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Abstract

In last two decades, semiconductor nanostructures, such as quantum wells,
wires and dots, have been recognised as sources and detectors of radiation in
the mid- and far-infrared region of the spectrum. Much of a success has been
obtained with quantum well based intraband devices, such as quantum cascade
lasers and quantum well infrared photodetectors. However due to longer carrier
lifetimes in quantum dots, it is expected that optoelectronic devices based
on intraband transitions in self-assembled quantum dots would have superior
performance to their quantum well counterparts. In order to fully exploit
this prospect, appropriate theoretical models describing electronic, optical and
transport properties of the active region of these devices need to be developed,
which was the subject of this thesis.

It was shown how symmetry of the dot shape can be exploited to efficiently
calculate the energy levels within the framework of the multiband envelope
function method. The implementation of the method in the plane wave rep-
resentation of the Hamiltonian eigenvalue problem and the results of its ap-
plication to square based pyramidal InAs/GaAs quantum dots and hexagonal
[TI-nitride quantum dots were given.

A semiclassical model of intraband carrier dynamics in quantum dots was
then developed and applied to design an optically pumped long wavelength
mid-infrared laser based on intersublevel transitions in InAs/GaAs quantum
dots. Two orders of magnitude lower pumping flux was predicted than in
similar quantum well based devices.

Next, simulations of the optical absorption spectrum in the existing quan-

tum dot infrared photodetector structures were performed. A special emphasis
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was put into quantum dots-in-a-well structures and explanation of the effect
of well width on the detection wavelength.

A theory of transport in quantum dot infrared photodetectors starting from
the energy levels and wavefunctions obtained by solving the envelope Hamil-
tonian, yielding as output the device characteristics such as dark current and
responsivity, was then developed. The comparison with experimental data
available in the literature was made, yielding a good agreement.

Finally, the theory of electron transport through arrays of closely stacked
quantum dots, where coherent and polaronic effects become important, there-
fore requiring the treatment within the formalism of the nonequilibrium Green’s
functions, rather than the semiclassical approach, was presented. A design of
a structure promising to act as a terahertz quantum dot cascade laser was

given.
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Chapter 1

Introduction

1.1 Semiconductor quantum dots and their importance

In last three decades, remarkable progress in technology has been made, en-
abling the production of semiconductor structures of nanometer size. This is
the length scale where the laws of quantum mechanics rule and a range of new
physical effects is manifested. Fundamental laws of physics can be tested on
the one hand, while on the other hand many possible applications are rapidly
emerging.

The ultimate nanostructure where carriers are confined in all three spatial
dimensions is called a quantum dot. In the last 15 years quantum dots have
been produced in several different ways in a broad range of semiconductor
material systems. The properties of quantum dots and their possible applica-
tions are largely dependent on the method they have been obtained, which can
therefore be used as a criterion for classification of different types of quantum

dots:

e Electrostatic quantum dots. One can fabricate quantum dots by
restricting the two dimensional electron gas in a semiconductor het-
erostructure laterally by electrostatic gates, or vertically by etching tech-
niques [5,6]. The properties of this type of quantum dots, sometimes
termed as electrostatic quantum dots, can be controlled by changing the
applied potential at gates, the choice of the geometry of gates or by

external magnetic field.
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e Nanocrystals. A very different approach to obtain quantum dots is
to synthesise single crystals of the size of a few nanometers, via chem-
ical methods. The dots obtained this way are called nanocrystals or
colloidal quantum dots [7]. Their size and shape can be controlled by

the duration, temperature and ligand molecules used in the synthesis [8].

e Self-assembled quantum dots. The quantum dots that will be the
main interest in this thesis are self-assembled quantum dots. They are
obtained in heteroepitaxial systems with different lattice constants. Dur-
ing the growth of a layer of one material on top of another, the formation
of nanoscale islands takes place [9], if the width of the layer (so called
wetting layer) is larger than a certain critical thickness. This growth
mode is called Stranski-Krastanov mode. The most common experi-
mental techniques of the epitaxial nanostructure growth are Molecular
Beam Epitaxy (MBE) and Metalorganic Chemical Vapour Deposition
(MOCVD) [10,11].

Quantum dots have enabled the study of many fundamental physical effects.
Electrostatic quantum dots can be controllably charged with a desired number
of electrons and therefore the whole periodic system [12] of artificial atoms
created, providing a wealth of data from which an additional insight into the
many-body physics of fermion systems could be obtained [5]. Single electron
transport and Coulomb blockade effects on the one hand, and the regime of
Kondo physics on the other hand, have been investigated [13,14].

One of the most exciting aspects of quantum dot research is certainly the
prospect of using the state of the dot (spin state, exciton or charged exciton)
as a qubit in quantum information processing. Coherent control of an exciton
state in a single dot selected from an ensemble of self-assembled quantum
dots has been achieved [15], as well as the manipulation of the spin state in
electrostatic quantum dots [16,17]. These results appear promising, although
the control of a larger number of quantum dot qubits is not feasible yet, mainly

due to difficulty of controlling qubit-qubit interactions.
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Cavity quantum electrodynamics experiments with quantum dots have
been performed demonstrating strong coupling of the exciton state in a quan-
tum dot with the mode of the surrounding cavity [18]. This has motivated
quantum computing architecture proposals [19] where quantum information is
converted from stationary quantum dot qubits to flying photonic qubits, which
are ideal information transmitters. Most recent technological advances have
enabled the realisation of quantum dots (QDs) doped with a single magnetic
ion [20], as well as to controllably populate these dots with selected numbers
of electrons. If the dot were placed within the appropriate cavity (microdisk,
micropost or photonic crystal), the realised system would enable a highly fun-
damental study of physical interaction between a single charge, single spin and
a single photon.

The practical applications of quantum dots certainly do not lag behind
these exciting areas of fundamental science with quantum dots. For example,
colloidal quantum dots have found several cutting-edge applications such as
fluorescent biological labels [21], highly efficient photovoltaic solar cells [22],
and nanocrystal based light emitting diodes [7].

Self-assembled quantum dots find the main application as optoelectronic
devices - lasers, optical amplifiers, single photon sources and photodetectors.

The following section will cover their use in this field.

1.2 Optoelectronic devices based on self-assembled

quantum dots

Most of the semiconductor optoelectronic devices utilise transitions between
the state in the conduction band and the state in the valence band, so called
interband transitions, illustrated in Fig. 1.1. Electrons and holes created by
injection recombine and emit photons. The active medium can in principle
be just a bulk semiconductor, but it is widely understood that much better
performance of the devices can be achieved if heterostructures, where a material

of lower value of bandgap is embedded within the larger bandgap material, are
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used.

