effects
arise because of the coupling of the quantum system to reservoirs, which per-
mits a simple treatment of this problem within the density matrix formalism.
In the limit of a weak excitation of the system, the eigenenergies of the first
excited doublet become [37]:

A e—A . 2 .
dzi:wi\/QQ—(%) _i(Awe‘Fch)a (6)

where Aw, and Aw, are the emitter and cavity linewidths arising from
these decoherence channels. The system is in the strong coupling regime
if and only if 2 > |[Aw. — Awe| /4. Its eigenstates are then non-degener-
ate entangled states. However, dissipation induces a reduction of their en-
ergy splitting and limits their lifetime, as reflected by their finite linewidth
(Awe + Aw)/2 (FWHM).

For single QDs, other phenomena such as electron—phonon or electron—
electron scattering are usually the main decoherence processes affecting the
emitter. It is not possible to treat in the general case the emitter decoherence
as being due to a weak coupling to an appropriate reservoir. Considering
theoretically a single QD in the strong coupling regime, Wilson-Rae and
Imamoglu have shown for instance that the strong interaction of the QD
exciton with acoustic phonons must be treated in a non-perturbative way [38].

For sake of simplicity, approximate (sufficient) conditions such as 2 >
max (A we, Awe) or 2 > (Awe + Awe)/2 are often used. For single QDs at
low temperature in semiconductor microcavities, it is reasonable to assume
that exciton decoherence is negligible compared to cavity damping. In this
case, the calculation leading to (6) is perfectly valid. The relevant condition
for strong coupling becomes {2 > A w,./4, and is therefore less severe than the
previously mentioned approximate conditions. The eigenenergies of the first
excited doubled of the coupled QD/cavity system can be written as [37]:

A we

DL = w4022 —
W4 w ( 4

2 .
) — iA we if 2 > Aw./4 (strong coupling), (7)
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Fig. 2. Real and imaginary parts of the angular frequencies of the fundamental
doublet of states of the coupled cavity-emitter system, as a function of £2/A w.

2 .
Oy =w=ki ( 1 ) -2 - iAwC if 2 < Aw./4 (weak coupling). (8)

3.2 Weak Coupling Regime: The Purcell Effect

In the weak-coupling regime, both eigenenergies have the same real part, so
that the Rabi oscillation is lost. SE is an irreversible process; the emitter
experiences a monotonic relaxation towards its ground state, as when it is in
free space. However, it is still possible to tailor SE to a large extent in this
regime, and in particular to control the emitter’s SE rate.

Let us first consider the strong damping limit (2 < Aw, = w/Q); the
eigenvalues @y become w — 1A w./2, associated to the cavity mode and w —
2i02? /A w, for the emitter. The emitter relaxation by SE is thus characterized
by an exponential decay and its SE rate is given by:

92
1:4 Q’ (9)

T w
This value is to be compared with the SE rate of this emitter when it is
imbedded in a transparent homogeneous medium of refractive index n:

1 d)® w3
_ ldf ' (10)
Thee  3meohcd

where d is the electric dipole of the localized emitter.
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Using these expressions, along with (2) and (5) we see that the emitter’s
SE rate is enhanced (or inhibited) in the cavity with respect to its value for
a homogeneous surrounding material by a factor

Thee _ 3Q (Ae/n)° _ |d.f (ro)|?

= . 11
Teav ATV x |d|2 (11)

Whereas the first term is only related to cavity properties (Q, V'), the second
one (which is always smaller than 1) depends on the relative field amplitude
at the emitter’s location and on the orientation matching of the transition
dipole and electric field. In order to find a figure of merit describing the ability
of the cavity for SE enhancement, it is convenient to consider the SE rate of
an “ideal” emitter, whose properties allow one to maximize this effect. This
ideal emitter should be located at a maximum of the electric field, with its
dipole aligned with the local electric field. This cavity figure of merit takes
the form proposed by Purcell fifty years ago [10]

Tfree o SQ (Ac/n)3

=X\ 7 12
Teav 472V (12)
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The Purcell factor F}, can become much larger than 1 for sufficiently low
volume and high-@) microcavities. In other words, the emitter’s SE rate into
a single cavity mode can be orders of magnitude larger than its SE rate in
free space, as confirmed by spectacular early experiments on atoms in cavities
(x500 SE rate enhancement [5]). This point constitutes a major difference
with planar cavities, which provide limited SE rate enhancement factors,
x3 at most for perfect metallic mirrors [39,40] and x5 at most for realistic
metallic mirrors [11].

It should be recalled at this point that the derivation of the Purcell factor
is only valid in the strong damping limit (2 < w/Q). We see from Fig. 2
that this approximation is very good as soon as 2 < w/2Q. It is still not
too bad even when the strong damping condition is not satisfied. We see
for instance from (8) that at the critical coupling (2 = Aw./4), the decay
rate is typically given by Aw./2 which is only a factor of 2 larger than the
approximate value 422 /A w..

It is also interesting to rewrite the strong damping condition as

1 402
= @ <
Tcav W Q

w

Aw, = Aw,, (13)
which shows that the homogeneous broadening due to the radiative recombi-
nation A we is much smaller than the linewidth of the cavity mode A we. It
is then valid to treat the single cavity mode as a continuum and to estimate
the SE rate using the Fermi Golden Rule, which was the original approach of
Purcell. (In principle, the emitter should be coupled to a continuum of modes,
delocalized over the cavity and the outside world. It is possible to show in
a rigorous way that this continuum can be replaced by a single “quasi-mode”,
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which has the same spatial dependence than the confined mode of the per-
fect microcavity and a spectral density of modes which is that of the coupled
cavity-reservoir system [12].) We briefly outline this derivation here, in order
to highlight more easily the role of an eventual detuning between the emitter
and the cavity mode.

For an electric dipole transition, the Fermi golden rule can be written as

© = 2 plwe)-((d o)) ; (14)

where p(w,) is the density of photon modes at the emitter’s angular fre-
quency we and where the averaging of the squared dipolar matrix element is
performed over the various modes seen by the emitter.

The insertion of the radiating dipole inside the cavity will change its SE
rate in three ways: the spectral density of modes, the amplitude of the vacuum
field and its orientation with respect to the radiating dipole are indeed all
modified. We evaluate in the following the resulting change of the SE rate
for a cavity supporting a single mode (angular frequency we, linewidth A w,
and quality factor @ = w./Aw.). In this case, the mode density seen by the
emitter is a normalized Lorentzian function

2 o Aw?
o TAwe 4w —w )2+ AW

Peav(w) (15)
The “free-space” mode density for a homogeneous medium of refractive in-
dex n is:

w2V'n3

e (16)

pfree(w) -
where V' is a normalization volume. The field operator for each free-space
mode is:

n o hw ikr
E(T’,t) = 1€ 2807‘/ e a(t) + h.c. s (17)

where € is a unit vector describing the polarization of the mode.

Using the Fermi golden rule for both estimates, we can compare the emit-
ter’s SE rate in the single-mode cavity and in a homogeneous surrounding
medium:

R CIGRID N — (19)

Teaw ATV 4(we — we)? + Aw? e
where £ = |d- f(re)| /|d| - |f(re)| describes the orientation matching of d
and f (re), and where the factor 3 stems from a 1/3 averaging factor ac-
counting for the random polarization of free-space modes with respect to the
dipole. We thus retrieve the enhancement factor given by (14) for an emit-
ter perfectly on resonance with the cavity mode (we = w,). Here again, the
Purcell factor F, appears as the largest SE rate enhancement which can be
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induced by the cavity. In order to observe the Purcell effect in its full magni-
tude, our “ideal” emitter should be well matched with the frequency, spatial
distribution and polarisation of the mode.

Until now, decoherence processes affecting the emitter have been neglect-
ed, so that the homogeneous linewidth of the emitter placed inside the mi-
crocavity is much smaller than the cavity linewidth according to (9). If other
decoherence processes are efficient, (14) still holds as long as Aw, < A we.

Let us consider now that decoherence processes (other than SE) are so
strong that the homogeneous linewidth of the emitter is comparable to or
larger than the cavity linewidth. In this case, pcay(w) must be replaced in the
expression of the Fermi golden rule by [43]:

/L(w)pcav(w)dw, (19)

where L(w) is a normalized Lorentzian function describing the distribution of
optical transitions of the homogeneously broadened emitter. For an emitter
on resonance with the mode, it is obvious to see that the magnitude of the
SE rate enhancement is reduced compared to the previous case. In (18), one
has to replace 1/Q by 1/Qem = A we/we when the homogeneous broadening
is very large (A we > Awc), by 1/2Q when Aw, = Aw, and by 1/Q+1/Qem
(in a good approximation) in the general case, for an emitter in resonance
(We = we)-

As a result, the Purcell effect is washed out when the emitter is spectrally
much broader than the cavity mode. This explains why the lack of appropriate
emitters has long been a major hindrance to the observation of the Purcell
effect in solid-state microcavities, until QDs have been used in this context.

4 Presentation of Available 0D Semiconductor
Microcavities

Unlike the microwave spectral range, where superconducting mirrors are
available, lossless metallic mirrors do not exist at optical frequencies. Ma-
jor efforts have been devoted in the 1990s to the development of dielectric
microcavities able to confine light on the wavelength scale in one or several
dimensions. Two basic effects can be used, alone or in combination, for that
purpose. The first one is total internal reflection, which has been exploited
for a long time in optical fibers (2D confinement) and is used to provide 3D
confinement in microspheres [9,44,45], microtores [46] and microdisks [47].
The second one is distributed Bragg reflection, which is implemented in 1D
dielectric mirrors and more generally in photonic bandgap crystals [18]. Mi-
cropillars [19,50] exploit both waveguiding along the pillar axis and reflection
by 1D Bragg mirrors to generate 3D confinement, whereas 2D photonic crys-
tal membranes combine waveguiding in the semiconductor slab and lateral
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confinement by the photonic crystal [51]. It should be noted that these 0D di-
electric microcavities do not constitute perfect “photonic boxes”. Besides
a discrete series of three-dimensionally confined modes, these open cavities
also support a continuum of non-resonant modes. Recent progress in the fab-
rication of 3D photonic crystals at optical frequencies [52] might soon change
this state of affairs. Whereas the evanescent field of free-space modes in the
photonic bandgap energy range can be made arbitrarily low at the emitter’s
location for thick crystals, a tailored defect can be used to create one (or
a few) resonant cavity modes in the same energy range [13].

We give in this section a brief overview of this quest for low-V /high-Q di-
electric microcavities. Quite amazingly, the study of QDs in cavities has had
important by-products in the field of microcavity characterization. Though
some microcavities, such as micropillars, can be studied by reflection spec-
troscopy [19,53], it is much more convenient to probe their resonant modes
in emission, using a QD array as a broadband internal light source [35,50].
This approach, which is widely used today to probe other complex pho-
tonic structures such as microdisks or photonic crystal (PC) microcavities,
displays several important advantages. Unlike reflectometry, for which only
modes having the same symmetry as the probe beam can be studied, all con-
fined modes appear on emission spectra. On a practical side, high-resolution
data can be obtained in a simple microphotoluminescence experiment. Let
us note finally that the additional absorption loss entailed by the insertion
of a QD array is in general negligible, which allows one to probe the optical
properties of the empty cavity. The comparison of nominally identical mi-
cropillars containing either a QD array or several QWs has been for instance
a powerful tool for understanding the formation of confined cavity polaritons
in the latter case [54].

4.1 Pillar Microcavities

Micropillars have received much attention since the first fabrication of vertical
cavity surface emitting lasers [55,56]. Their interest for SE rate enhancement
and low-threshold lasing has been acknowledged as early as 1991 [57,58].

We present in Fig. 3 a typical micropillar fabricated through the reactive
ion etching (RIE) of a GaAs/AlAs A-cavity resonant around 0.9 pm, as well
as a microphotoluminescence (LPL) spectrum obtained at low temperature.
The series of sharp PL lines corresponding to the resonant cavity modes as
well as a background emission of the QD array into the continuum of non-
resonant modes are clearly seen on this spectrum. This feature can be used for
comparing in a single time-resolved experiment microcavity effects for QDs
which are in or out of resonance with a cavity mode (Sect. 6). A systematic
study of the mode energies as a function of the pillar radius r highlights the
main effects of an increased lateral confinement, which are an overall blueshift
of the resonant modes and an increased energy separation between successive
modes [50,59].
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These experimental trends and the mode energies can be quantitatively
understood using a simple model, based on a decoupling of the vertical and
lateral confinements. Having in mind the formation of resonant modes from
plane waves in planar cavities as a result for vertical confinement, we use
each pair of counter-propagating guided modes I of the GaAs cylinder to
build a resonant mode 7. In a micropillar, guided photons are localized by
distributed Bragg reflection. Since their velocity is modified by the lateral
confinement, the resonance wavelength is modified as well; it shifts with re-
spect to the normal incidence resonance wavelength of the planar cavity Aop
and is given by [50]

I

A = nlgL = Aop =t | (20)
n

where n is the refractive index of GaAs, nl; the effective index of the guided
mode I, and L the thickness of the GaAs cavity layer.

As shown in Fig. 4, this simple description accounts amazingly well for
the experimental results for pillar radius larger than ~ A/n. This is due to
the combination of three effects. Firstly, the electromagnetic field distribution
is very similar for a given mode in AlAs and GaAs waveguides, due to the
strong index contrast with the air; as a result, different guided modes are not
significantly mixed at interfaces. Secondly, although the continuity conditions
for the normal electric field component are not satisfied at all interfaces,
this component is very small compared to in-plane components. Finally, the
relative index change n/nl; is the same (within less than 3%) for GaAs and
AlAs waveguides. Therefore, the resonance condition (20) remains the same
as for the planar cavity, but for the replacement of n by néﬁ [50].

This model has been used to estimate the field distributions of the res-
onant modes and their effective volume. For the fundamental mode, the ef-
fective height is ~ 2\./n and the effective area ~ 7r? /4. Therefore the 1 um
diameter pillar shown in Fig. 3 is able to confine light within an effective
volume as small as ~ 5(\¢/n)3.

According to this model, we also expect the same @ for the planar cavity
and for the resonant modes of the micropillar. We show in Fig. 5 typical data
obtained for the fundamental mode on a series of micropillars etched in a high-
finesse planar microcavity (@ = 5200). For large enough pillars, @) takes
a constant value and is indeed very similar to the planar cavity Q. Below
a certain critical diameter, here 3 um, @ decreases [53,60], which indicates
a reduction of the escape time of the photons. This trend reflects the onset
of several diffusion/diffraction processes, which can scatter confined photons
out of the pillar. In contrast with previous work, the major part of the bottom
mirror is etched in order to quench the diffraction by the finite aperture of
the pillar foot. We attribute therefore the @ spoiling to the scattering by the
residual roughness of the pillar sidewalls. This interpretation is supported by
the excellent description of the experimental behaviour for @@ by a simple
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Fig. 3. Typical CW PL spectrum, obtained for a 3 um diameter micropillar con-
taining InAs QDs. The arrows indicate the calculated energies for the resonant
modes of the pillar
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model, which assumes that the scattering probability is proportional to the
mode intensity at the surface of the pillar [53].

The optimization of the etching step has allowed important progress in
this respect. Qs as large as 2100 for » = 0.5 pm [11] and 630 for 7 = 0.3 pm [61]
have been obtained respectively by reactive ion etching (RIE) and chemically
assisted ion beam etching (CAIBE). For these very narrow pillars (r < 2\/n),
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Fig. 5. Typical dependence of the cavity quality factor Q (circles) and Purcell factor
F;, (triangles) for the fundamental mode of GaAs/AlAs micropillars as a function
of their diameter d

the various assumptions sustaining our simple model break down and a more
refined theoretical description is compulsory. Recent calculations using the
finite-difference time-domain (FDTD) method [62] highlight an intrinsic Q
spoiling for such small radius micropillars. This effect comes in large part from
the different relative index changes resulting from the lateral confinement in
GaAs and AlAs waveguides. This effect can be taken into account in the
design of the planar cavity which is etched into micropillars. According to
FDTD calculations, optimized layer thicknesses might allow one to get Qs
close to Qop and as large as 10000 in the GaAs/AlAs system [62], provided
additional extrinsic losses are kept sufficiently low.

Considering now the Purcell factor of these micropillars, we see that Fj,
tends to increase when the pillar diameter is reduced, since the reduction
of Veg overcompensates the effect of the ) spoiling. Fj,s as large as 32 have
been estimated (from measured @s and calculated Vs) for 1pm diameter
micropillars [11].

In practice, the sensitivity of @@ on the sidewall morphology is such that
reproducibility is still a challenging issue for pillar diameters below 1.5 um
typically. Therefore, novel material combinations have been investigated as an
alternate route toward lower V /higher F}, micropillars. The selective oxyda-
tion of AlAs into low-index AlO, permits us to replace GaAs/AlAs DBRs by
high-contrast GaAs/AlOx ones [63,64]. A three-fold decrease of Veg can thus
be obtained thanks to the strong reduction of the spreading of the confined
modes into the DBRs. For planar cavities, high-@Q values can also be obtained
with a small number of DBR periods (up to @ ~ 3000 with 4 period-DBRs on
both sides [64]). However, the highest reported F}, in this system is only 14
due to the important roughness of the pillar sidewalls [65]. Though some
progress can be expected from technological developments, radiation losses
(due in particular to the guided mode mismatch at the AlO,/GaAs inter-
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face) intrinsically limit @ to values lower than 1000 for d < 1 pum [62]. Minor
improvements — if any — are therefore expected compared to the GaAs/AlAs
system.

Finally, let us note that AlO, layers are also commonly used to provide
electrical and lateral optical confinement in low-threshold vertical-cavity sur-
face emitting lasers [3]. Typical figures of merit for such microcavities are
Q = 650 and Vg ~ 15(\./n)3 for a 1 um diameter aperture in AlO,, [66].

4.2 Microdisks

It is well known that semiconductor microdisks support a series of whis-
pering gallery modes (WGMs), which are guided by total internal reflec-
tion — and tightly confined — at the lateral edge of the disk. A semiconduc-
tor microdisk, such as the one shown in Fig. 6, is usually fabricated using
a combination of RIE, which etches a multilayer into a cylindrical post, and
of the partial selective wet etching of a sacrificial layer to form the disk
pedestal [47,67,68,69,70,71]. Compared to the pillars, for which the resonant
modes are partially delocalized in the DBRs and all over the pillar area, this
geometry provides a more efficient 3D confinement. For a small radius GaAs
disk (Ac/n < R < 20A./n), the effective area of the lowest radial quantum
number WGM is approximately given by 0.86A2(R/A.)%/2, where all lengths
are expressed in pum. The effective vertical thickness Log of the WGM can
be evaluated by considering the field distribution of the guided mode of the
air-confined GaAs slab. For the 250 nm thick GaAs disk of Fig. 6, Heg is
175nm or ~ 0.6\./n, when X is around 1 um, so that the effective volume
is of the order of 6(\./n)3.

Figure 6 displays a typical pPL spectrum obtained on a single 3 um diam-
eter microdisk containing an InAs QD array [70]. The sharp lines constitute
the WGM contribution to the spectrum, while the broad background is due
to the emission of the QD array into non-resonant modes. The large num-
ber of observable WGMs is quite remarkable, since only one or two WGMs
(with TE polarization and radial quantum number n, = 1) are clearly ob-
served for QW emitters, and only above the lasing threshold. An attempt to
identify these various WGMs shows that both TE and TM modes are ob-
served. Within the broad spectral range covered by the QD array, all modes
with n, = 1 are observed as well as some higher order WGMs (n, = 2 and
probably 3).

In this experiment, WGMs display Qs around 3000, which are orders
of magnitude smaller than the limits set by intrinsic radiation losses (e.g.
Qint > 108 for d > 2um [67]) or by the modal absorption of the QD array
(Qabs ~ 20000 here). As is well known, the main losses for empty microdisks
are due to scattering by the roughness of the disk edge. By replacing in
the process the RIE step by a non-selective wet chemical etching, a very
significant improvement of WGM @s has been obtained through a reduction
of the sidewall roughness. @s as large as 12000 for d = 1.8 um [70] and 17 000
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Fig. 6. Typical CW PL spectrum, obtained for a 3 um diameter microdisk con-
taining InAs QDs. The arrows indicate the estimated energies of some whispering
gallery modes. Insert: Scanning electron micrograph displaying a 1.8 um diameter
GaAs microdisk fabricated using a two-step wet-etching process

for d = 4.5 um [71] have been reported. Let us note that the losses introduced
by the probe QD array are no longer negligible compared to the total losses; it
is necessary for such high-Q structures to work at the transparency threshold
to measure accurately the empty cavity @ in the pPL experiment.

These large Qs also correspond to a very high Purcell factor, of the order
of 150 for d = 1.8 um and @ = 12 000. Microdisks appear therefore as excel-
lent candidates for the study of the Purcell effect in a solid-state microcavity.
Since they provide the largest available Qs among low-V semiconductor mi-
crocavities, they open also interesting opportunities for the observation of
other effects such as thresholdless or low-threshold lasing as well as strong
coupling for a single QD as discussed later.

4.3 Photonic Crystal Microcavities

The ultimate approach for obtaining very small cavities exploits photonic
crystals (PCs) as confining material. Thanks to impressive recent progress,
3D PCs are now probably mature enough to build microcavities at optical
frequencies [52]. The development of such microcavities is obviously an im-
portant challenge since they do not support — unlike other 0D microcavities
— a continuum of non-resonant modes.

Until now, only 1D [72,73] or 2D [51,74] PC cavities have been fabricated,
using a combination of waveguiding in a semiconductor slab and reflection on
the PC to obtain 3D photon confinement. As an example, we present in Fig. 7
a 2D PC-microcavity processed within an air-bridge and designed for oper-
ation around 1 pum. In this geometry, defect modes with an effective volume



Solid-State Cavity-Quantum Electrodynamics 285

S UUBLESGUe

I eseseessesess
TE LA AL L A A

3 um

Fig. 7. Scanning electron micrograph of an air-bridge microcavity based on a 2D PC
and designed for an operation around 1 pum

as small as 0.3(\¢/n)? can be formed, thanks to the small field penetration
in the surrounding PC, combined with a strong vertical confinement. In PC
cavities, @) is limited by optical scattering. Novel designs optimized using
FDTD calculations [75] allow one to reduce these losses by more than one
order of magnitude. State-of-the-art microcavities in a 2D photonic crystal
slab display very impressive figures of merit (Veg = 0.43(\c/n)%, Q = 2800)
and display in particular the highest Purcell factors among solid-state micro-
cavities (F}, = 490) [70].

4.4 Conclusion

We have shown in this section that many approaches allow one to build
high-F,, 0D semiconductor microcavities. Compared to large silica micro-
spheres (Ve ~ 1000(A\c/n)3, Q ~ 10°) [15] or microtores (Q ~ 108) [16] these
structures provide much stronger photon confinement, but exhibit a much
smaller @. In the prospect of CQED experiments, these 0D solid-state micro-
cavities thus have different assets. The long-lived whispering gallery modes
(WGM) of the microspheres are for instance ideal for fabricating very-low
threshold lasers [9]. The small mode volume of semiconductor cavities allows
one to get a large Purcell factor for moderate Qs (100-1000); the constraint
on the emitter’s linewidth is then less severe. This widens the choice of us-
able emitters for observing the Purcell effect. The same considerations hold
obviously within the family of the 0D semiconductor microcavities, when
comparing, e.g. relatively high-Q) microdisks and ultimately small volume
PC structures.

5 Single QDs and the Strong Coupling Regime

The strong-coupling regime for QWs in planar cavities has received much
attention since its discovery in 1992 [6]. Though the need for a description
of this regime in terms of the formation of entangled exciton—photon states
(the cavity polaritons) is now commonly accepted, it is clear that the analogy
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with the standard “single atom in a cavity” CQED situation is not very deep.
This is mostly related to the fact that polaritons form 2D bands in this planar
system, so that polariton scattering plays a central role in their linear and
non-linear optical properties. It is thus quite interesting to investigate the
system formed by a single QD in a 0D microcavity, which mimics much more
closely the standard CQED system.

The strong coupling regime for a single QD in a microcavity has not yet
been observed experimentally. Having in mind that most CQED concepts and
experiments on atoms are related to the strong coupling regime, this obser-
vation is clearly an important milestone for solid-state CQED. It would open
in particular novel potential applications in the field of quantum information
technology. A quantum computing scheme has been proposed, which uses
single QDs as support for qubits, and a coherent coupling to a cavity mode
as a way to mediate interactions between distant QDs and realize two-qubit
operations [77].

Compared to the atomic case, single QDs in solid-state microcavities dis-
play two major assets, the large QD oscillator strength and the availability
of very small cavity modes:

e The tight mode confinement leads to very large values of the vacuum field
amplitude; eyayx is indeed around 2 x 10° V/m when Vg = (A\/n)? and
A~ 1pum.

e The electric dipole components, estimated from d, , = \/e?hf /2mw, are of
the order of 9x 1072? C - m, which is significantly larger than typical values
for atomic optical transitions (2.4 x 1072? C -m for the 5s-5p transition of
rubidium at 1.59 V).

According to (6), the Rabi energy hf2 of a QD placed at an antinode
of the vacuum field is around ~ 100 ueV when Veg = (A/n)3. This value is
typically two orders of magnitude larger than for a cold atom trapped in an
optical microcavity [78].

In order to observe the strong coupling regime, however, the Rabi os-
cillation should be faster than all decoherence processes affecting the pho-
ton or the exciton. The strong homogeneous broadening of QD lines due to
electron—phonon interaction rules out this possibility at high temperature
(T > 100K) for InAs QDs. On the other hand, the observation of single QD
emission linewidths in the few peV range show that exciton decoherence can
be neglected when a low temperature and weak excitation conditions are
used [26,27,28].

In such a case, the strong coupling regime is established if cavity damping
is small enough (A Ec., < 4h2) as discussed in Sect. 3. We compare therefore
in Fig. 8 the reported mode linewidths for various semiconductor microcavi-
ties to 4h§2 estimated from (5). We assume here that the InAs QD is located
at an antinode of the mode. This figure shows very clearly that semiconductor
micropillars still display too strong cavity losses to reach a strong coupling
regime with a single InAs QD.
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Fig.8. The mode linewidth of some state-of-the-art 0D microcavities (dots) is
compared to an estimate of 452 for an ideally coupled QD (lines), calculated for
two different oscillator strengths (f = 10 and f = 200). Experimental data are
from CNRS/LPN [65,70] (full symbols), UCSB [71] (open disks), MIT [72] and
Caltech [76] (open triangles), and Stanford (open square [61])

In this context, wet-etched microdisks [70,71] and photonic crystal micro-
cavities [72,706] offer the most promising approaches at the moment, taking
respectively the benefit of their record Qs and V's (among semiconductor mi-
crocavities). A single InAs QD located at the mode antinode and on perfect
resonance would already experience a strong coupling regime in such cavi-
ties, although at most two Rabi oscillations would be observed because of
the cavity damping. Significant novel breakthroughs concerning the Q/v/V
ratio of microdisks and PC microcavities are clearly required for InAs QDs in
the strong coupling regime to get some practical interest. In the meantime,
controlling the QD location within the microcavity will be a key issue. In this
context, Zwiller et al. have demonstrated the nanofabrication of microdisks at
specific locations, defined using a preliminary cartography of the QD sample
by uPL [79].

Obviously, an increase of the QD oscillator strength is also quite appeal-
ing. Self-assembled QDs made of II-VI semiconductors or cubic GaN could
for instance be used, but 0D microcavity technology is still in its infancy
for these systems. QDs formed by monolayer fluctuations of the thickness
of GaAs QWs are very attractive thanks to their large oscillator strength
resulting from exciton delocalization (f > 300) on large terraces [37]. Such
QDs could in principle allow one to observe the strong coupling regime in
microdisks, photonic bandgap cavities and state-of-the art micropillars.

Let us finally note that the coupling of a single QD (either a self-assembled
InAs QD or a nanocrystal) to a dielectric microsphere has also been inves-
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tigated [22,23,80]. Large radius silica microspheres (r ~ 50 pm) can display
a very high-Q (up to 10%), but the estimated Rabi energy for a single QD is
smaller than the QD linewidth, as a consequence for their large mode vol-
ume and for the non-ideal location of the QD, which is placed outside the
sphere, in the evanescent field of the WGM. By contrast, small (r ~ 4 pum)
glass microspheres provide a much improved confinement [Vog ~ 60(\/n)?],
but until recently, this was obtained at the expense of a strong decrease of
Q (~ 7000) [30]. Thanks to the recent development of high-Q (> 10°) small
diameter (r ~ 5 pum) microspheres, this system is now well suited to the ob-
servation of the strong coupling regime for a single nanocrystal, or a single
InAs QD in a mesa structure, placed in its close vicinity [31].

6 CQED Effects in the Weak Coupling Regime

As shown in the previous section, 0D solid-state microcavities are not yet
mature enough to achieve a strong coupling regime for a single InAs QD.
Though SE remains an irreversible process, it is still possible to modify emis-
sion properties to a large extent in the weak coupling regime. Such effects as
SE angular redistribution, SE rate enhancement and inhibition, nearly-sin-
gle mode emission, can be observed and exploited. This section is devoted
to the presentation of experimental results on QD SE tailoring in optical
microcavities. Some data obtained in planar cavities will be used to recall
their potential and limitations. We will then discuss in detail experimental
observations of the Purcell effect for collections of QDs and single QDs in 0D
microcavities.

6.1 InAs QDs in Planar Cavities

The properties of InAs QD arrays inserted inside GaAs/AlAs planar mi-
crocavities have been studied by several groups [14,35]. Such cavities display
reflectivity spectra very similar to those of reference empty cavities. The clean
insertion of QDs in microcavities by MBE and the weak additional absorp-
tion introduced by the few QD arrays permit one to build high-Q cavities. Qs
as large as 5200 have already been presented (to be compared with 10000,
the highest value reported for MBE grown empty GaAs/AlAs cavities [32]).

Planar microcavities strongly modify the natural radiation of an embed-
ded light emitter as is well known from the early work of Kastler [33]. Since
the microcavity quantizes the photon wavevector along its axial direction z,
a monochromatic emitter will emit photons only into specific modes for which
the in-plane photon wavevector is also well defined. The far-field radiation
diagram then consists in a series of narrow and bright fringes, which are cones
of axis z. Assuming a constant SE rate, the integrated emission intensity re-
mains the same as in free space; the microcavity redistributes SE angularly
through interference effects. This effect, which can be extremely useful in
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practice to improve light extraction from the high-index semiconductor [84],
has been observed experimentally for various emitters such as molecules [35],
rare earth atoms [36] and quantum wells [37] as well as QDs [35], using angu-
larly resolved PL. If only normal incidence emission is collected, a spectacular
spectral narrowing of the PL peak is observed because of the filtering of the
broad emission band of the QD array by the microcavity. The PL emission
from QDs in resonance can be enhanced by two to three orders of mag-
nitude compared to a reference QD array in bulk GaAs [35]. On the other
hand, PL from off-resonance QDs is drastically reduced. These effects are well
understood both qualitatively and quantitatively using simple models [35].
Angular-resolved PL using a QD array as broadband emitter can also be
used to map the dispersion relation of the cavity modes over a large spectral
range.

By contrast, planar GaAs/AlAs microcavities entail only minor modifi-
cations on the QD SE rate. It is well known that the SE rate of an emitter
having its electric dipole in the plane of the microcavity is enhanced by at
most a factor of 3, if the microcavity is bounded by ideal metallic mirrors
[39,40,88,89]. This result is achieved however only for a half-wavelength cav-
ity. Due to the penetration of the confined field inside DBRs, the effective
length of semiconductor microcavities is in fact much larger than A (~ 4\ for
the GaAs/AlAs system). For such a planar cavity, theory predicts a modi-
fication of the SE rate of a collection of independent emitters smaller than
+20%, SE being slightly inhibited at energies lower than the normal-inci-
dence resonance, and slightly enhanced above. Time-resolved data on InAs
QDs [14,90] are in excellent agreement with these predictions, as well as data
on rare-carth atoms in dielectric microcavities [91].

Let us recall that a strongly accelerated PL decay rate (x2) has been
observed in early experiments on quantum wells [92] or organic dyes [88,93],
and attributed to SE enhancement by the planar microcavity. A major inter-
est of these experiments on QDs is to show that — unlike QDs or rare-earth
atoms — multiple quantum wells or dye molecules (in concentrated solutions)
cannot be treated as independent light emitters in these experiments. The
analysis of these experimental features is quite complex in practice, due to an
important contribution of collective effects, such as superradiance and stimu-
lated emission [88]. Let us finally mention that a more recent experiment on
a single GaAs quantum well in a low-Q GaAs/AlAs microcavity led, on the
contrary, to moderate experimental lifetime alterations, in agreement with
theory [94].