Figure 1.1: Schematic description of interband optical transition in bulk semi-

conductor (left) and quantum dot (right).

The main advantage in using low dimensional heterostructures as active
medium of lasers stems from the increased density of states near the band
edges, compared to the bulk case [23]. The degradation of device performance
at higher temperatures is caused by carriers effectively populating higher en-
ergy states, reducing the population of near band edge states responsible for
lasing [24]. The increased density of states near the band edge clearly sup-
presses this effect, and as a consequence, concentrates injected carriers near
the bottom of the conduction band and the top of the valence band. Quantum
dots, where the density of states has the form of a delta function, is an ultimate
system where the above effect is fully exploited.

Following the initial idea to use quantum heterostructures in semiconductor
lasers [25] reported by Dingle and Henry in 1976, rapid progress was made in
the development of quantum well based devices [26-28]. In 1982 Arakawa and
Sakaki analysed the influence of dimensionality on the threshold current [29].

They have predicted that its temperature sensitivity is much smaller for highly
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confined structures and is nearly temperature independent in the case of three
dimensionally confined structures - quantum dots. Furthermore, these predic-
tions were confirmed experimentally by placing a quantum well laser in a mag-
netic field, mimicking the effect of additional quantum confinement. Asada et
al. [30] also predicted a significant reduction of the threshold current and gain
in quantum dot structures, termed as quantum boxes at the time. However,
for the realisation of realistic devices it was necessary to enable fabrication of
high density ensembles of relatively uniform quantum dots, with low defect
densities. This was possible only when the growth of self-assembled quantum
dots in the Stranski-Krastanov mode was developed, leading to the demon-
stration of quantum dot lasers [31]. The most investigated material system for
quantum dot lasers is certainly In(Ga)As/GaAs on GaAs substrate covering
mainly the wavelength range 1 — 1.3 um. This wavelength range was extended
to longer wavelengths with InAs dots grown on InP [32]. Shorter wavelengths
in the red part of the visible spectrum were achieved with InP/InGaP dots
grown on InP [33].

While nonuniformity of quantum dots leading to spectrally broad gain is a
disadvantage for the development of lasers, it can be very useful for the design
of optical amplifiers [34]. Due to the promise for use in photonic networks
and expected advantages over quantum well and bulk amplifiers [35], optical

amplifiers have been developed at telecommunication wavelengths of 1.3 um

and 1.55 um [32, 36].

The applications of quantum dots mentioned thus far in this section in-
volve ensembles of quantum dots. On the other hand, it has become possible
to isolate individual quantum dots for example by etching mesas in the sam-
ple grown by MBE [37]. These dots can be used as single photon sources for
applications in the field of quantum cryptography. Indeed, sources of trig-
gered single photons from InAs/GaAs quantum dots employing the excitonic
transition have been realised [38,39], and most recently sources of triggered

entangled photons employing biexcitonic cascade decay [40,41].
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1.3 Intraband transitions in quantum nanostructures

The operating wavelength of the interband devices mentioned in Sec. 1.2 is
mainly determined by the bandgap of the material employed and is therefore
limited to the near-infrared and visible part of the spectrum. However, if one
wishes to access longer wavelengths, a different approach is necessary, i.e. the
transitions within the same band have to be used. These transitions are called
intraband transitions. Intraband optical transitions in bulk are not allowed
and therefore low dimensional nanostructures have to be used. Therefore, in
the last two decades, semiconductor nanostructures, such as quantum wells,
wires and dots [42,43] have been recognised as sources and detectors of elec-
tromagnetic radiation in the mid- and far-infrared region of the spectrum. A
brief note on terminology is in place here. In quantum wells, where the en-
ergy spectrum is still continuous and consists of subbands (Fig.1.2 - left), the
appropriate term for intraband transitions is intersubband. On the other, in
quantum dots where the spectrum is fully discrete (Fig.1.2 - right), more ap-
propriate term is intersublevel, although sometimes the term intersubband is

also used.

\_/ -
D I~

| ntersubband Intersublevel
\ /

Intraband

Figure 1.2: Intersubband optical transition in quantum well (left) and inter-

sublevel optical transition in quantum dot (right).
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Those spectral regions are interesting due to a range of applications. The
two atmospheric windows at 3 — 5 pum and 8 — 13 um where the atmosphere
is transparent for electromagnetic radiation offer the possibility of free space
optical communications, remote sensing and detection. Many molecular com-
pounds have their vibrational modes in the 3 — 17 um part of the spectrum
and their detection enables the applications as measuring pollution, industrial
process monitoring and detection of hidden explosives [44]. As many objects
(including the human body) are the most emissive in this spectral region, cor-
responding detectors can be used for night vision. The far-infrared (terahertz)
part of the spectrum can be potentially applied for medical imaging, astronomy

and food quality control [45].

1.3.1 Quantum well intersubband devices

The historical development of intraband optoelectronic devices based on low
dimensional heterostructures, has followed a similar path as in the case of in-
terband devices. The first developments motivated by the theoretical proposal
of Kazarinov and Suris [46] were achieved with quantum wells, and quantum
dot based devices became possible only after the techniques of growth of high
density ensembles of self-assembled quantum dots were developed.

The quantum well infrared photodetector (QWIP) consists of a periodic
array of quantum wells subjected to an electric field perpendicular to the plane
of the wells. Its operating principle is illustrated in Fig. 1.3. Carriers from the
ground state are excited to a higher state by absorbing incident photons. If
the structure is subjected to an electric field, these carriers are included in
transport through continuum states and form a photocurrent. Such structures
were first realised in the mid 1980s [47]. An impressive characteristic of all
intersubband devices is that the operating wavelength can be designed by the
choice of quantum well widths and material composition. Therefore, the mid-
infrared part of the spectrum was covered within the next few years [48], and

more recently terahertz QWIPs have been realised as well [49].
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Figure 1.3: Principle of operation of quantum well infrared photodetectors.

In an optically pumped intersubband laser (also termed a quantum fountain
laser) population inversion between the upper laser level (marked 3 in Fig. 1.4)
and the lower laser level (marked 2 in Fig. 1.4) is achieved by optical pumping
of carriers from the ground state (marked 1 in Fig. 1.4) to the upper laser level.
The radiative transition between levels 3 and 2 then takes place. Depopulation
of level 2 must be faster than the undesired nonradiative depopulation of level
3 in order to obtain gain. This is realised by designing the energy spacing
between levels 2 and 1 to match an longitudinal optical (LO) phonon energy.
While their operating principle is simple and it is relatively easy to design
them, a clear disadvantage of this type of devices is that an external pumping
source is necessary. The interest in these devices is therefore limited and this
is probably the reason why they were realised for the first time [50] several
years after electrically injected quantum cascade lasers, which have a more

complicated structure.