6.2 Purcell Effect for QD Arrays in 0D Microcavities

The first experimental evidence of a strong enhancement of the SE rate of
QDs came from studies performed on large collections of InAs QDs [11].
Obviously, the QDs contributing to the emission in some cavity mode have
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different SE rates, which depend on their spatial location and spectral de-
tuning with respect to the cavity mode. This might be considered as a major
limitation at first sight, since the average SE rate enhancement for these
QDs is much smaller than for a perfectly coupled QD. This drawback turns
into an asset when one tries to analyze quantitatively experimental data.
Since the spatial location of the QDs in the cavity is in general not known,
interpretation of single QD data must be achieved with great care. By con-
trast, a statistical averaging can be safely performed on the QD locations
(and spectral detuning eventually) when numerous QDs are coupled to the
cavity mode. Data obtained on QD arrays have therefore been essential to
demonstrate the Purcell effet on QDs in semiconductor microcavities.

The first experiment was conducted on the series of GaAs/AlAs micropil-
lars presented in Figs. 3-5 by time-resolved uPL at 8 K, using a set-up based
on a pulsed Ti:sapphire laser and a streak-camera. The InAs QDs under study
emit around 1.35eV and display a 1.3 ns radiative lifetime when placed in
bulk GaAs. Since some background emission into leaky modes is observed in
uPL spectra (Fig. 3), it is possible to compare in a single experiment the
SE rate of QDs, which are only coupled to leaky modes or in resonance with
the fundamental cavity mode. The experiment is conducted under weak ex-
citation conditions (less than one electron-pair per pulse per QD on average)
so as to avoid state filling, that would entail a saturation of the QD emis-
sion and a quenching of the PL decay at short times. Whereas off-resonance
QDs exhibit a 1.05ns lifetime, quite similar to QDs in bulk GaAs, QDs in
resonance experience a clear shortening of the PL decay time, by a factor as
large as 5 for a 1 um diameter micropillar. This selectivity proves the intrinsic
nature of this effect, since extrinsic effets — such as increased non-radiative
recombination in etched structures — would affect similarly in-resonance and
off-resonance QDs.

As shown in Fig. 9, the experimental PL decay time shortening is much
smaller than the Purcell figure of merit of the micropillars under study. How-
ever, several elements permit us to conclude safely that the observed effect is
actually due to the enhancement of the SE rate into the cavity mode. For in-
stance, the variation of the PL decay time correlates well with F},, but neither
with the pillar diameter d nor with its Q. It is also possible to model as well
time-resolved profiles, by performing a statistical averaging of the profiles for
random locations and spectral detunings of the QDs [11]' For high Fps, the
radiative lifetime of well-matched QDs can become comparable to the carrier

! Please note that in [11], a random orientation of the QD dipole in all three dimen-
sions was assumed, which is not correct. For instance, transmission experiments
in a guided wave confirmation have confirmed that the heavy-hole-light-hole mix-
ing is negligible [95]. As for compressively strained QWs, the dipole associated to
the fundamental optical transition is randomly oriented in the plane of the sam-
ple. Figures 8 and 9 present correct fits, obtained for an in-plane random dipole
orientation, and taking into account the finite relaxation time of the electron—hole
pairs.
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relaxation time 7o, which is of the order of 30—40 ps according to the PL
rise time. This effect must be included in the model to reproduce the exper-
imental data. For the model data shown in Fig. 9, we take 7] = 35ps in
all calculations and use no additional fitting parameter. Finally, highly non-
exponential profiles are obtained for high-F}, micropillars (F, > 15) both
experimentally and theoretically. We have therefore plotted and compared in
Fig. 9b the initial decay rates 1/7,,, estimated between 100 and 700 ps after
the excitation pulse.

Interestingly, simple hand-waving arguments already give a good first-
estimate of Tgree/Ton, as shown now. Considering (18), one notes that the
spectral averaging of the Lorentzian factor gives a factor 1/2. (This averag-
ing is necessary since the mode linewidth (< 0.5meV) is smaller than the
spectral resolution of the set-up (1meV) in this experiment.) Furthermore,
the QDs are distributed all over the cross-section of the pillar so that the
antinode enhancement for in-plane directions is lost; this introduces typi-
cally a factor varying between 1/4 for large diameter pillars and 1/3 for the
smaller ones. In addition, the random in-plane orientation of the dipole gives
£2 ~ 1/2. Finally, the fundamental mode is two-fold degenerate, and the
SE rate into the leaky modes is of the order of 1/7fc.. The total SE rate
is around (2F,/12 + 1)/Tree, which leads t0 Tiee/Ton ~ 6 when F, ~ 30 in
reasonable agreement with the experimental data.

It is also important to check in such experiments that QDs can actually
be treated as independent light emitters. In principle, power dependent col-
lective effects could modify the PL decay rate. For a weak excitation power,
emitted photons can be reabsorbed by the QD array, which would lead to
photon recycling and to an apparent slowing of the PL decay. On the other
hand, amplification by stimulated emission (ASE) could be observed when
more than one electron—hole pair per QD is injected on average, which would
enhance the emission rate. Simple considerations show that both effects can
be neglected in this experiment [96].

Several other groups have reported in the last few years the observa-
tion of the Purcell effect on collections of QDs in time-resolved experiments.
Graham et al. [66] have studied Tfree/Ton as a function of the spectral detuning
of the QDs within the cavity mode linewidth, for oxide-apertured vertical mi-
crocavities. The SE rate enhancement factor follows the expected Lorentzian
spectral dependence and its maximum value (2.9) is well understood when
the Purcell factor £}, = 9 and the random spatial distribution of the QD are
taken into account. Solomon et al. have presented similar data, obtained on
a pillar microcavity [14].

Thanks to their larger F,s, microdisks provide much stronger effects [12].
Ttree/Ton @s large as 12 have been observed for 1.8 pm diameter microdisks
(Q = 10000, F}, = 160). Here again, it is compulsory to take the finite carrier
relaxation time into account when modeling experimental data [12].
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result of a calculation of the PL profile and average decay rate, for in-resonance
QDs, assuming a random in-plane dipole and a 35 ps relaxation time
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Let us finally mention the remarkable demonstration of both SE inhi-
bition and SE enhancement for QDs inserted in GaAs/AlAs micropillars
coated with metal [90]. Thanks to a strong reduction of the density of leaky
modes, the radiative lifetime of off-resonance QDs is increased by an order
of magnitude, whereas QDs in resonance experience a clear SE enhancement
(Tfree/Ton ~ 22)

Clear signatures of the Purcell effect can also be obtained under CW exci-
tation [96,97]; such experiments are very helpful when the photon collection
efficiency does not permit time-resolved investigations. Figure 10 displays
the PL data obtained at 8 K as a function of the excitation powers Py for
a low-@Q microdisk (R = 1.5 pm, @ ~ 2500, F,, = 18), which contains three
QD arrays. When P,y increases, one observes a clear saturation of the back-
ground emission for energies due to the state filling of the ground states of
the QDs. As a result, WGM show up much more clearly when Py is raised.
For microdisks containing QWs, a similar behavior is observed due to las-
ing. Here, however, optical losses — estimated by a = 2mn/AQ — are of the
order of 75cm™1!, so that the saturated gain of the 3 QD arrays is not suffi-
cient to sustain lasing. For this microdisk, lasing is only observed for higher
energy WGMs, when enough additional gain is brought by the optical transi-
tions involving excited QD states. For non-lasing WGMs, the peak intensity
first increases linearly and then saturates when P,y is raised. This behavior
is thus similar to that of the background, but for the onset of the saturation,
which is observed at a much higher (x5) critical excitation power as shown
in Fig. 10b. Thanks to the Purcell effect they experience, in-resonance QDs
are less subject to state-filling than out-of-resonance QDs. Assuming that
in-resonance QDs and out of-resonance QDs are pumped the same way, the
ratio of the saturation powers gives an estimate of Tgee/7on, Which is of the
order of 5 in this experiment. Much larger effects are observed for high-F},
microdisks obtained by wet chemical etching (see Fig. 10a). For a 1.8 um
diameter disk (@ = 5300 and F, = 68 for the WGM under study) we obtain
here Tgree/Ton ~ 14 for the QD which are on-resonance with this WGM.

It is clear that very complex phenomena lie behind this apparently sim-
ple saturation phenomenon. For instance, the exciton—biexciton splitting is
much larger than the linewidth of the WGMs, so that a QD, which is in
resonance with a WGM under weak excitation conditions, is out of resonance
when it contains more than one exciton. On the other hand, multiexcitonic
emission from some other QDs can be coupled to the WGM for high pumping
rates. Finally, some broadening of the QD emission lines is expected under
high excitation conditions. The validity of a quantitative estimate of Tree/Ton
from these CW PL data is therefore hard to justify from a theoretical point
of view, and has to be checked experimentally. A good agreement between
time-resolved data and CW data has been reported for instance for pillar
microcavities [96]. For the data of Fig. 10, we can easily check that the es-
timated magnitude of the Purcell effect is reasonable. One expects indeed
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Fig.10. Input—output curves for two microdisks: (a) d = 1.8um, @ = 5300,
F,=84; (b) d = 3um, Q = 3000, F, = 24. Full squares correspond to a non-
lasing WGM in resonance with the low-energy emission tail of the QD array, and
empty dots to reference out-of-resonance QDs. The arrows mark the onset of the
PL intensity saturation

to observe here an average enhancement factor Tiee/Ton ~ 2F,/(2.2.2) + 1,
where the various corrective factors (from left to right) come from the WGM
two-fold degeneracy, the spectral and spatial averagings, the random orienta-
tion of the QD dipole and the emission into leaky modes. We get in this way
Tiree/Ton ~ 17 for the high-F}, disk and Txee/Ton ~ 5.5 for the low-F}, disk,
which is close to the ratio of the saturation powers.

Apart from micropillars and microdisks, this approach is a convenient
tool to characterize 2D photonic crystal microcavities. A ten-fold SE rate
enhancement of in-resonance InAs QDs has been reported by Happ et al. [93].

6.3 Purcell Effect for Single QDs in 0D Microcavities

The “single QD in a microcavity” system is particularly interesting since it
allows one to probe the full magnitude of CQED effects, at least in principle.
On a more practical side, this system constitutes also the core of an efficient
single photon source.

Several groups have demonstrated since 2000 the coupling of a single QD
(or a few QDs) to a single cavity mode using different approaches. By de-
positing a quantity of InAs very close to the critical thickness, very dilute
QD arrays can be grown [33,99] (areal density around 107 cm~2). For such
a low areal density, micropillars or microdisks in the few micron diameter
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range contain a single QD (or less) on average. Because of QD size fluctu-
ations, however, the probability to get a spectral resonance of the QD with
a given cavity mode is rather low. One can also start from a dense QD array
and use a spectral detuning of the cavity mode toward the low energy tail
of the inhomogeneously broadened line of the QD array in order to reduce
in a controlled way the average number of QDs on resonance with the cavity
mode [100]. Controlling both the QD location within the cavity and its spec-
tral resonance is very desirable, but obviously challenging. In a pioneering
experiment, Zwiller et al. have controlled the QD location in a microdisk us-
ing a detailed mapping of the QD sample by uPL to drive the processing of
the microdisk [79]. Concerning spectral tuning, temperature control can be
used to some extent but the development of appropriate tunable microcavities
would be extremely useful.

Several groups have reported the observation of SE enhancement for single
QDs in microcavities. As we shall see, the analysis of the experimental data
is usually not straightforward.

The most direct (and convincing) evidence has been presented by Ki-
raz et al., who have studied a single InAs QD placed in a microdisk, using
temperature to tune this QD in and out of resonance with a WGM [15].
A crossing behavior of the WGM and the QD exciton line is observed, which
confirms that the QD is in the weak-coupling regime. Since the experiment
is conducted in the low temperature range (4 to 50K), the QD exhibits the
same exciton radiative lifetime for positive and negative spectral detunings
when it is out of resonance with the WGM. Therefore, lifetime modifications
can be safely attributed to a microcavity effect. A strong enhancement of the
intensity of the WGM emission and a 6-fold reduction of the QD radiative
lifetime are observed when the QD is tuned in resonance with the WGM
(d =5 pum, Q = 6500, F, = 17).

This experiment raises however some open questions, which highlight the
difficulties related to a quantitative interpretation of experiments on sin-
gle QDs. Here, the radiative lifetime of the QD under study is around 3.4 ns
when it is out of resonance, whereas similar QDs in the unprocessed sample
exhibit a 1.1 ns lifetime. This difference has been initially attributed to the
different photonic environments surrounding the QDs [101]. Though SE in-
hibition is indeed expected for excitons embedded in a sub-wavelength thick
dielectric slab in air, calculations show that this effect should be rather small
in the present case, due to the in-plane orientation of the QD dipole and
to the fact that the microdisk thickness is close to A/n [102]. By the way,
this effect has not been observed for collections of out-of-resonance QDs in
a similar disk geometry [12]. Therefore, the unusually long lifetime of the QD
under study could be related to a very specific location within the microdisk
(e.g. very close to the sidewalls) or to strong fluctuations of the “free-space”
exciton radiative lifetime from one QD to the other. In any case, this discus-
sion highlights the need for a good reference to discuss the magnitude of the



296 Jean-Michel Gérard

Purcell effect. In the present experiment, this magnitude will be around 2
or 6, depending on the assumption made for the radiative lifetime of the QD
in bulk GaAs, 1.1 or 3.4ns.

The CNRS/LPN [16,103] and Stanford [14,104] groups have studied single
QDs in micropillars by time-resolved uPL. Some typical data taken from [10]
are shown on Fig. 11. uPL experiments are first conducted at different exci-
tation powers in order to identify QD exciton lines; under very strong excita-
tion conditions, single QDs exhibit several meV broad emission bands which
permit one to probe the mode structure of the pillar microcavity. As for
experiments on collection of QDs (see Sect. 6.2), those QDs, which are out-
of-resonance with respect to the cavity mode, exhibit lifetimes rather close
to the free-space value (~ 1.3 ns). This suggests in particular that non-radia-
tive recombination can be neglected. QDs in spectral resonance exhibit much
shorter lifetimes (400 ps in Fig. 11, limited by the spectral resolution of the
photon correlation set-up used in this study) due to the Purcell effect. Here
F > 3 for this micropillar (d = 1 pm, @ = 500, F}, = 9). Solomon et al. have
observed even stronger effects (F' ~ 6 for d = 0.6 pm, ¢ = 630, F,, = 26) for
InAs QDs displaying amazingly long “free-space” lifetimes (~ 25ns) [104].

Considering a specific QD on resonance, it is not possible to rule out
a priori some contribution of non-radiative processes to the observed life-
time shortening. Since the location of the QD within the micropillar is not
known, a quantitative estimate of the expected radiative lifetime (such as the
one done in [14]) is by no means possible. Furthermore, the observation of
a stronger PL signal for QDs in resonance than for other QDs is not a proof
of fully radiative exciton recombination, since this effect is mostly due to
the better collection by the uPL setup of the light emitted into the cavity
mode. By contrast, the direct measurement of the efficiency of the triggered
single photon source formed by this “QD in micropillar” system permits us
to address this issue safely. It has been shown in two independent experi-
ments [103,104] that this efficiency is well understood assuming negligible
non-radiative recombination process.

As for collections of QDs, clear signatures of the Purcell effect are also
observed under CW excitation. Figure 12 shows data obtained for three QDs
in a pillar microcavity, the first two being resonant with the fundamental
mode of the pillar, whereas the third emits at an energy higher than the
stop-band of the DBRs. Their exciton lines present qualitatively the same
excitation power dependence, with a linear increase for low pumping powers,
followed by a saturation and decrease for large pumping rates. This behavior
reflects the variation of the probability to have a single exciton in the QD,
which drops when the probability to have N excitons in the QD (N > 1)
becomes large. A remarkable feature in Fig. 12 is the large difference in sat-
uration pumping powers of these three QDs. Due to their smaller exciton
radiative lifetime, QDs in resonance experience state filling for larger criti-
cal pumping rates at a later stage. This behavior can be modeled by simple
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Fig. 11. Time-resolved spectra obtained at 4 K for three QDs in a pillar microcavity
(d = 1um, @ = 500, F, = 9). The PL spectra obtained under low and high
excitation conditions is shown in the insert

rate equations. Using typical radiative lifetimes measured for the exciton and
the biexciton for similar QDs in GaAs, it is possible to extract estimates of
the Purcell SE enhancement factor. Here F' = 10 for the QD which is well
matched spectrally with the cavity mode, which is pretty close to the maxi-
mum SE enhancement achievable in this micropillar (F, + 1 = 14 here). As
expected, a stronger Purcell effect can be observed for a single QD compared
to collections of randomly distributed QDs, provided this specific QD is well
matched to the cavity mode.

Obviously, the analysis of this CW experiment relies on two main assump-
tions: (1) the “free space” exciton radiative lifetime of these QDs is the same
and (2) the pumping rate is the same for all three QDs. Assumption (1) is
reasonable in the present case since reference QDs in GaAs mesas display
small fluctuations of their radiative lifetime (+£10% typically). The validity
of the second assumption can be checked in a very simple way by studying
the time-integrated PL intensity of the same lines for a pulsed excitation.
For such pumping conditions, the intensity of the exciton line saturates when
more than one electron—hole pair on average per pulse are injected in the QD.
The onset of saturation only depends on the pumping rate, and not on the
radiative lifetime of the QD. In the present experiment, the pumping rates
were similar within experimental accuracy (~ 20%).

6.4 “Nearly” Single-Mode Spontaneous Emission

It has been recognized as early as 1991 that small, high-@ micropillars can
potentially collect a large fraction [ of the spontaneous emission (SE) of
a monochromatic emitter into a single confined mode (5 — 1) [57,58]. This
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Fig. 12. Excitation power dependence of the integrated intensity of the “exciton”
line of three different QDs in a micropillar (d = 0.85 um, F}, = 13). Fits are obtained
assuming F' = 10 for the QD in resonance (solid line), F = 2 for the detuned QD
at 1.267eV (dashed line) and F = 1 for a QD emitting above the DBR stopband
at 1.34 eV (dotted line)

result can be viewed as a consequence of the selective enhancement of the SE
into the cavity mode (Purcell effect), which provides a dynamic funnelling of
the photons into this specific mode [11]. Let us consider an isolated QD in
a 0D microcavity, which supports a continuum of “leaky” modes and a set of
discrete resonant cavity modes. If the emitter is coupled to a single resonant
mode, the fraction of the SE which is emitted into this mode, 3, can be
written as

F
b=z npel (21)
where v/ Tee is the SE rate into leaky modes and F/7gee its SE rate into the
cavity mode. As shown in the previous sections, v is experimentally of the
order of one, so that very large values of § are obtained when the Purcell
effect is strong (e.g. 8 > 0.8 for F' > 5).

When the QD is similarly coupled to two resonant cavity modes, § =
F/(F + ) approaches 50% for both modes. For InAs QDs — whose dipole is
randomly oriented in the plane of the sample — this situation is encountered in
circular micropillars when the QD is coupled to the polarization-degenerate
fundamental mode. It is also the case in microdisks due to the degeneracy
of counterpropagating WGMs. Such degeneracies can be lifted by breaking
the symmetry of the microcavity. Elliptical micron-sized micropillars display
for instance a well resolved fundamental doublet of modes, which are linearly
polarized along the long and short axis of the pillar cross-section [105]. Due
to their preferential coupling to one of these modes, single QDs on resonance
exhibit a very high degree of linear polarization (> 90%). This effect has
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been implemented to realize a single-mode source of polarized single photons
based on a single QD [16], as discussed in Sect. 7.2.

The combination of SE enhancement into the cavity mode and inhibition
of SE into leaky modes is a very efficient way for further improving 3. Con-
sidering the data published by Bayeretal. (F + v = 2.2 and v = 0.1) [90],
we see that the fraction of the SE coupled to the (2-fold degenerate) funda-
mental mode of the metal-coated micropillar is around 0.96, which is a very
impressive figure of merit.

To conclude this section, let us emphasize that these values of 3, which
are experimentally deduced from measurements of the SE enhancement fac-
tor F', are much larger than previous values obtained for quantum wells in
GaAs/AlAs VCSELs (8 ~ 0.04 [106]) or microdisks (8 ~ 0.2 [67,69]) and
determined from the study of the input/output characteristic curves of these
microcavity lasers. Due to its large homogeneous linewidth (especially under
the high excitation conditions corresponding to the onset of lasing), a QW
does not experience a strong Purcell effect. Although a clear § increase is
observed with respect to standard QW laser diodes (8 ~ 107°), this im-
provement is mostly related to the reduction of the number of modes to
which this broadband emitter is coupled. For a comparable microcavity size,
much larger Gs are obtained for QDs. Their very small emission linewidth
(for a low T and weak excitation conditions) is the key to observe a very
efficient dynamic funnelling of the photons into a single mode.

7 Application Prospects

7.1 QD-Microcavity Lasers: Toward Single QD-Lasers

Until now, microcavity lasers did not benefit much from the implementa-
tion of QD arrays instead of QWs as active medium, mostly because of the
important homogeneous and inhomogeneous broadenings of their gain curve.

For instance, the lowest reported threshold current for QD-VCSELs is
around 200 pA at 300K [107], to be compared with 36 A for the best QW-
VCSELSs [8]. However, carrier localization in QDs can be very helpful by pre-
venting non-radiative carrier recombination at microcavity sidewalls [34,35];
this effect has been highlighted experimentally by studies of the differential
efficiency of 1pum diameter oxide-apertured light emitting diodes [108], as
well as by the operation of QD-PC lasers under pulsed optical pumping with
a relatively low threshold (120 yW at 300 K [109]). In these few experiments,
experimental conditions — and first of all the temperature — were not well
suited to the observation of lasing in a genuine CQED regime. We discuss
briefly possible routes toward novel QD lasers, which use a single QD as
active medium and rely on CQED for their operation. Unique characteris-
tics, such as an extremely low threshold current or thresholdless behavior are
predicted.
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Single QD microcavity lasers are appealing for several reasons. On one
hand, working with a single QD alleviates all limitations of QD lasers related
to inhomogeneous broadening. On the other, this system is, at least at first
sight, a solid-state analog of micromasers [110] and single-atom lasers [111],
which operate with one atom or less on average in their cavity.

Micromasers are based on a high-@Q single mode cavity, pumped by a weak
beam of excited atoms crossing the cavity one by one. When crossing the
cavity mode, the atoms experience a strong coupling regime and undergo
a coherent evolution during an interaction time defined by the mode size
and the atom velocity [112]. If @ is high enough for cavity relaxation to be
negligible between two successive atom transits, a field can build up in the
cavity. Since the frequency of the atom/cavity Rabi oscillation depends [as
(n41)"/?] on the initial number of photons in the cavity, micromasers display
an oscillatory gain curve and very interesting non-linear characteristics, such
as switching between different stable operating points. Well above threshold,
micromasers can also operate within domains of negative differential gain,
which results in a strong squeezing of the intensity fluctuations of the emitted
field.

Is it possible to build a single QD laser operating, as the micromaser does,
in the strong coupling regimes? To adress this point, it is important to notice
first major differences between these two quantum systems. Micromasers are
pumped by an atomic beam, each atom having a finite interaction time with
the cavity. By contrast, the single QD is fixed in the cavity of the microlaser
and remains coupled to the cavity mode as long as it contains one exciton
or less. This puts in practice very severe contraints on the QD repumping
scheme. To illustrate this point, let us consider a single QD describing a Rabi
oscillation between the two states |X,0) and |g,1), and let us inject in the
QD an additional electron—hole pair. The coupled system behaves very dif-
ferently depending on its state just before this event occurs: if it is |g, 1), this
state becomes | X, 1) and the system experiences a Rabi oscillation at angular
frequency £2v/2; if it is | X,0), it becomes |X X, 0), and the Rabi oscillation
is quenched due to the spectral detuning of the cavity mode and QD optical
transition. Since expected Rabi periods for QDs are typically in the ps range,
i.e. faster than relaxation processes, controlled non-resonant pumping is not
possible. Tuning the QD transition energy using, e.g. electro-optical effects
to control the QD-cavity interaction on such a short time scale seems also
very difficult. Therefore, single QD lasers will most likely operate in the weak
coupling regime.

The weak coupling regime results from a too fast photon escape or emitter
dephasing. Let us consider briefly the first case ({2 < w/4Q). We know from
Sect. 3 that the enhanced SE rate of the emitter in the cavity mode is at most
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w/2Q) (value achieved for an ideally matched emitter at critical coupling), so
that the average photon number in the cavity at saturation (n)s, satisfies
T, w 1
(n)sat:§<ﬁ%<§. (22)
Lasing is therefore not possible in this regime, since emitted photons leave the
cavity too fast to have the possibility to stimulate the emission of a second
photon by the (repumped) QD.

More interesting is the second case, for which the emitter dephasing is
too strong to permit a coherent evolution of the QD-cavity system, but the
cavity has very small losses (w/Qe > §2 > w/Q). Under such conditions,
standard rate equations can be used to describe the evolution of the electron

and photon populations [113,114]. The threshold condition (n) = 1 can be
written as
F
gL rh=1 o p—rp=1, (23)
Tcav Ttree

where the inversion parameter p (p < 1) is the probability that the QD
contains one electron-hole pair and 7, = @Q/w is the photon lifetime in the
cavity. Here, the magnitude of the Purcell effect is much smaller than Fj
since the emitter linewidth is much broader than the mode linewidth. The
SE rate in the cavity mode is given by

w

We see therefore that lasing is possible only if 4 (£2/A we) (2/A wc) > 1 where
the first (resp. second) term which appears in this product is smaller (larger)
than 1.

It is also interesting to write the lasing condition as F' (Tph/Ttree) > 1,
which shows clearly that two different types of single QD lasers can be built,
depending on the fact they rely or not on a strong Purcell effect (F' > 1 or
F<1).

7.1.1 Single QD Lasing Without Purcell Effect (F < 1)

In this case, Tph/Tree > 1. Since InAs QDs have a free-space lifetime in the
1ns range, the microcavity () must be larger than 10°, a value which can be
obtained only with microspheres. The system formed by a single QD coupled
to a microsphere has been proposed as an ultralow threshold laser by Pelton
and Yamamoto [115].

For this system, the total QD SE rate is weakly modified compared to
its free space value, and most of the SE goes into the continuum of leaky
modes. In spite of this low (3, lasing can be obtained with a remarkably low
threshold thanks to the very low losses of the WGM. An important parameter
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appears to be the QD to microsphere distance: bringing the GaAs bulk or
mesa structure containing the QD closer to the microsphere improves the
QD/WGM coupling but spoils the Q@ of WGMs, down to 10°¢ typically when
the two systems are in contact [115].

In order to estimate the typical threshold of this single QD laser and
highlight the crucial temperature issue (which is not adressed in [115]), let us
consider a QD which is optimally located in the vicinity of a 60 pm diameter
microsphere (QD-microsphere distance ~ 0.3 pm, @ ~ 107, 7, ~ 6 ns). The
effective volume of a WGM is given by m2\d? /60, where all lengths are mea-
sured in pm [15], so that V' ~ 2000(\/n)3 and F;, ~ 400. Let us consider that
A FEqp, is around 10 peV, a realistic value for a single QD at low temperature
(~ 10K). We get F' = 0.1 F,Qem/Q ~ 0.4, where the factor 0.1 accounts
for the relative intensity of the vacuum field at the QD location referenced
to its maximum value. Since Tree ~ 11ns, lasing is obtained for p > 0.4. As-
suming a perfect pumping efficiency, this corresponds to a threshold current
Iin = ep(1 + F)/Ttree ~ 100pA, which is five orders of magnitude smaller
than the best reported value for semiconductor lasers [3].

7.1.2 Single-QD Lasing With a Strong Purcell Effect

When the QD experiences a strong Purcell effect (in spite of its linewidth
being larger than the mode linewidth), the requirement on the cavity @ is
less stringent and other microcavities — such as microdisks — could be used
to build a single QD laser.

Let us consider for instance a single QD optimally located in a 2 pm
diameter microdisk (A2 = 50 ueV) and let us assume that @ ~ 30000. (It
is reasonable to think that such a value, larger than the best Qs reported to
date for microdisks, will be achieved in the future.) According to Sect. 5, this
QD would be in the strong coupling regime at low temperature, since both
emitter and mode linewidth are small compared to the Rabi energy. When
the temperature is raised gradually, the QD emission line entails an increasing
homogeneous broadening, so that the system finally enters a weak coupling
regime. Let us assume that A F, is around 200 peV, which is a typical value
around 90 K in good quality samples [26,27]. We have then A E, > h{2 (weak
coupling regime), mpn ~ 18 ps, F' ~ 80 from (24) and 7cay ~ 12 ps. The lasing
threshold is reached for p ~ 2/3 and the threshold current is of the order of
10nA.

Due to the strong enhancement of the SE rate, a large fraction of the
SE is coupled to the cavity mode (8 > 0.98). Such a laser can be regarded
in a very good approximation as a thresholdless laser. Thresholdless lasers
are ideal converters of electrical signals into optical signals: above as well
as below threshold, all photons are emitted into a single cavity mode. Their
input/output and input/noise characteristics do not display any peculiar fea-
ture at threshold ((n) = 1), hence their name. (Experimentally, the onset of
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lasing can be detected however thanks to a spectral narrowing of the emission
above threshold.)

Apart from practical problems (related in particular to the pumping is-
sue), single QD lasers suffer from several intrinsic drawbacks, which consti-
tute severe limitations in view of possible applications. First of all, raising
the temperature results in a broadening of the QD exciton line, as well as
in a drastic reduction of F' and . The operation of a single QD-laser at
300K (A Eop > 1meV) is therefore unlikely. Secondly, the QD-WGM sys-
tem is decoupled as soon as two electron—hole pairs or more are trapped in
the QD. This effect leads to several original properties under high injection
conditions and limits in fine the maximum output power. When the pumping
rate is raised under non-resonant excitation, such a laser would exhibit first
conventional lasing, then a blinking behavior, before it switches off due to
carrier accumulation in the QD [116]. Resonant carrier injection using res-
onant tunneling, as proposed in [115], or resonant optical pumping might
however alleviate this problem.

To conclude, microcavity effects on single QDs open a route toward sin-
gle QD lasers displaying unique characteristics (ultralow threshold, thresh-
oldless behavior), but the practical interest of such devices is not yet clear.
In the near and mid-term, the main applications of the Purcell effect will
concern devices relying on (enhanced) SE, such as the single photon source
based on a single QD in a microcavity, which is presented in the next section.

7.2 The Single-Mode Single Photon Source
and the Photon Collection Issue

As discussed by Michler in his contribution to this volume, the development
of efficient solid-state sources of single photons (S4Ps) is a major challenge
in the context of quantum communications [117,118] and quantum informa-
tion processing [119]. S4Ps implement a single emitter able to emit photons
one by one, such as a molecule [120], a colour center [121], a semiconduc-
tor nanocrystal [122] or self-assembled QD [16,17,103,104,123,124,125,126].
Collecting efficiently these single photons is essential for a practical use of
the S4P. Considering firstly quantum key distribution, the preparation of
a secret key using error correction and privacy amplification is possible only
if the probability of detecting a photon in a given time slot is larger than the
detector’s dark count probability [118]. A low efficiency e of the S4P (defined
as the probability to emit one photon instead of none for a light pulse) puts
therefore a severe constraint on the length of the transmission line, besides
its obvious influence on the transmission rate itself. Secondly, a single mode
operation of the S4P as well as good efficiency (¢ ~ 1) are required to ensure
the operation of quantum optical gates based on single photon interference
and the scalability of related quantum computing schemes [119].

A very promising route toward efficient single-mode S4Ps is based on the
combination of a single QD and of a pillar microcavity, as first proposed [90]



304 Jean-Michel Gérard

and demonstrated by CNRS/LPN [16]. Following the experimental observa-
tion of the strong Purcell effect, it has been suggested that photon collection
efficiencies close to unity would be achievable for single InAs QDs in high-F},
GaAs/AlAs micropillars [11,14]. Unfortunately, such a statement, which is
implicitly based on an identification of § and e, is not perfectly valid. In
some cases, the S4P efficiency ¢ is much smaller than the SE coupling factor
0, due to several intrinsic and extrinsic loss mechanisms whose role has been
overlooked until recently [127].

The first, intrinsic, loss mechanism is related to the finite reflectivity of
the bottom distributed Bragg reflector (DBR). For a micropillar built with
balanced DBRs, confined photons would have for instance equal probabilities
to escape the pillar microcavity from its top or from its bottom. In practice,
mirror losses can be easily engineered by adjusting the number of periods of
both DBRs. Though rather obvious, this first point highlights that ¢ and 3
are both qualitatively and quantitatively different.

Some extrinsic losses such as residual absorption or scattering by interface
roughness already exist in planar microcavities and will be present as well in
micropillars. As discussed in Sect. 4, novel extrinsic and intrinsic losses affect
small diameter micropillars (d < 3um) [53] and first of all, the scattering
induced by the roughness of the pillar sidewalls. All these effects tend to
reduce the S4P efficiency. We estimate in the following ¢ as the fraction of
the light, which is emitted into the cavity mode and exits the cavity due to
the finite reflectivity of the top DBR. This light forms a well collimated beam
and can be entirely collected using basic optical components.