The quantum cascade laser (QCL) is an intersubband semiconductor laser
consisting of periodically repeated carefully engineered multiple quantum wells
that direct the electronic transport along the desired path and enable gain in
the structure. Following its first realisation in 1994 [51], a number of different

designs has been realised in material systems such as InGaAs/AllnAs [51],

AlGaAs/GaAs [1,52], InGaAs/AlAsSb [53], InAs/AISb [54]. The wavelength
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LO

Figure 1.4: Energy level scheme of an optically pumped intersubband quan-

tum well laser.

range spans the region from ~ 3 ym to &~ 190 um [55] in the terahertz range [56],
and up to 215 um [57] in strong external magnetic fields, with a forbidden gap
around 34 ym corresponding to LO phonon energy. The energy level scheme
in the heart of the active region (Fig. 1.5) is similar to the one in optically
pumped lasers, however one needs to ensure efficient injection of electrons into
the upper laser level and extraction from the lower laser level and ground state.
This is achieved by adding a so called injector region (Fig. 1.5) as an electron

Bragg reflector.

1.3.2 Intraband quantum dot devices

While achievements in the realisation of a variety of quantum well intersubband
devices are certainly impressive, the realised devices still have their limitations
and one is facing the evergoing quest for the devices based on new concepts
that would cover the so far unreachable parts of the spectrum and/or have
an improved performance. Following the same idea in the development of
the interband devices, improvements in performance can be achieved by using
quantum dots in the active region of intraband devices.

Several limitations of QWIPs have motivated the development of gquan-
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Figure 1.5: Scheme of the wavefunctions of most relevant levels in a quantum

cascade laser structure from Ref. [1].

tum dot infrared photodetectors (QDIPs). The main origin of dark current
in QWIPs is thermal excitation (due to interaction with phonons) of carriers
from the ground state to continuum states. The discrete electronic spectrum
of quantum dots as opposed to continuum spectrum of quantum wells signif-
icantly reduces the phase space for such processes and therefore reduces the
dark current. Higher operating temperatures of QDIPs are therefore expected.
Due to optical selection rules, QWIPs based on intersubband transitions in the
conduction band interact only with radiation having the polarisation vector in
the growth direction. This is not the case in quantum dots since these are

three dimensional objects where such selection rules do not exist.

QDIPs comprising III-As self-assembled quantum dots have indeed become
a very important technology for the detection of mid- and far-infrared elec-
tromagnetic radiation [58-72]. Since their initial realisation and demonstra-
tion [58-60], there has been a lot of experimental success leading to continuous
improvements in their performance. For example, the concept of a current

blocking layer [61,62] was introduced to reduce the dark current. Quantum
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dots-in-a-well (DWELL) photodetectors [63-65] provide a way to tailor the
detection wavelength within a certain range by changing the well width and
focal plane arrays based on QDIPs have also been demonstrated [66,67,73].
Most recently, room temperature operation of a resonant tunnelling QDIP with
InGaAs quantum dots grown on GaAs substrate [68], as well as of QDIP com-
prising InAs quantum dots grown on InP substrate [74], has been achieved.
These are probably the most exciting results, since room temperature opera-

tion of QWIPs has never been achieved.

Although In(Ga)As/GaAs quantum dots grown on GaAs substrates [59,
60,63,64,68,69,71,72,75-81], being probably the most explored quantum dot
material system, are typically used in QDIPs, other material systems have
also attracted attention such as InAs quantum dots grown on InP [82], In-
GaAs/InGaP dots grown on GaAs substrate [83-85], InAs/InAlAs dots grown
on InP [86], GaN/AIN [87,88] and Ge/Si quantum dots [89]. QDIP devices
utilise two different geometries - lateral conductivity QDIPs and vertical con-
ductivity QDIPs [34]. Vertical QDIPs have been the subject of more intensive
research due to their suitability for application as focal plane arrays [66,67], al-
though lateral QDIPs have demonstrated excellent performance too [34]. The
mentioned devices exhibit response in the mid-infrared range, but most re-

cently the terahertz range was approached with QDIPs, as well [90].

On the other hand, there has been less success in the development of quan-
tum dot intraband emitters. In quantum well based intersubband lasers the
lasing threshold depends on the lifetime of the upper laser level which is deter-
mined by LO phonon scattering and is of the order of picoseconds. In order to
have a lower threshold, LLO phonon scattering needs to be reduced. Due to the
discrete nature of states in quantum dots, electron relaxation due to the inter-
action with LO phonons has previously been considered to be vanishingly small
unless the energy levels are separated by the energy of an LO phonon [91].
Consequently, a quantum dot cascade laser with six orders of magnitude lower

threshold current than in quantum well based devices was expected [92]. How-
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ever, current thought is that the electron — LO phonon interaction in quantum
dots should be considered in the strong coupling regime [93,94], and theoretical
predictions of relaxation due to LO phonon decay [95,96] have indicated relax-
ation times of the order of hundred of picoseconds, in accordance with experi-
mentally measured values [97,98]. This is still two orders of magnitude larger
than in quantum wells and hence the latest theoretical proposals of quantum
dot cascade lasers [99-101] still predict lower threshold currents. Electrolu-
minescence from such structures has been observed [102-104] but lasing has
not been observed yet. Experimental evidence that the system with truly dis-
crete states should have a lower threshold current comes from extremely low
threshold currents observed in quantum well based QCLs in strong magnetic
fields [105]. From the commercial point of view it is necessary to avoid the use
of high magnetic fields and have a system with truly discrete states.

As far as optically pumped intraband quantum dot lasers are concerned,
prior to work reported here, there have been no reports on theoretical analysis

of their feasibility or experimental attempts of their realisation.

1.4 Thesis outline

From the discussion presented in Sec. 1.3.2, one can see that the prospect of
having quantum dot intraband devices superior to existing quantum well in-
tersubband devices, has not been fully exploited. While this is partly due to
difficulties in technological realisations of quantum dot structures with desired
characteristics, there is also a lack of understanding of complex physical pro-
cesses within the devices and the absence of appropriate device models. The
goal of this thesis is to bridge the mentioned gap by developing the appropriate
models of intraband quantum dot devices.