In order to estimate e, we write that in the low-loss regime, 1/Q) can
be written as a sum of terms related to the various loss mechanisms: in-
trinsic losses due to finite DBR reflectivity (1/Qint), and extrinsic losses al-
ready present in the planar cavity (1/Qext). For micropillars we add a term
(1/Qscat) accounting for additional losses, such as sidewall scattering, diffrac-
tion effects for partially etched micropillars, as well as the intrinsic losses
appearing for sub-micron diameter micropillars. We thus get

(S NS SRR P S
Q Q2D Qscat Qint Qext Qscat .

Assuming a negligible transmission for the bottom DBR, we can estimate e
as:

_ 1/Qint_ o Q o Q
676 1/Q ﬂ<1 Qscat Qext) . (26)

Qscat and Qext can be estimated from the experimental study of the cav-
ity Qs of the planar and pillar microcavities, as illustrated here using the
data presented on Fig. 5. First, some modelling using the standard transfer
matrix approach show that Qext is around 30000, for the planar microcavity
as well as for other GaAs/AlAs planar microcavities displaying record cavity

(25)
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Fig.13. Dependence of (§ and ¢ as
a function of the pillar radius for a series
of high-@Q micropillars. 8 and ¢ are esti-
mated from the experimental data pre-
pillar diameter (um) sented Fig. 5

Qs [53,82]. Secondly, 1/Qscat is estimated from the decrease of the micropillar
@ with respect to Qop. Simple algebra gives

_s(Q Q@
=G am) e

As previously discussed in Sect. 6, 3 can be estimated from the magnitude of
the Purcell effect using (21). We present in Fig. 13 the estimates of 5 and ¢ for
the collection of micropillars of Fig. 5. We assume here that the QD is located
at the antinode of the fundamental mode and in perfect spectral resonance
(F = F,/2 due to the random in-plane orientation of the QD dipole). Due
to their large Fys, very high 3 values are expected for the small diameter
micropillars. Quite remarkably, Os close to one are obtained in spite of the
strong degradation of @ induced by the sidewall scattering. By contrast, these
losses affect € much more seriously. Since intrinsic cavity losses are very weak
(large Q2p), additional losses due to sidewall scattering become dominant
for diameters below 3 um. It is thus very detrimental to reduce further the
pillar diameter beyond this limit. In the present case, the maximum value
for € (70 %) is obtained around d = 3 um for such state-of-the-art, high-Q
micropillars.

Until recently, most efforts on QDs in pillar microcavities have been con-
centrated on a maximization of the magnitude of the Purcell effect (and
therefore of 3). It is clear that this approach is far from being optimal as
far as the S4P efficiency € is concerned, for two reasons. Firstly, it tends to
favor low-V cavities, for which losses due to sidewall scattering are larger.
Secondly, high-finesse planar cavities are also preferred, since a large Qop
helps reduce total losses; this again increases the relative role of scattering
losses and absorption losses compared to intrinsic (mirror) losses. € displays
a maximum which results from a trade-off between the favorable reduction
of the cavity volume and the detrimental degradation of @, which are both
entailed by a decrease of the pillar diameter. The optimum diameter corre-
sponds roughly to the onset of (Q degradation due to sidewall scattering.
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Fig. 14. Theoretical dependence of # and € as a function of the pillar diameter d,
for various values of the planar cavity losses

We present in Fig. 14 a theoretical estimate of € as a function of the
pillar diameter for various values of the intrinsic cavity losses (or Qap). We
assume constant absorption losses (Qex;s = 30000) and a constant sidewall
roughness, similar to the one observed on our two series of micropillars. Note
that these assumptions correspond to the best-published results not only for
the GaAs/AlAs system, but also for all semiconductor pillar microcavities.
For all cases, € exhibits qualitatively the same dependence as a function
of d, but the optimum d depends strongly on @Qsp; it increases as expected
as a function of Qsp, since high-finesse microcavities are more sensitive to
additional losses. The highest value of £(0.73) is obtained for Qap ~ 2000
and d ~ 2pm. Quite remarkably, the maximum value of € depends rather
weakly on QQop and remains above 0.7 when Qop is in the 500-5000 range.
This behaviour allows one to choose (if necessary) the pillar diameter without
compromising the collection efficiency € of the S4P. This is very interesting
in practice, since a reduction of the pillar diameter is the most common
approach for reducing the number of emitters present in the microcavity
down to unity [14,10].

The efficiency of some QD-S4Ps based on this optimized micropillar de-
sign (Q2p =1000, d = 1 um) has been recently studied experimentally by
microPL [103]. For that purpose, a pulsed excitation is used, with a pump
intensity corresponding to the onset of the saturation of the QD exciton line.
Since n ~ 1 at low temperature, the QD emits one photon per pulse under
such excitation conditions. After calibration of the detection efficiency of the
microPL setup, a comparison of the well-known photon flux delivered by the
QD to the microPL signal permits us to estimate e. Efficiencies as large as
40% have been obtained at CNRS/LPN [16,103] as well as Stanford [104].
This represents typically a 50-fold improvement with respect to single QDs
in mesa structures.
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QD in high Q PC cavity

single mode PC
""" waveguide

Fig. 15. Schematic view of a single-mode S4P based on a single QD in a 2D photonic
crystal microcavity

Since the QD location within the micropillar is not yet controlled, ¢ is
significantly smaller than its 70% upper limit for state-of the art processing.
However, its experimental value can be fairly well understood by considering
the actual magnitude of the Purcell effect. For the QD1 of Fig. 11 for instance,
we have 3 < F+1 < F, + 1, Q2p = 1000, @ = 500, and F,, = 9, so that
0.66 < 8 < 0.9 and 0.33 < € < 0.45 in good agreement with the experimental
estimate (¢ = 0.39 £ 0.04 for QD1).

Because they combine a large ¢ and a small residual probability to emit
more than one photon, such S4Ps are already much better suited to quantum
key distribution than attenuated laser sources. By contrast, their limited
efficiency would be a severe hindrance to the scalability of optical quan-
tum computers. Though further improvements of the quality of micropillars
can be reasonably expected, alternative SP4 designs should be considered
as well. We present in Fig. 15 a single-mode S4P based on a single QD in
a 2D PC microcavity, coupled to a photonic waveguide. Such cavities display
very high Purcell factors, so that excellent 8s can be expected. By placing
the waveguide very close to the cavity, photon escape is dominated by their
coupling, and most photons are coupled to the waveguide. Let’s consider for
instance a state of the art isolated 2D PC cavity: Qiso = 2800 and Fli)SO = 490.
Let us now assume that its @ drops down to 500 when coupled to a nearby
PC waveguide (@ should not be too small, in order to permit the spectral
filtering of the X-line of the QD versus multi-exciton lines). For this S4P, we
have then F, ~ 80, 3 ~ 0.99 and ¢ = 8(1 — Q/Qis0) ~ 0.83. PC cavities
are therefore already better suited than micropillars to the development of
high-efficiency QD S4Ps. Besides the monolithic integration of the S4P and
waveguide, an additional asset is related to the possibility of using other emit-
ters than QDs, e.g. molecules or semiconductor nanocrystals. The geometry
of 2D PC cavities is well suited to the coupling of one such emitter to the
cavity mode. Thanks to the ultimately small volume of the PC cavity, this
emitter could then experience a strong Purcell effect even at room temper-
ature. This approach might thus well lead to the development of integrated
single-mode S4Ps, exploiting a single molecule or nanocrystal and operating
at 300 K.



308 Jean-Michel Gérard

7.3 Generation of Indistinguishable Single Photons
and Entangled Photon Pairs

Several applications suggested for S4Ps in quantum information processing
and communications (QIPC) require consecutive photons to have the same
wave packet. This is in particular the case for the optical quantum computing
scheme proposed by Knill et al. [119], which is based on a two-photon inter-
ference effect. (Let us recall here that the Young’s slits experiment is based
on the interference of impinging photons with themselves: this experiment
can be done by sending photons one by one, or by using incoherent (but
monochromatic) light.) Two-photon interference relies on the bosonic nature
of photons. When two identical single photons enter simultaneously opposite
input ports of a 50/50 beam splitter, they should always exit the beamsplit-
ter by the same output port [128]. Here, identical means that the spatial
and temporal overlaps of their wavepackets should be perfect. This behav-
ior has been first demonstrated using photon pairs generated by parametric
down-conversion [128]. In a very elegant experiment, Santorietal. have re-
cently demonstrated two-photon interference from consecutive single photons
generated by a QD-in-micropillar S4P at around 4 K [17].

The Purcell effect plays a key role in this experiment for two main reasons:
1) single photons are prepared by the pillar microcavity in the same spatial
mode; 2) the radiative recombination of the QD exciton is strongly enhanced,
so that it becomes much faster than decoherence processes (such as spectral
diffusion due to electron—electron interaction or electron—phonon scattering),
which is not the case for InAs QDs in bulk GaAs [26,28] at 4 K.

In the same spirit, the Purcell effect might permit the generation of po-
larization-entangled photon pairs from a single QD using the sequential ra-
diative recombination of a biexciton as proposed by Benson etal. [129]. This
challenging open issue is discussed by Michler in this volume. Though clear
temporal [125] and polarization [130] correlations have been observed for such
photon pairs, entanglement has not been yet observed either due to decoher-
ence processes or to the splitting of the bright exciton states due to the QD
anisotropy. Let us now consider a QD in a micropillar, whose exciton and
biexciton lines are both in resonance with a (two-fold polarization degener-
ate) cavity mode. Here again, a faster radiative recombination decreases the
relative impact of decoherence processes and the possible loss of entangle-
ment. When decoherence is negligible, the Purcell effect also increases the
lifetime-induced broadening of the bright exciton lines. When the bright ex-
citon splitting is of the order of a few peV (which is usually the case for InAs
QDs), entanglement is absent for a QD in bulk GaAs because it is possible
to determine the polarization of the photons from a measurement of their
energy. The intrinsic broadening of the bright exciton lines would partly re-
store entanglement for the QD in the cavity, provided it is larger than the
bright exciton splitting.
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8 Conclusion

To conclude, a spectacular development of solid-state CQED has been wit-
nessed in the last five years, which results from the implementation of single
semiconductor QDs as “artificial atoms” as well as from a spectacular im-
provement of the figures of merit of semiconductor microcavities. This com-
bination already led to several important results such as the observation of
a strong Purcell effect and the development of the first solid-state single mode
single photon source. This source is the first optoelectronic device to be based
on a real CQED effect. Ongoing progress for 0D microcavities as well as QDs
opens several challenging avenues toward novel physics and applications.
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Abstract. In this article the recent progress in the generation of nonclassical light
using semiconductor quantum dots is reviewed. Photon antibunching and triggered
single photon emission for both optical and electrical pumping has been observed.
The coupling of a single self-assembled quantum dot to a high-quality factor cavity
mode is obtained. This gives access to the study of cavity-quantum electrodynamics
(QED) effects, e.g., the Purcell effect in an all-semiconductor nanostructure. The
positive impact of the Purcell effect on single photon emission is presented. Trig-
gered correlated pairs of photons and the prospects for the generation of entangled
photons will also be discussed.

1 Introduction

During the last few years the study of quantum optics in semiconductors
has become an emerging field of fundamental research [1,2,3,4,5,6]. This in-
terest is mainly triggered by the development of high-quality quantum dot
(qd) structures (see the Chapter by Petroff in this volume). They combine
atom-like properties such as a discrete energy spectrum and sharp lines in
photoluminescence with the advantage that they can naturally be embedded
in solid-state systems. Moreover, they possess rich possibilities of generating
nonclassical light with tunable photon statistics. These properties make them
very attractive for novel device applications in the fields of quantum cryp-
tography, quantum teleportation and quantum computation. Consequently,
increasing effort is being devoted towards an understanding of the quantum
optical properties of these systems.

The goal of this contribution is to give an introduction to this new and
fascinating research topic. We review recent experiments of nonclassical light
generation with single semiconductor quantum dots. The chapter is organized
as follows: in Sect. 2 we give a brief review of the photon statistics of different
light sources and introduce the second-order correlation function g(® (7). We
explain how a photon cascade can be produced with a single QD after pulsed
optical or electrical excitation. The quantum optical properties of the QD ra-
diation were studied by photon statistics measurements and the experimental
technique is described in Sect. 3. The photon statistics of the QD photolu-
minescence is studied under continuous wave excitation in Sect. 4. Section 5

P. Michler (Ed.): Single Quantum Dots, Topics Appl. Phys. 90, 315-348 (2003)
© Springer-Verlag Berlin Heidelberg 2003
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gives a detailed discussion of the generation of triggered single photons with
a single QD both under optical and electrical excitation. Single photon emis-
sion from an isolated QD on resonance with a whispering gallery mode and
with a fundamental mode of a micropillar is presented. In Sect. 6 cross corre-
lation measurements between the biexciton and the exciton emission as well
as between the exciton and the charged exciton emission are analyzed and
the prospect for the generation of entangled photons is discussed.

2 Theoretical Background

Nonclassical light possesses properties which cannot be explained by the clas-
sical electromagnetic theory of waves. Quantization of the radiation field is
required to explain the nonclassical properties of light, e.g., the correlations
of light generated by a single two level quantum emitter, such as an atom,
ion, single molecule or an exciton in a quantum dot. One of the central goals
in quantum optics is the generation of light fields with suppressed photon
number fluctuations. In the following we discuss this aspect for different light
fields.

2.1 Photon Statistics

The coherent state (Glauber state) represents the best approximation of
a classical light source with well defined amplitude and phase in the quan-
tum mechanical description of the electromagnetic field. An example for such
a source is a laser which is operated well above the threshold.

The coherent state |a) is an eigenstate of the annihilation operator a:
dla) = aja). The complex number « = |a] exp(i¢) corresponds to the classical
complex amplitude of an electromagnetic wave, where |a|? = (a|f|a) = N is
the expectation value of the photon number operator |7). Thus, N is identical
with the average number of photons in a mode and ¢ corresponds to the
quantum mechanical expectation value of the phase.

|a) can be represented in the basis of the eigenstates of the photon number
operator [7]

Zexp( 1) 2. 1)

The photon number distribution in this state is a Poisson distribution, i.e.,
the probability to find n photons in the coherent state with the mean photon
number N = o? is given by

n

Paln) = l(nfad]? = =L exp(~N) )

States which possess a narrower or a wider photon number distribution
are called sub- or super-Poissonian states where classical light sources can
only generate the latter.
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P(n)

Fock (N=1)
Glauber (N=1)

1 Glauber (N=0,1)
>2

n

Fig. 1. Photon number distribution P(n) for the Fock state with a mean photon
number N = 1 and for Glauber states with N =1 and 0.1 [3]

A nonclassical light state is the photon number or Fock state |n). Such
a state can be generated, e.g., by a single photon source. The Fock state is the
eigenstate of the photon number operator: 7|n) = N|n), i.e., a mode which
is excited in this state is occupied by exactly IV photons and the variance
A N = 0. Figure 1 displays the difference in the photon number distribution
for the Glauber and Fock states. If the system is in a Fock state with N =1
a photon number of exactly one (n = 1) will be measured whereas the co-
herent state shows a broad distribution of probabilities P(n) for measuring n
photons of P(n =0) =0.37, P(n = 1) = 0.37 and P(n > 2) = 0.26. The high
probability P of the emission of two or more photons prevents the application
of weak laser pulses of N = 1 for quantum cryptography. To reduce P(n > 2)
significantly (< 1%) for a coherent light source one has to adjust the average
number of photons as low as N = 0.1. But this will result that 90% of the
pulses will contain no photons at all.

A characteristic feature of a light source is the temporal sequence of the
emitted photons. The photons from conventional light sources, e.g., from
a spectral lamp or a thermal light source, arrive in bunches, i.e., the proba-
bility for photons to arrive together, in coincidence, is large for short delay
time intervals 7. This phenomenon is called photon bunching (see Fig. 2a).
In contrast, for coherent light emitted from a laser there is no preferred time
interval between photons, i.e., the photons are completely uncorrelated. In
other words, the probability of detecting two photons with a certain delay
7 is equal for all values of 7. The photon statistics is described by a Poisso-
nian distribution which classically describes random processes (see Fig. 2b),
whereas the bunching behavior shows super-Poissonian statistics. A driven
single anharmonic quantum system, such as an atom or a molecule, emits
antibunched photons, i.e., given a first photon is detected it is very unlikely
to detect another one immediately after. The physics of photon antibunching
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a) bunched, super-Poissonian

| | | >t
b) random, Poissonian
¢) antibunched, sub-Poissonian
>t Fig. 2. Schematic sketch of the photon se-
d) fixed time separation quence of (a) bunched photons, (b) random
photons, (c¢) antibunched photons, (d) pho-
tons with fixed time separations, e.g., from
_ a single photon source. Each vertical line rep-

>t resents a photon emission event

is easy to understand: if a two level atom emits a photon at time 7 = 0, it is
impossible for it to emit another one immediately after, since it is necessarily
in the ground state. The next photon can only be emitted after a waiting time
which is determined by the effective incoherent pump and recombination rates
of the nonresonant optically pumped QD. The result is that there is a dead-
time between successive photon emission events, and the generated photon
stream, in the absence of other sources of fluctuation, is sub-Poissonian (see
Fig. 2c) [9]. A single photon source is able to generate photons on demand.
Such a source allows the ultimate quantum control of the photon generation
process, i.e., single photons can be generated within short time intervals and
a deterministic dwell time between successive photon generation events (see
Fig. 2d). This makes it possible to encode information on a single photon
level. Such a source is of interest for future applications in quantum comput-
ing [10] and quantum cryptography [11]. The generation of single photons on
demand from a single QD have been recently demonstrated for the first time
by us [2] and will be discussed in detail below.
One method to measure the photon number distribution consists of mea-
suring the second-order correlation function which is defined as
g(Q)(T) _ CIIt+71)) 3)
(I(t)) ’
where :: indicates normal ordering and I(t) is the measured intensity. g(® ()
describes the probability to measure a photon at time 7 on condition that
a first photon has been detected at time 7 = 0. The second-order or inten-
sity correlation function is usually measured by a Hanbury-Brown and Twiss



Nonclassical Light 319

BS (5050)  pop stopt,
n(t=t ; t,) . . .
APD, Start t, Fig. 3. Hanbury-Brown and Twiss experiment
to measure the photon statistics

=

~ 2

% b
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2 18
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kel

© Fig.4. Photon correlation function
% c g (1) for a coherent light source a,
O 0 a super-Poissonian source b, and a sub-

Delay Time t Poissonian source ¢

(HBT) setup which basically consists of a beamsplitter and two photodetec-
tors (see Fig. 3, details in Sect. 3). The signal of one of the photodetectors
starts a clock until a detection event of the second detector results in a stop.
Then a histogram of the arrival time separations of photon pairs n(7r) will be
produced which is proportional to g(?)(7) as long as the measured time sep-
aration 7 between photon pairs is much smaller than the mean time between
detection events.

Photon correlation measurements under CW ezcitation are an important
tool to study the photon statistics and to decide whether the emitted light
stems from a single quantum emitter. For a coherent light source g(* (1) = 1
(see Fig. 4a) which means that the photons are completely uncorrelated. In
contrast, a light source with super-Poissonian statistics shows a clear ex-
cess of coincidences (1 < g () < 2) for times shorter than the coherence
time teon of the light source (see Fig. 4b). On the other hand a sub-Poissonian
light source satisfies g(2)(7) < 1, this indicates that two photons are unlikely
to appear simultaneously on the detectors (see Fig. 4¢). Photoluminescence
collected from a single quantum emitter has the property ¢® (7 = 0) ~ 0.
This strong quantum correlation is easily washed away with increasing num-
ber of emitters. Thus, strong photon antibunching g(2)(7' =0) < 0.5 can be
considered as direct evidence that the radiation source is a single quantum
emitter.

Photon correlation measurements carried out under pulsed excitation yield
signatures for turnstile operation, by discriminating between one and two-
photon (Fock-state) pulses as well as coherent-state pulses [14]. The infor-
mation about the photon number correlation between pulses results from the
area of the correlation peaks. In the case of a coherent pulse all the peak
areas are identical and the probabilities for the detection of the ‘second pho-
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ton’ are equal within the same pulse or for a succeeding pulse, i.e., Poisson
distributed statistics (see Fig. 5a). Sub-Poisson statistics occur if the peak
area of the central pulse at 7 = 0 is smaller than the peak areas of the other
peaks (see Fig. 5b). For perfect single photon emission the peak at 7 = 0 is
absent since it is not possible to measure a ‘second photon’ within the first
pulse (see Fig. 5¢).

2.2 Photon Cascade from a Quantum Dot

The three dimensional carrier confinement in a QD results in discrete atomic-
like energy spectra. The lens shaped self-assembled InAs QDs approximately
possess a parabolic confinement potential in the plane of the QD. Thus, the
single particle states can be approximated by a quantum well function in
the growth direction (z-direction) and by harmonic oscillator functions in
the plane of the dot (zy-plane). Due to the small thickness of the QD in
the z-direction the vertical quantization energy is large and it is sufficient
to consider the first quantized wavefunction in the z-direction. The degen-
eracies of the electronic shells in the zy-plane are given by 2n, where n is
the principal quantum number in the system (n = 1,2,3,... = s,p,d,...).
The occupation of the shells after optical excitation in the GaAs barriers
depends strongly on the excitation power and follows Poisson statistics. Due
to the three dimensional carrier confinement and the strong Coulomb corre-
lation bound electron—hole states, e.g., the exciton (1X), the biexciton (2X)
or higher multiexction states (NX) build up (see Fig. 6a).

The emission spectrum of the QDs depends on the pump power and on
the excitation process, i.e., whether pulsed or steady-state excitation schemes
are used. After the latter a characteristic PL spectrum is emitted which re-
flects the steady-state population of the QD, determined by the excitation
and recombination rates (see the Chapters by Hawrylak and Korkusiriski and
Bayer in this volume). The emitted photon statistics can be varied by the ex-
citation power from a sub-Poissonian one, where the photons are temporally
antibunched, to super-Poissonian, where they are temporally bunched. This
will be discussed in more detail in Sect. 4.
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Fig. 6. (a) Schematic sketch of the quantum dot energy levels, their population with
electron and holes and the respective optical transitions. The open and filled trian-
gles represent the electrons and holes in different spin configurations. (b) Schematic
sketch of the emission cascade of an optically excited QD. The coloured curves de-
scribe the temporal decay of the excitons in the different shells [3]

Even more exciting is the generation of radiative quantum cascades with
single QDs. After pulsed optical excitation of the semiconductor above the
GaAs bandgap electron—hole pairs were mainly generated in the GaAs bar-
riers and subsequently captured by the QDs and relax to the lowest energy
levels within a short time scale (~ 1-100ps). The recombination of this mul-
tiexcitonic state occurs in a cascade process, i.e., in sequential optical tran-
sitions of the multiexciton states NX, (N — 1)X, ... the biexciton 2X, and
the exciton 1X. The 1X exciton possesses the longest lifetime of all multi-
excitons and decays as the last one. Figure 6b displays this scenario in the
time regime. The energy of the photons emitted during relaxation depends
significantly on the number of excitons that exist in the QD, due to Coulomb
interactions enhanced by strong carrier confinement (Fig. 7). If the recombi-
nation times of the multiexcitonic states are longer than the recombination
time of the free electron—hole pairs in the barriers, each excitation pulse can
lead to at most one photon emission event at the corresponding N X transi-
tion. Therefore, regulation of photon emission process can be achieved due to
a combination of Coulomb interactions creating an anharmonic multiexciton
spectrum and slow relaxation of highly-excited QDs leading to vanishing re-
excitation probability following the corresponding photon emission event at

— X
hv(2X)
—Y X

hv(1X) > hv(2X)

* 0 Fig. 7. Biexciton—exciton cascade in the s-shell
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the N X-transition. Thus, specific photons from the cascade process, e.g., the
2X and 1X, can be spectrally filtered out and can be used to generate single
photons, correlated pairs of photons and even the production of polarization
entangled photons is expected.

3 Experimental: Photon Statistic Measurements

Investigations of the photon statistics have become a major tool in quantum
optics since they reveal the nonclassical nature of light. Experimentally, the
photon statistics of single QDs is investigated using a combination of a low-
temperature diffraction-limited scanning optical microscopy (SOM) for spa-
tially resolved PL spectroscopy and an ordinary HBT setup for photon corre-
lation measurements. The experimental arrangement is schematically shown
in Fig. 8. The system provides spectral resolution of 70 ueV, spatial resolu-
out start
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Fig. 8. Sketch of a typical experimental setup for photon correlation measurements
on quantum dots
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tion of 1.7 um, and temporal resolution of 420 ps. The samples are mounted
in a He gas flow cryostat. The cryostat is moved by computer-controlled
translation stages, thus allowing for scanning across the sample. Optical ex-
citation is performed either with a continuous wave (CW) or a mode-locked
Ti:sapphire laser (82 MHz). Both laser systems are operated at a wavelength
where electron—hole pairs are generated in the barriers which are subsequently
captured to the QDs. A microscope objective is used to focus the excitation
laser onto the sample and to collect the emitted PL from the QDs. The col-
lected light is spectrally filtered by a monochromator and then split with
a 50/50 beamsplitter. The resulting two light beams are focused onto two
single-photon-counting avalanche photodiodes (SPAD). The pulses from the
two SPADs are used to start and stop a time-to-amplitude converter (TAC)
whose output is stored in a multichannel analyzer (MCA). The resulting his-
tograms yield the number of photon pairs n(7r) with arrival time separation
of T=1_ ... —t.-

For continuous wave experiments the measured photon count distribution
n(7) is usually normalized to the expectation value for counting completely
uncorrelated photons obeying a Poissonian arrival time distribution. This is
simply done by dividing n(7) by the constant C' = R, R, TnTcn, where
T, is the total measuring time, T¢y, is the time interval of each channel of the
MCA, and R, . and R are the average detection rates of the ‘START’
and the ‘STOP’ SPADs, respectively. The normalized measured distribution
n(7) is equivalent to the correlation function g(?(7) as long as the measured
time separation 7 between photon pairs is much smaller than the mean time
A Tp between detection events [13]. As 7 <107 "s and ATp > 1 x 107 %s in
typical experiments, this condition is easily fulfilled. For the pulsed experi-
ments normalization presumes the knowledge of the temporal profile of the
signal intensities [3]. However, it is possible to obtain a ‘concentrated’ g (1)
value by dividing the peak areas by the two count rates R R the laser
repetition period and the total measuring time Ty,.

start

start ? stop ?

4 Photon Antibunching
in Single Quantum Dot Photoluminescence

The first observation of photon antibunching in the fluorescence from a single
atom [15] has been generally regarded as the first proof of the quantum na-
ture of light, since quantization of the radiation field is required to explain the
observed correlations. Photon correlation measurements have recently been
performed in both colloidal [16] and self-assembled quantum dots [17]. These
studies have triggered a series of further quantum optical experiments on sin-
gle quantum dots. In this section, we report our recent observation of photon
antibunching in the photoluminescence of a single self-assembled InAs/GaAs
QD at 4K [17]. The measurements prove that a single self-assembled QD can
be considered as a strongly anharmonic quantum emitter.



324 Peter Michler

250
Self-assembled InAs quantum dot

200 4K

-
(S,
(=]

Intensity (arb.units)
o 2
o o

Fig. 9. Photoluminescence spectrum of

) ) ) ) ) a self-assembled InAs quantum dot, ob-

935 936 937 938 939 940  tained at 4K at a pump intensity of
Wavelength (nm) 66 W /CmQ[ ]

o

The emission properties of epitaxially self-assembled QDs can be tailored
by their geometrical dimensions and they possess the advantage that they
can naturally be embedded in photonic structures, e.g., in micro-resonators,
and photonic crystals. These properties make them very attractive for cavity-
quantum electrodynamics (QED) experiments and photonic devices.

The self-assembled InAs QDs were grown by molecular beam epitaxy
(MBE). The structures are based on a AlAs/GaAs short-period superlattice
and a GaAs buffer layer for substrate smoothing. The samples consist of
100nm GaAs, an InAs QD layer, and 100nm GaAs. The QDs were grown
using the partially covered island technique in order to shift their ground state
to higher energies [12] (see also the Chapter by Petroff in this volume). The
emission wavelengths of the QDs are in the range from 925nm to 975 nm.
The QDs have a diameter of ~ 400-500 A and a height of ~ 30A. The
samples exhibit a gradient in the QD density reaching from < 10%cm~2 to
~ 10'% ¢cm~2 across the wafer samples.

The PL spectrum of a self-assembled InAs QD at low temperature (4 K)
shows a single, resolution limited (70 ueV) line due to single exciton recom-
bination (1X) (Fig. 9). The corresponding photon count distribution n(r)
for the 1X transition is shown in Fig. 10 for two different pump intensities.
These intensities correspond to an excitation of the QD well below satu-
ration (a) (see also Fig. 9) and at the onset of saturation (b). Saturation is
defined here as the pump intensity at which the 1.X line reaches its maximum
intensity [19]. Traces (a) and (b) exhibit also a clear dip in the correlation
counts for a time delay 7 = 0, indicating a strong photon antibunching. For
comparison, trace (c) of Fig. 10 shows the correlation for multiple emission
lines of many QDs in a high-density region of the sample. As expected, this
correlation is flat over the complete measurement time and its normalized
value of 1 corresponds to Poissonian photon statistics.

In order to correct for the time resolution of our setup the InAs single
QD data were fitted with the correlation function

g P (r)=1—qe "/t (4)
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Fig. 10. Measured distribution of coincidence counts n(7) and fit of the correlation
function ¢‘® (7) (solid line) for a single InAs QD at 4 K, obtained at two different
pump intensities: 66 W/cm? Trace (a) and 252 W/cm? Trace (b). Trace (c) shows
the coincidence counts for many QDs in a high density region of the sample [17]

convolved with a Gaussian time distribution with 420 ps full width half max-
imum. Here, tq = 1/(I" + W,,) is the antibunching time constant, I" is the
spontaneous emission rate, W}, is the effective pump rate and a is intro-
duced to take care of background light. Both t4 and a are fitting parameters.
The resulting fitted g(?)(7) is shown as the solid line in Fig. 10. The val-
ues of 1 —a = ¢ (0) obtained from the fit are 0.23 and 0.34 for traces (a)
and (b). The fact that ¢®)(0) < 0.5 in both traces unambiguously indicates
that the measured photon antibunching from the 1X transition stems from
a single, anharmonic quantum emitter. However, g(z)(O) does not reach its
ideal value of zero due to the presence of background straylight. The corre-

lation function gf)(T) expected in the presence of a background radiation is

gl()Q) (1) = 1+ p?(g® (1) — 1) where p = S/(S + B) is the ratio of signal S
to background B counts [20]. From the optical emission spectra of the single
QD we can determine p for the 1.X transition for the two pump intensities
to be 0.9 and 0.83, respectively. The resulting values of g](f) (0) are 0.18 and
0.30, which are in good agreement with 9(2)(0) values determined by the fits.

The antibunching time constants tq obtained from the fit of g(*(7) are 736 ps
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and 444 ps for traces (a) and (b). Thus the t4 decreases with increasing pump
power in accordance with our model. Using these pump-intensity-dependent
time constants and a simple three-level rate equation model taking into ac-
count exciton and biexciton transitions we can determine the lifetime of the
single exciton ground-state transition to be 900 4 100 ps. Details of the anal-
ysis can be found in [17]. This value is comparable to lifetime values found
in the literature [21].

More recently, Regelman and co-workers [22] and Kiraz and co-work-
ers [23] have shown experimentally that the emitted photon statistics from
a single semiconductor quantum dot can be varied by the excitation power
from a sub-Poissonian one, where the photons are temporally antibunched,
to super-Poissonian, where they are temporally bunched at finite delay, in
addition to the antibunching at zero delay. To understand this, we need to
consider that at high excitation powers the average number of electron—hole
pairs occupying the dot in steady state is large. Therefore, the average proba-
bility to find the QD occupied with only a single pair is small. The correlation
measurement now reflects the probability to find the QD occupied with a sin-
gle electron—hole pair at time 7 after emission of the previous photon, which
actually left the QD empty. Just after the QD was emptied of pairs, the prob-
ability that the QD is occupied with only one pair increases, becoming thus
larger than the average one.