In Chapter 2 the theoretical framework used in this work will be presented.
Chapters 3 and 4 will present efficient methods for electronic structure calcu-
lation in quantum dots, based on exploiting the symmetry of the dot shape,

in the case of materials with zincblende and wurtzite crystal structure, respec-
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tively. In Chapter 5 the design and simulation of an optically pumped laser
based on InAs/GaAs quantum dots will be given. Calculations of the absorp-
tion spectrum of InAs/GaAs QDIPs and their comparison with experimental
results from the literature will be presented in Chapter 6. Chapter 7 will be
devoted to understanding the performance of DWELL detectors, namely the
effect of wavelength tailoring by changing the well width and the Stark shift in
these structures. A model of electron transport in QDIPs, capable of predicting
the output device characteristics is presented in Chapter 8, and used to investi-
gate a realistic device. In Chapter 9 the application of nonequilibrium Green’s
functions formalism to transport in quantum dot structures is introduced and
transport through a superlattice of quantum dots is investigated. The prospect
of realising quantum dot QCLs is analysed and one possible design is given.
Finally, a summary of the work presented, along with the conclusion and sug-
gestions for possible future direction of the research in this exciting area are

given in Chapter 10.
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Chapter 2

Theoretical framework

The theoretical framework used in the thesis will be presented in this Chapter.
The discussion will start with an overview of the existing models used in the
calculation of the electronic structure of quantum dots. The k-p model, which
was mostly used in this work will be presented next, along with the ways to take
into account the effects of strain and external electromagnetic field. Different
numerical methods for solving the k - p Hamiltonian and finding the strain
distribution in quantum dots, with a special emphasis on those exploited in
this thesis, will be then presented. The following section will describe the
interaction of carriers in quantum dot with phonons which is essential for
understanding the dynamical and transport properties of quantum dot devices.
Finally, the nonequilibrium Green’s functions theory of transport in quantum

dots, will be described in the last section of this Chapter.

2.1 Electronic structure of quantum dots

Self-assembled quantum dots typically have lateral dimensions of the order of
15—30nm and height of the order 3 —7nm. While on the one hand, they seem
to be small and simple objects, a look at their structure from the atomistic side
reveals their high complexity. Having in mind that the lattice constants of the
underlying semiconductor materials are typically of the order of 0.5nm, one
can estimate that a single quantum dot contains ~ 10 nuclei and even a larger

number of electrons interacting among each other with long range Coulomb
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forces. This clearly indicates that direct solution of the many body quantum
dot Hamiltonian is not a feasible approach and that smart and efficient methods
need to be developed. Fortunately, there is a wealth of theoretical methods
that have been applied to the calculation of the electronic structure of bulk
semiconductors, many of which can be appropriately extended to quantum

dots.

The method that is closest to being able to be called ab initio and yet
relatively efficient to provide some hope that it will be feasible for quantum
dot systems is density functional theory (DFT). It is based on the theorem
by Hohenberg and Kohn [106] of a unique correspondence between the elec-
tron density and the ground state of a many electron system. Furthermore,
Kohn and Sham [107] showed how it is possible to replace the many electron
problem by an equivalent set of self-consistent single particle equations. These
equations contain the functional of exchange correlation potential, whose ex-
act form is not known, and needs to be approximated. While the initially
developed DFT treats ground state only, it was later developed to treat ex-
cited states as well. The method has been applied to a range of solid state
systems [108], nevertheless despite its elegance it is still limited to systems of
several thousands atoms. Calculations of the electronic structure and optical
spectra of clusters and nanocrystals of the size up to ~3 nm have indeed been
performed [109-113], however much larger self-assembled quantum dots still

seem to be out of the range of present day computational resources.

An approach that has been highly successful in modelling the bulk band
structure of semiconductors is the empirical pseudopotential method [114,115].
The method is based on the assumption that the effect of the nucleus, core
electrons and potential of valence electrons on a single electron can be replaced
by a single potential, therefore reducing the problem to a single particle prob-
lem. The mentioned potential is represented in plane wave expansion, and it
turns out that only a small number of coefficients in the expansion (so called

form factors) is necessary to accurately reproduce the band structure over a
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wide range of energies and throughout the whole Brillouin zone. The empiri-
cal pseudopotential method can be extended to quantum dot structures. The
pseudopotentials fitted to the experimental results of bulk materials consitut-
ing the quantum dot and embedding matrix are then used as known values
and total potential experienced by an electron in quantum dot is expressed
as a sum of pseudopotentials of each atom [116]. An additional complica-
tion is that in the strained structures the equilibrium positions of atoms are
not known in advance, therefore the system of atoms has to be relaxed to its
equilibrium position before the pseudopotential Hamiltonian is calculated and
diagonalised [117,118]. The corresponding eigenvalue problem is solved either
by expanding the wavefunction in plane waves or in a linear combination of
bulk Bloch bands [119]. The electronic structure calculation within the empir-
ical pseudopotential method is computationally demanding, but it is feasible
with present day computers. An interesting method that has been developed
more recently is the charge density patching method [120]. Central quantities
in this method are electronic charge densities, rather than pseudopotentials.
Its main idea is to patch the charge densities calculated for smaller systems by

DFT, to obtain the charge density of a bigger system.

Another method that was initially applied to bulk crystals, and then ex-
tended to quantum heterostructures is the tight-binding method. The method
is atomistic in nature as it treats individual atoms. The model Hamiltonian
of the structure is constructed by considering the interactions of electron or-
bitals originating from one atom with orbitals of its few nearest neighbours
only. Similarly as in the empirical pseudopotential method, the parameters
of the Hamiltonian are chosen to accurately fit the bulk band structure [121].
Although the resulting Hamiltonian matrix is large, it is sparse and can be
diagonalised using efficient routines for such matrices, which has resulted in
relatively frequent applications of the method to studies of quantum dot elec-

tronic structure [122-125].

For most of the electronic and optical properties of semiconductors and
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nanostructures based upon them, it is only a certain region of momentum space
where carriers reside. The idea of the k - p method and its simplest version
the effective mass method is to exploit this fact and make an expansion of the
wavefunction in a limited number of bulk Bloch bands at some characteristic
point, usually the point k = 0, the so called I'-point. While one can in principle
form a k - p Hamiltonian from any number of bulk bands, the most popular is
the 8-band Hamiltonian, which fairly well describes the top of the valence band
and the bottom of the conduction band. It has therefore often been applied
in quantum dot electronic structure calculations [126-131]. While possibly
limited in the description of some subtle effects, the k-p method can inherently
incorporate the effects of band mixing, strain, piezoelectricity, as well as the
influence of external fields, keeping a lower computational cost compared to
atomistic methods. It has therefore been the method of choice for the electronic
structure calculations reported in this work and will be described in more detail

in sections that follow.