5 A Quantum Dot Single-Photon Source

A single-photon source, which is able to generate photons on demand, has
been a major challenge for many years. Such a source allows the ultimate
quantum control of the photon generation process, i.e., single photons can
be generated within short time intervals and a deterministic dwell time be-
tween successive photon generation events. This makes it possible to encode
information on a single photon level. Such a source is of interest for future
applications in quantum computing [10] and quantum cryptography [11].
The single-photon sources used today either employ highly attenuated
laser pulses or rely on parametric down-conversion. Both schemes possess
a serious disadvantage since photons are created randomly, i.e., with Poisso-
nian photon statistics. In order to maintain a low multi-photon emission prob-
ability the average photon number per pulse has to be kept as low as ~ 0.1.
The realization of a practical single photon source requires three main
elements: a single quantum emitter, regulation of the excitation and/or the
recombination process and an efficient output coupling of the single photons.
The active emitter needs to possess a high quantum efficiency n ~ 1 and has
to emit one photon after each other. Though working until now at low tem-
perature, epitaxially self-assembled InAs quantum dots are ideal candidates
since they exhibit quantum efficiencies of 7 ~ 1 and show strong photon
antibunching (see Sect. 4). Photon antibunching is a necessary but not suf-
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ficient condition for a single photon turnstile device as photons are emitted
randomly and not at deterministic times. Thus, an additional mechanism for
regulation of the emission process is required to realize single photon pulses
on demand. The triggered single-photon emission at the single exciton ground
state transition of a self-assembled QD is ensured by a pulsed excitation, the
anharmonicity of the multi-exciton spectrum in combination with slow re-
lazation of highly excited QD states (see Sect. 2.2). Spontaneous emission of
a quantum emitter is generally emitted in all directions (full solid angle) and
therefore hard to capture efficiently. For practical use, however, the emitter
should be coupled to a cavity mode with directional field profile. Self-assem-
bled QDs can be easily embedded into an appropriate microcavity, e.g., into
a micropillar. This allows efficient collecting of the single photons and thus
using them for external applications.

In the following, we will first demonstrate triggered single photon emission
from the exciton transition. Second, we will discuss two different experiments
where resonant coupling of the QD transition to a high-Q cavity mode has
been achieved. Third, an electrically driven single-photon source is presented.

5.1 Triggered Single Photons from a Single Quantum Dot

In this section, we will discuss triggered single photon emission from a single
quantum dot which is embedded into a microdisk but whose transition en-
ergy 1X is far detuned from all resonator modes. For identification of the QD
1X transition and the microdisk whispering gallery modes (WGM) we first
recorded power dependent PL spectra from the microdisks containing QDs.

Figure 11 shows power dependent PL spectra for a 5 um diameter disk
in the range between 1.310 and 1.348eV. For this measurement the sam-
ple was excited with a continuous-wave Ti:sapphire laser at 760 nm. At low
excitation power (1 W/cm?), a single sharp line (1.3222 eV) due to single
exciton recombination (1X) is observed. With increasing excitation power
two lines at 1.3208 and at 1.3196eV appear below the single exciton line.
The line at 1.3196eV shows a superlinear increase with excitation intensity
and originates from a biexciton decay (2X) whereas the line at 1.3208eV
(M) is due to background emission which is coupled into a whispering gallery
mode (WGM). The correlation of the M line to a WGM will become clear in
the discussion below (Sect. 5.2.1). The inset of Fig. 11 shows the measured
CW correlation function ¢(®(7) for the 1X transition of the single QD in
the microdisk at the onset of saturation. Saturation is defined here as the
pump intensity where the 1X line reaches its maximum intensity. The dip at
7 = 0 arises from photon antibunching [15] and the fact that g(®(7) < 0.5
proves that the emitted light from the 1X transition stems from a single,
anharmonic quantum emitter.

Figure 12 shows the measured unnormalized correlation function G2 (r)
for (A) the pulsed Ti:sapphire laser, and (B) the 1X transition of a QD that is
far detuned from all WGMs (7' = 4 K). The pump intensity in this experiment
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Fig. 11. Power dependent PL spectra from a single InAs QD embedded in a 5 pum di-
ameter microdisk. Contributions from the excitonic ground transition (1X), higher
excited states [e.g. biexciton (2X)], and a whispering gallery mode (M) are visible.
Inset: Measured CW correlation function g‘® (7) for the single QD 1X transition.
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corresponds to an excitation of the QD where the 1X emission is well into
the saturation regime [19]. As expected, the measured G? () of the pulsed
Ti:sapphire laser exhibits peaks at integer multiples of T;ep = 12.27 ns with
negligible signal in between the peaks. The measured G (1) of the QD 1X
emission at T = 4K (Fig. 12b) also shows peaks at integer multiples of Tyep,
indicating the locking of the photon emission to the pulsed excitation. But
in contrast to the mode-locked laser, the peak at 7 = 0 is no longer present,
i.e., the probability of finding a second photon following the detection of the
first photon at 7 = 0 vanishes. The absence of the peak at 7 = 0 provides
strong evidence for an ideal single photon turnstile operation.

The lifetime of the single exciton ground-state transition (1.X) was deter-
mined from CW antibunching experiments to be 2.2 ns, which is the shortest
possible total recombination time for a multiply excited QD. As the recombi-
nation time in the GaAs barrier and the wetting layer is considerable faster
(100200 ps), the probability of re-excitation of the QD and emission of a sec-
ond photon is very small (< 5 x 1073). To ensure that a single photon is in-
deed emitted for each excitation pulse, the pump power of the excitation laser
should be adjusted so that the probability of having no injected electron—hole
pair in the QD is negligible. The fact that the photon correlation measure-
ment depicted in Fig. 12b was obtained well in the saturation regime ensures
that QD is multiply excited in our experiments. In addition, the quantum
efficiency of the QD has to be high n ~ 1 to avoid nonradiative recombi-
nation processes. Recent experiments reported in [17] have shown that for
our samples the dominant recombination mechanism is radiative. These facts
allow us to conclude that the generated light at the excitonic ground-state
transition energy 1X is a stream of single photons with a repetition rate of
82mHz.

It is interesting to note that Thompson and coworkers [25] have recently
shown that biexciton and trion recombination in single QDs also allow the
realization of triggered single photons. Since the radiation lifetime of the
biexciton is approximately a factor of two shorter than that of the exciton,
the maximum possible emission rate from the biexciton state can be higher.
In addition, the time jitter between successive photons is reduced.

5.2 Single Photons from Quantum Dots
Coupled to a Microcavity

For practical applications the emission energy of the QD should be in reso-
nance with a fundamental mode of a microcavity to achieve a high photon
collection efficiency. Single photon emission from an isolated quantum dot on
resonance with a whispering gallery mode (WGM) [2] and with a fundamental
mode of a micropillar [26] will be discussed in the following.

The transition energy of an exciton in a QD is only defined within the rel-
atively broad inhomogeneous linewidth (~ 30-50meV) of the corresponding
ensemble. Thus, a tuning possibility of the exciton transition vs. the mode
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Fig. 13. The microdisk structure
that consists of a 5 um diameter
disk and a 0.5 um post. The GaAs
disk area that supports high-
quality factor whispering gallery
modes is 200nm thick and con-
tains InAs quantum dots [2]

resonance is necessary. The stronger temperature dependence of the QD sin-
gle-exciton resonance allows us to change the relative energy of the mode
and the 1X transition by varying the sample temperature [27]. An alterna-
tive method could be electric field tuning via the quantum-confined Stark
effect which is discussed in the Chapter by Bacher in this volume.

5.2.1 Single Photon Emission from a Microdisk

Figure 13 shows a microdisk structure which consists of a 5 um diameter disk
and a 0.5 pm Al ¢5Gag.35As post. The disk area consists of 100nm GaAs, an
InAs QD layer, and 100 nm GaAs. Details of the microdisk processing can be
found in [29].

Temperature tuning has been applied to shift the 1.X transition shown
in Fig. 11 into resonance with the cavity mode M (Q ~ 6500). The crossing
between the WGM and the QD 1X-transitions is shown in Fig. 14a where
we plot the energies of the two lines versus temperature. The WGM appears
at an energy of 1320.7meV at 4K and shifts only slightly to an energy of
1319.6 meV at 54 K. On the other hand, the QD 1.X-transition shifts strongly
with temperature, over 3meV within a 50 K temperature difference. The
different energy shifts of the 1X-transition and the WGM with temperature
give rise to a crossing of the two resonances. The temperature dependence of
the energy of the WGM can be attributed to the change in the refractive index
of GaAs with temperature. On the other hand, the temperature dependence
of the energy of the 1X-transition is caused by the changes in the bandgaps
of InAs and GaAs with temperature.

Figure 14b shows the change in the intensity of the WGM emission as
a function of the 1X-WGM detuning. At a temperature of 44 K (zero de-
tuning) the intensity of the WGM luminescence increases by a factor of 29
compared to its value at 4 K, strongly indicating a resonance between the QD
1X-transition and the WGM. The observed crossing together with resonant
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enhancement of luminescence are evidence for the weak coupling between the
WGM and the single QD.

In the weak coupling regime enhancement of the spontaneous emission
rate of the QD 1X-transition due to the Purcell effect [28] is expected (see
the Chapter by Gérard in this volume). To quantify the magnitude of the
Purcell effect we have carried out pump-power dependent CW photon corre-
lation measurements; this method has been previously shown to be a reliable
alternative to standard time-resolved measurements for determining recombi-
nation times [17]. Moreover, this method is able to discriminate between sin-
gle QD emission (g2(0) < 0.5) and emission from several QDs (g%(0) > 0.5).
Figure 15 shows photon correlation measurements performed at 4 K (out of
resonance) and 44 K (in resonance) with excitation powers of 36 W/cm? and
5 W /cm?, respectively. After normalization, the measured correlation func-
tions show clear dips at zero time delay (¢(* (0) = 0.08 at 4K, ¢ (0) = 0.38
at 44K) indicating strong photon antibunching. Since ¢(®(0) < 0.5 in our
measurements, we can state that the observed emission lines stem from the
1X-transition of a single QD [17]. The observation of g(®(0) < 0.5 at 44K
also supports that, in resonance, the QD 1X-transition is the main emission
feeding the WGM luminescence.

From photon correlation measurements at two different pump powers,
we deduced the lifetime of the 1X-transition at 4 K. In these measurements
decay times of 2.7ns and 1.5 ns were observed at excitation levels below sat-
uration (36 W/cm?, Fig. 3a) and at the onset of saturation (92 W/cm?) of
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the 1X-transition, respectively. From a three-level rate-equation model that
includes 1X and biexcitonic (2X) transitions and omits any higher multiex-
citonic recombinations or any other population decay channels (e.g. Auger
processes) [17], a lifetime of 3.4ns is determined for the 1X-transition at
4K. A conventional time-correlated single photon counting (TCSPC) mea-
surement on this QD exhibits a decay time of 2.8 ns, showing reasonable
agreement with the lifetime deduced from the photon correlation measure-
ments. These values are larger than previously reported lifetimes for the
1X-transition of a single InAs QD (~ 1ns) [19]. The lifetime difference can
be explained by the different photonic environments created by the microdisk
that partially inhibits spontaneous emission [17].

Our photon correlation measurements at resonance, 44 K, revealed de-
cay times of 560 ps and 370 ps at pump powers of 5 W/cm? (Fig. 3b), and
45 W /cm? respectively, corresponding to excitation levels below the satu-
ration of the 1X-transition. By using the pump power dependent method
described in the previous paragraph, a lifetime of 590 ps is determined for
the 1X-transition at 44 K. This provides a strong indication of lifetime re-
duction caused by the Purcell effect. A more detailed temperature dependent
TCSPC study that demonstrates the Purcell effect is published in [27].

If a quantum emitter is spectrally matched with a single cavity mode,
located at a maximum of the electric field, and its dipole is aligned with the
local electric field, the Purcell factor is given by [28]

_ 30N

Fp - 4772‘/ ’ (5)
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where @ is the quality factor of the cavity, A. is the wavelength of the emis-
sion in the cavity, and V is the effective mode volume. For a microdisk, the
ideal spontaneous emission enhancement can be estimated to be [(2/2)F}, +1],
where the various terms account, respectively for WGM degeneracy (2), the
random dipole orientation in the plane of the QD (1/2), and the contribution
of the emission into leaky modes (1) [30]. Taking the parameters of our mi-
crodisk an enhancement in the spontaneous emission rate of 17 is estimated.
The fact that the measured value (~ 5-6) is much smaller than the predicted
value 17 for ideal coupling can be attributed to the non-ideal spatial overlap
of the QD and the WGM. Finally, we want to stress that a thorough theo-
retical analysis of the Purcell factor in our microdisk would have to account
for the special photonic environment of the microdisk which is beyond the
scope of this contribution.

Figure 16 shows the measured unnormalized correlation function G ()
for the 1X transition of Fig. 11a out of resonance (T' = 4K), and Fig. 11b in
resonance (T' = 36 K) with the WGM. The resonance condition is achieved
at slightly lower temperature due to the higher pump power used in the
pulsed experiment (22 W/cm?). We emphasize that the photon correlation
signals shown in Figs. 12b and 16 are obtained for different QDs; the 1X
recombination time for the QD analyzed in Fig. 16 is 3.4 ns, which explains
the appearance of broader peaks. When the QD is in resonance with the
WGM, the FWHM of the photon correlation peaks are narrower (factor 3.4)
than the out of resonance case, i.e., the time jitter between successive photon
generation events is reduced. This is a direct consequence of the Purcell
effect which causes a reduction of the ground state transition lifetime 7 x
and ensures that photons are primarily emitted into the cavity mode.
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A small peak at 7 = 0 is observed in the resonance case (see Fig. 16b).
The intensity ratio of this peak to the peaks at iTic, is directly related to
the fraction of pulses having two or more photons [14]. An experimental ratio
R = 0.2 is deduced from Fig. 16b. The fact that R is larger than the ideal
value of zero could be due to the Purcell effect, which increases the probability
of capturing a second electron—hole pair from the wetting layer after the
1X recombination process has occurred. Another possible explanation is the
contribution from the background light generated by the wetting layer or by
the excited states of other QDs. There are two experimental observations that
support the latter explanation: first, even when the ground-state transition
of the QD (1X) is off resonance the mode emission is still visible, indicating
the influence of the background (see Fig. 11). Second, using higher average
pump powers P in the resonant case increases R (R = 0.36 (0.55) for P = 56
(303) W/cm?).

5.2.2 Single Photon Emission from a Micropillar

Recently, high efficiency coupling (78%) of the spontaneous emission from an
isolated quantum dot to the fundamental mode of a pillar microcavity has
been achieved [31]. This cavity geometry allows an efficient output coupling
of the photons due to the directional field profile of the fundamental mode.
In addition, photon correlation experiments under pulsed excitation have
revealed triggered single photon emission of such a coupled system [26]. The
investigated micropillar possesses a 0.9 um diameter, and a cavity @ close
to 400 which results in an estimated Purcell factor of F}, ~ 8. Figure 17
shows the uPL spectra obtained for different excitation powers together with
a transmission electron microscope picture of the investigated micropillar.
Under weak excitation power (1 puW) the QDs display sharp lines due to single
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Fig.17. uPL spectra obtained for a 0.9 um diameter micropillar containing few
InAs QDs, in the strong and weak excitation regimes. Insert: view of the same
pillar by transmission electron microscopy [20]
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exciton recombination. At high excitation power (200 uW) the higher QD
states are filled and the wetting layer states are populated. Due to Coulomb
interaction between the trapped excitons and the surrounding electron—hole
plasma the QDs typically display a broad (5-10meV) emission line. In this
case, the QDs act as a broadband internal light source, and the PL spectrum
reflects the modal density of the pillar microcavity.

Figure 18 displays photon correlation measurements under pulsed excita-
tion of QD1. The central peak at 7 = 0 is 0.19 which means that the probabil-
ity of emitting two or more photons is five times smaller than that of a laser
delivering the same average number of photons per pulse. The residual un-
wanted central peak is a result of insufficient rejection of the intense emission
from the InAs wetting layer and from additional multiexcitonic recombina-
tion lines from neighboring QDs. One possibility to reduce the multi-photon
emission is to optically pump the excitons in the excited states instead of
pumping above the barrier bandgap. In this case, the contributions of the
wetting layer and the other QDs are completely suppressed.

The same group also realized single-mode polarized emission of single QDs
placed in elliptical micropillars. This is an important issue, e.g. for the appli-
cation of a single-photon source for polarization-encoded quantum cryptog-
raphy schemes since for a randomly polarized source, preparation of a specific
polarization would result in the loss of half the photons.

It is important to note that in each of the previous experiments acci-
dental matching of a QD resonance with the cavity mode was realized be-
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Fig. 18. Histograms of the time intervals between detection events on start and
stop detectors. The normalized area, calculated after removing the background level
due to the dark counts of the APDs (dashed lines), is indicated for each correlation
peak. A reference histogram obtained for the scattered laser light is shown in the
insert [20]
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cause their transition energies are only defined within the relatively broad
inhomogeneous linewidth (~ 30-50meV) of the corresponding QD ensemble.
From this point of view, single QDs possess a serious disadvantage so far.
One improvement could be to use single donor or acceptor bound excitons
in a semiconductor as active emitters. This approach is highly attractive
with respect to coupling the quantum emitter to a high-quality resonator
mode since the emission energies of donor and acceptor-bound excitons are
well known and energetically defined within a small range (~ 1-2meV), i.e.,
1-2 orders of magnitude better than for QDs. Recently, we demonstrated
triggered single photon emission using the radiative recombination of single
nitrogen bound excitons in a ZnSe quantum well structure [32]. Our results
also suggest that single nitrogen bound excitons are well suited for cavity-
quantum electrodynamics (QED) experiments and could provide a solution to
achieve the challenging goal of the strong coupling regime in a semiconductor
microcavity.