2.2 k-p method

Let the Hamiltonian of an electron in a semiconductor be

A p A
H=2"—1V ., 2.1
P+ Va(r) + (1)

where p is the momentum operator, Vy(r) the periodic crystal potential (in-
cluding nuclei, core electrons and self-consistent potential of valence electrons),
and H, the spin-orbit interaction Hamiltonian arising from relativistic correc-

tions to Schrodinger equation given by

Ho= (VW) x ] -0, (2.2)

4m3c?

where o is a vector of Pauli matrices

O = oy = | L0, = : (2.3)
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According to Bloch’s theorem, the wavefunction of an electron in a periodic

potential can be expressed as
U (1) = tpg(r)e™, (2.4)

where k is the wave vector from the first Brillouin zone and u,,() is a periodic
function, a so called Bloch function. The index n anticipates that for each k
vector, there will be a discrete set of solutions of the Schrédinger equation (so
called bands)

HU = EV. (2.5)

After substituting (2.4) into (2.5) one arrives at

~2 21.2 A
p 22 k-p h )
. 2.
<2m0 Vol + 2mg h my * 4mge? [VVo(r) > p]- o+ (26)
h2
+4m302 [v%('f‘) X ki] . 0') unk(r) = Enkunk(r)

Due to the smallness of Ak compared with matrix elements of p, the last term
in Eq. (2.6) will be neglected in further discussion. The solutions at the I’
point when spin-orbit interaction is excluded satisfy the eigenvalue problem of

a Hermitian operator with periodic boundary conditions

Hotino (1) = <2£T;0 + Vo(r)) Uno(T) = Enotno(T), (2.7)

and therefore form an orthonormal basis of functions with periodicity of the
crystal lattice. At this place, one can see that the introduction of a discrete
index n was justifiable. Since Bloch functions u,o form an orthonormal basis,

one can express the solution of (2.6) as their linear combination
unk:('r') = Z an:unO(r)7 (28)

which leads to the eigenvalue problem of the Hamiltonian matrix whose ele-

ments are given as

. ORE k-p
R = H h . 2.
mn <um0| < + 2m0 + mo ) |un0> ( 9)
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Using (2.7) and the orthonormality condition, one gets:

h B+ K2 +—h< | K- D |tno) + (tmo| Heo |tino) . (2.10)
e u ° u u u . N
mn n0 2m0 m,n mo m0 P |Uno m0 so | Yn0

Since the second term in Eq. (2.10) is crucial in determining the Hamiltonian
matrix, the method being described is called the k - p method. If infinitely
many bands were taken, the solution of the eigenvalue problem of matrix h,,,
would lead to exact eigenvalues of Hamiltonian (2.1). Clearly, in practice, one
has to restrict it to a finite number of bands. Historically, it was first applied to
valence band (6-band Hamiltonian) [132,133] and later on the conduction band
was added (8-band Hamiltonian) [134]. In Secs. 2.2.1 and 2.2.2, the explicit
forms of 8-band Hamiltonians in semiconductors with zincblende and wurtzite

crystal structure, used in this work, will be derived.

2.2.1 The 8-band k- p Hamiltonian for semiconductors

with zincblende crystal symmetry

Many of the technologically important semiconductors crystalise in zincblende
structure. Apart from InAs and GaAs that are mostly of interest here, these
are also AISb, CdTe, GaP, GaSb, InP, InSb, ZnS, ZnSe, and ZnTe. Moreover,
the point Ty symmetry group of the zincblende crystal is a subgroup of the
diamond group of Ge and Si, and therefore the same k - p Hamiltonian, can
be applied to these semiconductors, as well.

The first step in the construction of the explicit form of the k-p Hamiltonian
is the choice of bands to be included in the expansion (2.8). A logical choice is
to include the highest states in the valence band and the lowest states in the
conduction band. Following the notation of Ref. [135], the point group T has
five irreducible representations (IRs) I';—I's. The lowest state in the conduc-
tion band transforms under the operations of a symmetry group according to
one dimensional representation I'y, and will be labelled as |S), while the high-
est states in the valence band transforms according to the three dimensional

representation I's, and will be labelled as | X), |Y), and |Z). While analogy of
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these states with s and p,_, orbitals of a spherically symmetric system (such
as for example hydrogen atom) does exist, one should still have in mind that,
for example I'; state is not spherically symmetric and transforms as s only
under the symmetry operations of group Ty, and similarly for I's states. The

basis consisting of spin up and down states of the four selected Bloch functions

{ula---7u8} = {‘S T>7 ‘X T>7 |Y T)? |Z T)v |S l>7 ‘X l>> ‘Y l>7 ‘Z l>} (2'11>

is therefore chosen in expansion (2.8).

As a second step in the construction of the k - p Hamiltonian, one has to
evaluate the matrix elements appearing in (2.10). The momentum operator p
transforms as I's under the operations of the symmetry group and this fact can
be exploited to conclude that many of the matrix elements of the components
of the p-operator are equal to zero. This stems from the theorem that says
that the matrix element (i|O|f) is non zero only if the product of the IRs of
f and O contains the IR of i [136]. From multiplication tables [135] of IRs of
the group Ty, and additional symmetry considerations, it follows that only the

following matrix elements are non-zero and that they are mutually equal:

RN AN A
Py = —i- - (S|pelX) = ~i= (SIpy|¥) = —i(S1p:12), (2.12)

where P is the interband matrix element of the velocity operator [137] usually
reported in energy units as EFp = ZI‘%PQ
The symmetry of the crystal also allows only certain matrix elements of

the spin-orbit interaction operator to be non-zero, in particular these are

3 = i X1V %8, 12) -
= =i (VI [VY(r) x 51, 1) = (2.13)
_ 4nfocg<zuvvo<> pl, V).

The following discussion will make evident the fact that A is the spin splitting

of the states in the valence band. After explicitly calculating all 64 matrix
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elements in the 8-dimensional manifold of states (2.11), one obtains the 8-

band Hamiltonian

. | G+G6. T
= , (2.14)
-I* G+G

where the respective blocks are given by

By + 52 kP kP ik
—ik, Py B}, + L& 0 0
G = 0TV T ame e , (2.15)
_zk‘yPO 0 E(/ + T 0
| —ikR 0 0 By+ik

where E, and EY, are the conduction and valence band edges when spin orbit

interaction is not included, and

00 0 0 0 0 00
Alo o =i o0 Alo 0 01
Gy = = == (2.16)
3104 0 0 310 0 0
00 0 0 0 —1 i 0

The eigenvalues of the spin-orbit part of the Hamiltonian are 0 (doubly de-
generate, with eigenvectors related to conduction band states), % (fourfold
degenerate) and —2% (doubly degenerate). Therefore, the actual position of
the conduction band edge at the I' point is Fc = Ef,, but the position of the
valence band edge is Ey = Ei, + %. It is the difference of E- and Ey that is
equal to the experimentally measured energy gap, therefore these will be used,
rather than Ef and EY,.

The Hamiltonian (2.14) represents the reduction of the total Hamiltonian
of a zincblende semiconductor to an 8-dimensional space of states (2.11) and
is therefore clearly only an approximation of the total Hamiltonian. One way
to improve this approximation would be clearly to include more bands which
would result in a matrix of larger dimensions. There is, however, a more at-
tractive approach due to Lowdin [138], which allows one to perturbatively take

into account the influence of the states outside the chosen manifold (so called
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remote bands), and at the same time keep the size of the Hamiltonian ma-
trix at the same value. Within Lowdin’s perturbation theory, the Hamiltonian
U with second-order perturbative corrections due to the influence of remote

bands is given by

HOCT'HT’
Uap = Hap +Z o (2.17)

where the indices o and (3 refer to states within the manifold, and r to all other
states. The eigenvalue problem of U becomes a nonlinear problem since the
energy E explicitly appears in the Hamiltonian. However, as is often done in
perturbation expansions of this kind, one approximates F with a certain value.
There is some ambiguity in the choice of this value, especially when corrections
to off-diagonal matrix elements are concerned. Usually, in the corrections to
all matrix elements among the valence band states, E is replaced with Ej,,
and in the elements among conduction band states with E{,. The ambiguity
is pronounced when the elements between conduction and valence band states
are concerned and then E is sometimes replaced with 1 (E¢ + Ey) [130]. After
symmetry considerations of matrix elements between states in the manifold and
remote bands and neglecting spin-orbit terms in the correction, one obtains the

following additional terms to the Hamiltonian blocks G

A'k?  Bkyk, Bkyk. Bkyk,
2 | Bkyk. w, N'kk, N'kk.

G, = - Y Y : (2.18)
Mo | Bk,k, N'k.k, w, Nkyk,

Bkyk, N'kyk. N'kjk, w,

where w,, = M'(k; + kZ) + L'K2, wy, = M'(k2 + k2) + L'k}, and w,. =
M'(kZ+Fk;)+L'kZ. The B coefficient exactly vanishes in crystals with diamond
structure, and in crystals with zincblende structure it appears to be very small
and is usually neglected [139].

One can in principle work in the basis (2.11), although it is more usual to

work in the basis of the total angular momentum operator |J.J,) that diago-
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nalises the Hamiltonian at k = 0, given by:
1 1
1) = l5—5) =15,
11
2) = I35 =151,
31 ' ) 2
3 = 15:3) = X ) D512,
33 )
4 = 155 = Sl
3 3 l .
5 = I3 -3 =X =) D), (2.19)
3 1 ] : /2
6 = I3 -3 = X =) D+iy312 ),
L) .
7 = lgmg)h = X =) D2 ),
P |
8 = 3= Al ) =2 1)

The Bloch functions labelled by 1 and 2 correspond to electron states of spin

down and spin up, those labelled by 3 and 6 to light-hole states, 4 and 5

to heavy-hole states and 7 and 8 to split-off band states. In this basis, the

Hamiltonian acquires the form

H, =
[ 4 0 v
0 A —\2U
V. V22U -P+Q
0 -3V -8
V3V F 0 R*
—2Uu vt 0
-U ﬂv-i— \/§S+
V2V U —v2Q

0 V3V
—\/3V+ 0
-5t R
-P-Q 0

0 -P-Q
Rt S
V2Rt %S
Lgt V2R

(2.20)
VAU U AVt
-V V2V U
0 v@s ~V2Q
R —V2R %S
g+ %S‘F V2Rt ’
~P+Q  VIQ [ist
V2 —-P-A 0
NED 0 —P-A|
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where
2 h2k32
A = Ec—i—h—A/kQ
27710
1
U = —Rk.,
\/g 0
1
V = —PFy(k, —ik,),
\/6 0( y)
h2k?
P = —FEy+m
QTTLQ

2

h
Q = 722—m0 (k?33+k§ —2’?3)7

V3 n? :
R = —7% [72 (k?c - k;) - 2273]%1{:9] ’

h2
S - \/573_kz<km - iky)a
myo

andy; = —1—3M'—2L', 7o = :(M'—L'), v5 = —3 N are Luttinger parameters
of the 8-band model. More experimentally accessible are the parameters of the
6-band model (M, L, and N, or ¥, %, and 7L) as they are directly related
to effective masses in the valence band. By applying Eq. (2.17) to the 6-
band and 8-band model and subtracting these equations, one gets M’ = M,
L' = L+;EEfA ,and N/ = N+ ; EEfA , where B, = E¢— Ey is the energy gap.

Consequently, one gets the relation for 8-band model Luttinger parameters

expressed in terms of the parameters of the 6-band model

_ L Ep
M= N _3E9+A7
.1 Ep
CE T oy
1 B
T

Furthermore, A’ can be related to conduction band effective mass m*. By

calculating m* considering all bands other than the conduction band as remote

bands and applying Lowdin’s perturbation theory, one gets
R 1 h? P?

—(=+ AN = — . 2.21
+4) 2m* Eg+§A ( )

mo <2
In this work, however, it will be taken that A’ = 0. One can see, for example

from the matrix elements in Ref. [140] that conduction band is coupled most
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strongly to the valence band and weakly to other bands, implying that the

value of A’ that measures the coupling to other bands is small.

2.2.2 The 8-band k - p Hamiltonian for semiconductors

with wurtzite crystal symmetry

[TI-nitride semiconductor compounds such as GaN, AIN, and InN often crys-
talise in the wurtzite structure. The point symmetry group of this crystal is
Ce, and has six IRs I'y — I's. The lowest state in the conduction band trans-
forms as I'y and will be labelled as |S). The two highest states in the valence
band that transform according to two dimensional representation I'g, and will
be labelled as | X) and |Y), are followed by a state that transforms as I'; and
is labelled as |Z). The 8-band Hamiltonian in the manifold (2.11) then takes
the form (2.14) where the blocks in the Hamiltonian are given by