5.3 Electrically Driven Single-Photon Source

From the viewpoint of practical application one would prefer an electrically
driven single-photon source. A single-photon device based on a mesoscopic
double barrier p—n heterojunction was proposed in 1994 [33]. An extension
of this proposal was recently demonstrated [34] where single as well as mul-
tiple photon emission events with a repetition rate of 10mHz at 50 mK have
been reported. This device utilizes Coulomb blockade of tunneling for elec-
trons and holes in a mesoscopic p—n diode structure to regulate the photon
generation process. In this scheme, single electron and hole charging energies
must be large compared to the thermal background energy to ensure single
photon emission. Therefore, this device can only be operated at ultra-low
temperatures (T' < 1 K).

The fact that nonresonant optical pumping schemes have demonstrated
single-photon generation with individual quantum dots suggest that electrical
pumping (which is nonresonant) can be readily implemented. In fact, Yuan
and co-workers have recently shown that electroluminescence from a single
quantum dot within the intrinsic region of a p—i—n junction is able to act as
an electrically driven single-photon source [35].

Figure 19 shows a schematic sketch of the single-photon-emitting diode in
cross-section. The structure was grown by molecular beam epitaxy on a GaAs
substrate and consists of a GaAs p—i—n diode with a layer of nanomenter-scale
InAs self-organized QDs inserted into the intrinsic region. The dot density was
estimated to ~ 5x 10% cm™2. Structures with lateral dimensions of 10 x 10 um
were fabricated with a small emission aperture in the opaque metal layers on
the device surface. The structure shows ideal diode-like behavior with a turn
on bias of 1.5V. Figure 20 displays electroluminescence spectra recorded
at 5K. At low currents only a single line due to exciton recombination is
visible. At higher injection currents a second strong line appears at 4.7meV
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Fig. 19. Schematic sketch of the single-photon-emitting diode in cross-section [35]
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Fig. 20. Electroluminescence spectra of the single-photon-emitting diode as a func-
tion of emission photon energy (vertical azis) and drive current (horizontal azis).
Sharp line emission (marked X and X3) is seen arising from a single quantum dot
in the structure [35]

higher energy. This line strengthens with current as I2 and is ascribed to the
biexciton transition of the dot.

Pulsed emission from the diode can be achieved by pulsing of the injection
current. Single-photon emission is performed provided that the pulse width
is much less than the exciton lifetime. Yuan and co-workers [35] used 400 ps
rectangular voltage pulses at a repetition rate of 80 MHz, superimposed on
a dc bias of 1.5V. Figure 21 shows the second-order correlation function
recorded for the exciton transition X and the wetting layer (WL). As expected
the WL exhibits peaks at integer multiples of the repetition time, indicating
that a second photon is just as likely to be found in the same emission pulse
as the first, as in any other. In contrast to the WL the peak at 7 = 0 of the
dot correlation is only about 11% of those at finite delays. This indicates an
approximate order of magnitude decrease in multiphoton emission pulses as
compared to a Poissonian light source.

Though the operation has only been demonstrated at low temperature
(5K) with InAs QDs room temperature operation could in principle be
achieved by using QDs with higher confinement potentials to suppress non-
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radiative carrier losses into the barriers. CdSe/Zn(S,Se) QDs may provide
a solution. We have recently demonstrated the generation of triggered sin-
gle-photons with epitaxially grown self-assembled CdSe/Zn(S,Se) QDs for
temperatures up to 200K [36]. These results show the high potential of these
type of QDs for nonclassical light generation at high temperatures. Further-
more, InAs QDs can be tailored to possess much deeper carrier confinement
potentials [37]. These QDs emit in the 1.3 um wavelength range and are thus
well suited for fiber optic communications.

6 Correlated Photon Pairs from a Single Quantum Dot

Another major goal in the field of quantum information science is the real-
ization of efficient sources of pairs of correlated photons. Parametric fluores-
cence setups are generally used as sources for photon pairs. The conversion
efficiency of pump to parametric photons is of the order of 1071 per pump
photon, while at the same time, the probability of emitting two or more pairs
of photons is not negligible [3]. This is because the statistics of the nonde-
generate parametric photon pair generation follows a Poissonian distribution.
In contrast, it has been shown in quantum dots that optical pumping could
yield a single photon pair practically for every excitation pulse [38]. Since
the incident laser pulses contain ~ 108 photons the efficiency compared to
parametric down-conversion is enhanced by a factor of ~ 10%. In addition,
such sources would have a negligible probability of emitting more than one
photon pair at a time. Furthermore, it has been proposed that photon pairs
emitted by a quantum dot can be expected to display also polarization entan-
glement [39]. The ideas and problems which are involved with this concept
will be discussed in detail below.
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6.1 Cross-Correlation Measurements

Cross-correlation measurements provide a powerful tool for investigating the
QD multiexciton features. Identification of specific spectral lines, the time
order of emission pairs as well as polarization correlation studies on photon
pairs can be performed [3,23,40].

The second-order cross-correlation function is expressed as

@)y~ LOLE+7)
95 ) = LWL @)

where I;(t) (I;(t)) is the measured intensity of the ith (jth) multiexciton tran-

sition. g@)

i (1) describes the probability to measure a photon at time 7 from
the ith multiexciton on condition that a first photon from the jth multiexci-
ton has been detected at time 7 = 0. The experimental setup for cross-corre-
lation measurements is shown in Fig. 22. In contrast to the conventional HBT
setup of Fig. 8, the luminescence is now sent first to a nonpolarizing beam-
splitter which splits the light into two beams. Each arm then includes spectral
filters (monochromators or interference filters) to select specific luminescence
lines, e.g., photons from biexciton and exciton recombination processes. The
polarization relationship between the different components can be studied
by inserting additional polarization optics (A/2—, A/4 plates, and polarizers)
into each of the arms.

(6)

6.1.1 CW Biexciton—Exciton Correlation

In the following we will first discuss the biexciton—exciton transition. The
function ggg’z « (7) therefore represents the conditional probability that a pho-
ton from an exciton recombination (1X) will be emitted at time 7 after a biex-
citon recombination process (2X) has previously occurred. The measurement
of ggg ox (7) is realized by illuminating the start APD by the 2X emission
and the stop APD by the 1X emission. Figure 23 shows the second-order
cross-correlation function obtained in a continuous wave experiment from
Moreau et al. [3]. The cross-correlation function of the two photons exhibits
asymmetric bunching (7 > 0) and antibunching (7 < 0) features. The asym-
metric cross-bunching behavior indicates that the photon of the biexcitonic
recombination is always emitted first and is followed by the photon of the ex-
citonic recombination after an exponentially distributed time interval, which,

BS (50/50) IF

APD,Stopt,  pig 22. Schematic sketch of the modified HBT
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Fig. 23. Cross-correlation function of the exciton (X) and biexciton (X X) photons.
Time delay is positive when X X arrives before X. Inset: Schematic of three level
model with transition rates with G referring to the ground state and 7. to the
excitation time [3]

at low incident intensities, corresponds to the exciton lifetime. The cross anti-
bunching at negative times can be understood within the same model. When
the second photon in the cascade (1X) is detected, the QD has returned to
its ground state and thus the probability of detecting the first one (2X) goes
to zero until the QD can be re-excited. The measured correlation function
ggg_Q +(0) does not reach its theoretical minimum of zero because of the pres-
ence of background straylight from the wetting layer. When the background
is removed from the signal gggg +(0) goes down to zero indicating that only

one photon pair is emitted at a time.

6.1.2 CW Trion Correlation with Exciton and Biexciton

The spectral features of single QDs are significantly more complicated if in
addition to electron—hole pairs single electrons or holes are captured into the
quantum dot. New emission lines due to charged exciton (trion) recombina-
tion occur in the spectrum. Cross-correlation spectroscopy between a charged
exciton and a biexciton and between a charged exciton and an exciton re-
veal unique signatures which allows the identification of the charged exciton
emission [23].

Figure 24 shows power dependent PL spectra of a single self-assembled
InAs QD. At low pump powers, the single-exciton peak (X1) dominates the
spectrum. At higher pump powers, two other peaks (XX and X2) become
dominant. The (X X) peak is located 3.5 meV below the X1 emission and its
intensity has a quadratic dependence on pump power which are characteristic
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Fig. 24. Power dependent PL spectra of a single self-assembled InAs QD. Inset:
Photon-correlation measurement carried out using the X1 emission, showing strong
antibunching [23]

features for biexciton emission. The X2 peak has been identified to charged
exciton recombination due to cross-correlation measurements which will be
discussed below.

Figure 25a shows the cross-correlation between X2 and X X emissions.
The X2 emission is sent to the start APD while XX is sent to the stop
APD. The cross-correlation only shows antibunching and no bunching sig-
nature is observed. The absence of bunching demonstrates that the XX
emission does not populate the X2 state while the antibunching indicates
that those emissions arise from the same QD. This may already suggest an
identification of X2 as a charged exciton line. To provide further evidence,
Kiraz et al. [23] have carried out cross-correlation measurements between X 2
and X1 emissions where the start and stop APDs were illuminated by the
X1 and X2 lines, respectively. The resulting X1-X2 cross-correlation func-
tion (see Fig. 25b) clearly shows asymmetric antibunching which proves once
again that the two lines originate from the same dot. The fact that the re-
covery of the antibunching is faster for 7 > 0 than for 7 < 0 is expected if X2
arises from a charged exciton. This is because the post-measurement state of
the charged exciton is a single charged QD. Single-charge injection into the
QD is much faster than triple charge injection, which in turn determines the
recovery time for 7 < 0. Thus cross-correlation measurements provide a pow-
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erful tool for identification of specific lines in a complicated PL spectrum of
a single QD.

6.1.3 Pulsed Biexciton—Exciton Cascade

Even more exciting is the generation of radiative quantum cascades with
single QDs after pulsed optical or electrical excitation of a multiexciton state
(see Sect. 2.2). For example, the biexciton/exciton cascade can now be used
to generate correlated pairs of photons with a definite time order which has
been recently shown by Moreau and coworkers [3].

Figure 26 presents the second-order cross-correlation function of the ex-
citon (X) and biexciton (X X) photons under pulsed excitation. The (X X)
emission is sent to the start APD and the X emission to the stop APD. The
zero peak corresponds to the X and X X photons being emitted both after
the same laser pulse. It is higher than the others and shows an abrupt rise at
delay time At = 0 followed by an exponential decay with a time constant of
T = 1.5 ns which corresponds to the exciton lifetime of this QD. This is due
to the fact that there is an enhanced probability of detecting an X photon
after an X X photon. The drop to practically zero at negative time intervals
indicates that the probability of emitting a second pair of photons during
the same laser pulse is essentially zero. For the other peaks at finite delay
times, the two photons are emitted in different periods. They also possess an
asymmetric lineshape although their maxima are delayed with respect to the
laser pulse by ~ 1ns and their rise times are not as abrupt as those of the
central peak. This arises from the jitter introduced in the emission from the
X X photon that is used to start the correlation measurement. As a result
the rise time reflects essentially the lifetime of the biexciton.
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Fig. 26. Cross-correlation function of the exciton (X) and biexciton (X X) photons
under pulsed excitation. The (X X) emission is sent to the start APD and the X
emission to the stop APD. Full line: Experimental results. Cursors are separated
by the repetition rate of the laser (12.2ns) [3]

An important question is whether the generation of polarization entangled
photon pairs is possible with single QDs. Entangled photons are interesting
for applications in quantum cryptography and for quantum teleportation
experiments where the quantum mechanical state of the system is transferred
to another system at a distinct location [11]. Moreover, it has been recently
shown that an entangled photon pair beats the classical diffraction limit by
a factor of 2 [41].

The biexciton ground state is a spin-singlet state (S = 0); the spins of
electrons and holes compensate each other. Thus the polarization of the biex-
citon transition is controlled by the final state of the recombination, i.e. by
the eigenstates of the exciton. Starting from the biexcitonic ground state of
a symmetric QD (Daq symmetry), a first electron can recombine with a hole
and emit a o or a 0~ photon (Fig. 27). Due to spin conservation, the decay
of the second electron—hole pair has to give a photon of opposite circular po-
larization. Since the temporal sequence of the two polarizations is not defined,
these two photons should display polarization entanglement, i.e., a quantum
mechanical property which means that though a polarization measurement
on an individual photon is always random, the results of the measurements on
both photons are always correlated. The quantum mechanical state is given
by

1

) = E(\Uﬂl\f)z +lo)1loT)2). (7)

An asymmetry of the confinement potential in the QD zy-plane (< Dag sym-
metry) results in an exchange energy splitting and the split states are linear
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combinations of the original states. This results in a linear polarization of
the QD emission. Due to the selection rules the emitted photons are equally
linearly polarized (my,m; or my,m,). If this is the case, the polarization in-
formation is encoded in the energy of the photons and can in principle be
inferred, thereby destroying the entanglement.

There are several complications of this simple picture of photon entangle-
ment, like spin relaxation processes and heavy-hole light-hole mixing. Besides
carrier—phonon scattering, the dephasing process will critically depend on
carrier—carrier scattering, and therefore on the carrier density in the wetting
layer. A more fundamental problem could be level mixing between the heavy-
hole (J = 3/2) and light hole (J = 1/2) states due to the strong confinement
in the QDs. In this case the two photons are not perfectly anticorrelated with
respect to |oT) and |0~ ) polarization.

Recently, Santori [5] and Shields [6] and colleagues have observed polar-
ization-correlated photon pairs from a single InAs QD in a linear polarization
basis, but no entanglement. A polarization degree of ~ 84% and ~ 65% be-
tween the first and the second photon have been measured, respectively. They
explain their findings in terms of biexciton decay in an asymmetric QD. More
recently, we have obtained a similar result for the biexciton—exciton cascade
in a CdSe QD where a polarization of 74% has been achieved in a linear
basis [42].

Whether the generation of polarization entangled photons is possible
with symmetric QDs has yet to be established and further experiments are
presently underway.

7 Summary and Outlook

The recent quantum optical experiments on single semiconductor QDs demon-
strate the high potential of these systems both for a fundamental understand-
ing of matter—light interaction on a single quantum level and for the realiza-
tion of unique devices, e.g., triggered single photon or photon pair emitters.

However, a few technological challenges remain for practical devices. The
currently investigated QDs emit in the near infrared spectral region (0.85 pm—
1pm) and possess shallow electronic confinement potentials which prevent
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a high quantum efficiency of the emission at temperatures above ~ 50 K.
CdSe/Zn(S,Se) or (In,GaN)/GaN QDs which possess higher electronic con-
finement potentials and higher biexciton binding energies may provide a so-
lution for room temperature operation in the blue-green spectral region.
Promising results from CdSe/Zn(S,Se) QDs have been recently reported by
us [36]. We observed the generation of triggered single-photons with epitaxi-
ally grown self-assembled CdSe/Zn(S,Se) QDs for temperatures up to 200 K.
For fiber optic communications one would prefer to use the dispersion and
absorption minima of the optical fiber at ~ 1.3 um and ~ 1.55 um, respec-
tively. InAs QDs can be tailored to possess much deeper carrier confinement
potentials [37]. Moreover, these QDs emit in the 1.3 um wavelength range
and are thus well suited for fiber optic applications.

A precondition for mass production of devices is the controlled coupling
of the QD emission to a cavity mode with directional field profile in order to
achieve a high photon collection efficiency. For this task the spatial position of
the QD and the energy of its transition has to be adjusted with respect to the
maximum of the mode profile and the energy of the cavity mode, respectively.
The former task is still a challenge although considerable progress has been
made on pre-patterning of MBE samples to create nucleation spots on which
QD growth takes place (see the Chapter by Petroff in this volume). The
energetic resonance condition can be achieved by temperature tuning or by
electric field tuning via the quantum-confined Stark effect. However, the QD
transiton energies are only defined within a relatively broad inhomogeneous
linewidth (~ 30-50meV) of the corresponding QD ensemble. From this point
of view single donor or acceptor bound excitons are advantagous as active
emitters in microcavities since their emission energies are at predetermined
and well defined energies. Recent quantum optical experiments suggest that
single nitrogen bound excitons are well suited for triggered single photon
sources and cavity-quantum electrodynamics experiments [32].

Finally, the new and innovative field of Semiconductor Quantum Op-
tics with Quantum Dots will further provide us with unexpected interest-
ing physics and will be the basis for future generations of photonic devices
operating with single or only a few photons.
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