E., ik, P, ik,P. ik.P
K22 —ik, P, Ei, + A 0 0
G = n i A , (2.22)
2mo —ik, P, 0  Ey,+A; 0
—ik, P, 0 0 Ei,
00 0 0 0 0 00
00 —i 0 0 0 01
GSO:AQ 7F:A3 y (223)
0i 0 0 0 0 0 4
00 0 0 0 -1 4 0
where
Py = —iL(8]p,|X) = —i—~(5]p,|Y)
= —71— =z = —71— s
1 mo b mo py

h
P = —i—(S]p.|Z),
| Zm0<5|p| >

A2

p
Ey = <S\2—m0 + Vo(7)]S),

Ly

P
Ey = <Z|2—mo + Vo(r)|2),

A2 2

/ p p
By + 81 = (X2 4 V()| X) = (V2 4 Valr)Y),
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where A; is called the crystal field splitting,

Ay = —i— ¥ | [VVi(r) x B | X),

_Z4m(2)02
Ag = —i e (X|[VValr) x B, 12) = —i o5 (2] [VVolr) x B, V).
4m3c? v 4m3c? v
The momentum matrix elements Pj and P, can be related to effective mass

parameters by [141]

” 2m0 m” Eg + 2A2 ’
(Ey + A2)(Ey+ Ay + Ay) 7

P? =
+ 2m0

my
where m, and mj are the transversal and longitudinal bulk conduction band
effective mass, Ay = Az = %Aso and Fj is the energy gap.

In principle, G should also contain terms linear in k that couple |Z) to
|X) and |Y). However, the values of these terms extracted from empirical
pseudopotentials in Ref. [142] are small, and these terms are not considered in
the literature [141, 143, 144].

When the effect of remote bands is included the following additional terms

appear _
w1 Bll{?ykz Blkxkz B2kmky
n | Bikyk. ws  Niksk, Nikok.

G, = — : (2.24)
Mo | Bikyk. Nikgk, ws  Nkk.

Bakok, Nikok. Nikk.  ws
where wy = A’ (K + k) + A\kZ, wa = Mik] + Myk? + Lik3, ws = Mik: +

Myk? + Lik7, and wy = My(k + k) + Lyk?.

Several approximations can be made at this point. Spin-orbit splitting can
be neglected, which is justified by its small value in nitrogen containing semi-
conductors (Ay = Az = A,/3 < 5meV [4]). This leads to block diagonalisa-
tion of the total 8-band Hamiltonian into two identical 4-band Hamiltonians.
Next, B; and Bs terms are neglected in a similar manner as in the case of
zincblende crystals. Finally, it also turns out that in the (1,1) term in (2.24),
the coefficient after £? is small and can be omitted [141,143].
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After transforming to a new basis

b = s
2) = f\<x+m m,

3) = f« —iY) 1), (2.25)
49 = 121,

one obtains the following 4-band Hamiltonian

[ B4+ E2 vy vt U
. vVt E,+F Kt  Hf
Hy, = , (2.26)
14 K E,+F H
U H HY B, +A

with

2

h
H - ’Z%A%kzl{hr,

h? .
K = 2—7,’7/014/ (k?i — k?; +2Zl€xk’y),
hQ /1.2 / 2 2
—A1+2—0[Ak: + Ay (K2 + k2],
o hz /1.2 ! 2 2
= e [ALk2 + A (B2 + k)] (2.27)
= A1+A+0,
1
ﬁplk+7
= Bk,

-
I

S < = O
I

and A} =1+ 2L, A, =14 2Mj;, Ay = 2M;, — 2L, A}, = L} + M] — 2Mj,
AL = NI, Ay = +/2Nj. From Lowdin’s perturbation formula one gets the
relation between the parameters of the four and three band model L} = L; +

ﬁ—g Ly = Ly +’22°E”,M' My, My = My, My = Ms, Nj = N1+_%’

Ny = No+5%0— s ” , and consequently the relations between the A} (i = 1,...,6)

parameters in the four band model with the three band model parameters A;
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(i=1,...,6)
2m0P||2
A= A+ 20
A/Q - AQ,
2
o — g 2moy
’ n? B,
mOPf
mOPf
Ay = A5+§fg,
AL = Ay \/émopipn
0 B,

2.3 The effect of strain

Strain has a strong effect on the electronic structure of semiconductors. The
displacement of constituent atoms from their equilibrium positions changes the
potential created by them and therefore the bandstructure is modified. The
aim of this section will be to quantitatively describe how the effect of strain
can be incorporated in the k - p model. The approach of Ref. [130] is mainly
followed in this section.

Let the component of the displacement vector of a point in the semicon-

ductor in the direction ¢ be u;. The strain tensor components are then defined

1 8’U/Z 8Uj
i = = . 2.2
s 2 (a.ﬁC] + 8372) ( 9)

Both the x,y, z and 1, 2, 3 notation for the indices 75 will be used. A case of the

as

strain homogeneous in space will be assumed. The periodicity of the crystal is
then still present, but with a different deformed unit cell whose basis vectors

are related to the original basis vectors by

a; = Z((SZ] + eij)aj. (230)

J

The relation between the old and new coordinates is then

J
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The relationship between momentum operators in old and new coordinates is

then up to terms linear in strain

J
One should note that Bloch’s theorem can now be applied only if the Hamil-
tonian (2.6) is expressed in new primed coordinates, since the system has the

periodicity described by the vectors a!, rather than a;. The crystal potential

in the strained case is up to terms linear in strain then given by:
V(r) =Vo() + ) Vii(r)es;. (2.33)
]

After replacing (2.31), (2.32) and (2.33) into (2.1) and applying Bloch’s theo-
rem in new coordinates, one obtains the eigenvalue problem for Bloch functions

in the new coordinate system
(Hll) + DO + Dl) Unk:(rl) = Enkvnk:<rl), (234)

where H} is the Hamiltonian on the left hand side of (2.6) with 7 and p replaced
by r’ and p’

- Pip; .
Do = Z [_ -+ Vij(rl)} €ij = Z Dijeq;, (2.35)
ij

— myo
ij
and

A h
Dy = —— ke p'. 2.36
1 mo ; ejpj ( )

The terms that couple the strain to the spin-orbit interaction have been ne-
glected as is exclusively done in the literature [127,131,139,145]. Next, the
explicit forms of the strain part of the Hamiltonian in the case of crystals with

zincblende and wurtzite symmetry will be derived.

2.3.1 Strain in zincblende crystals

For the case of crystals with zincblende symmetry, the appearance of addi-

tional terms Dy and D; leads to additional contributions to the 4 x 4 blocks



2.3 The effect of strain 30

of the Hamiltonian of the form

Wes Wy Wy W,

Wy Wy NEgy NeEys

G, = , (2.37)

*
Wy Nery Wy, NEy.
*
W ney, Ney, W,
_ _ _
where wys = a'(€p + €yy + €22), Wow = legy + m(eyy + €.2), wy, = ley, +

m(ezv:v + ezz)7 Wyy = lezz + m(ezv:v + eyy); Wy = b,eyz - ZPO Ej emjkja Wy =
Vew.—iPo Y eyikj, w. = Vegy—iPy Y exikj, a' = (S|Dyo|S), ¥ = 2(S|Dyy| Z),
| = (X|Dyo| X)), m = (YD, |Y), and n = 2(X|D,.|Z). The ¥ term is very
small and is usually neglected [139].

The strain part of the Hamiltonian in the basis (2.19) is then

H, = (2.38)
[ ace 0 —t 0 —V3v  V2u u —V2ut ]
0 a.e V2u V3uT 0 v —V2v —u
—v V2u —p+q  —st r 0 55 —V2q
0 V/3v -5 —p—q 0 r —V/2r %5
—/3vt 0 rt 0 -p—q sT %S—"— Vort |
V2u vt 0 rt s —p+q V2q 3ot
u —V/2v* St —Va2rt %s V2q —p 0
I —V/2v —u —V/2q %,ﬁ V2r 35 0 -p
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where

e = eq1 + ez +ess,
D = e,
1
g = blegs— 5(611 +e)|,

V3

ro= 75(611 — eg9) — ideya,

s = —d(elg—’iegg),
1 3
u = —P(] 63‘]{?',
7 ; ik
1 3
v = —P(] (61'—i€2')]€',
\/6 ]Zl J J /™

where a. and a, are the conduction and valence band hydrostatic deformation

potentials, respectively, b and d are the shear deformation potentials, related

to previously introduced constants as a. = @', a, = —3(l+2m), b= (1 —m),

2.3.2 Strain in wurtzite crystals

The strain part of the Hamiltonian in this case reads

W Wy Wy w,

w w N1€ry MN2Cxs
G, = 2 T TR , (2.39)

ny e:vy w3 N2 eyz

8 %

*
Yy
*
4

N2€zz TN2€y, Wy

where w, = b e,, — izj Pieyiki, wy = bieg, — izj Pieyikj, w, = bieg, —
izj Piek;, with P, = Py = P, Py = P, w1 = ay(€gp + €yy) + )€z Wy =

llemm + mMi€yy + Moy, W3 = lleyy +mieg, + Mo€yz, Wy = l2€zz + m3<emm + €yy)-

aj = (S|D..|S), by = 2(S|Dy.|X), by = 2(S|Dp|Z), i = (X|DulX),
lo = (Z|D..|Z), mi = (X|Dy,|X), my = (X|D..|X), msy = (Z|DylZ),
ny = 2(X| D,y |Y), ny = 2(X|D,.| Z).

)
The deformation potentials in (2.39) are given by a, = <S|f)m|5>,
)
)
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The strain terms that couple the conduction and valence bands are some-
times neglected [144] which can be justified by the fact that they are much
smaller than the corresponding terms in the kinetic part of the Hamiltonian
(typically 2 orders of magnitude smaller as they contain e;; terms that are of
the order of < 0.01). One then obtains the following Hamiltonian in basis
(2.25)

k* h*
f h
h* A

, (2.40)

>
]
N e =

with

A = Die..+ Do(ege +€yy)
0 = Dse..+ Dy(ers + €yy),
P s (2.41)
k= Ds(ap — €yy + 2ieay)
h

= D6 (emz + ieyz) 5

where D; (i = 1,...,6) are the deformation potentials given as D; = I,

D2 = mMs, Dg = My — lQ, D4 = %(ll +m1) — ms, D5 = %nl, and D(; = %

2.3.3 Piezoelectric effect

The main effect of strain on the electronic structure is through the strain part
of the Hamiltonian. However, the strain also induces piezoelectric polarisation
which further modifies the potential. Its components in a crystal of arbitrary

symmetry are given as

3
P, = Z €iklCRL, (2.42)
k=1

where ¢€;;,; are the piezoelectric constants of the material. In a crystal with

zincblende symmetry, the only nonzero components of €;;,; are

€123 = €132 = €213 = €231 = €312 = €321, (2-43>
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and will be denoted as €14. In the crystal with wurtzite lattice, the piezoelectric

polarisation components are related to strain tensor components by [42,146]

PP* = 2e5e3,
sz = 2615623, (244)
P = e31(e11 + ex) + €33€33,

where ¢;; are the piezoelectric constants.

2.4 Application of k - p Hamiltonian to quantum dot

heterostructures

The k - p Hamiltonians derived in Sec. 2.2 apply to bulk semiconductors only,
when Bloch’s theorem is valid. In heterostructures, the periodicity is broken
and these Hamiltonians cannot be applied directly. The wavefunction of the
electron is not periodic any longer, it is modulated by a slowly varying function,
the so called envelope function.

A heuristic way of obtaining the Hamiltonian for quantum dot heterostruc-
tures is simply to replace the wave vectors k by the operators p acting on
the envelope functions. Since material parameters in the Hamiltonian are now
position dependent and the operators of momentum and coordinate do not
commute, an ambiguity arises about the proper choice of operator ordering.
It is necessary to choose the ordering in such a way that the Hamiltonian
remains hermitian, however this condition still does not give a unique choice.
The discussion of Ref. [147] will be followed to show how one can systematically
introduce the appropriate ordering of operators.

The envelope representation of the wavefunction of an electron is given by
U(r) = Z Vi(r)ui(r), (2.45)

where u;(r) form the complete orthonormal set of functions with periodicity of

the Bravais lattice and ;(r) are slowly varying envelope functions. The most
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common choice of the functions u; are bulk Bloch functions at the I' point. It
has been pointed out in Ref. [147] that (2.45) is an exact representation of the
wavefunction W(r) if the same u; functions are used throughout the whole space
(i.e. both in the dot and the surrounding matrix) and a condition is imposed
on ¥;(r) that their plane wave expansion contains only the contribution from
the first Brillouin zone. After the replacement of (2.45) in the Schrédinger
equation and making an approximation that eliminates the non-local terms

that appear in the derivation, one arrives at [147,148]
o, —ih
— V() + > m—opmn-V¢n(r)+2Hmn(T)¢n(r) = Etbn(r). (2.46)

2m0

The terms in the previous equation are given by

Prn = /um('r)*ﬁun('r)d?’r, (2.47)

where the integration goes over the volume of the crystal unit cell €2, and
H,pn(7) is the term that, away from the interfaces, reduces to the bulk matrix

elements of the Hamiltonian

1 * 7] 3
Hyn = 9 /um(r) Huy,(r)d’r. (2.48)

The next step in the derivation of the k - p Hamiltonian for quantum dot
heterostructures is to select the bands that will be included as the main bands
for forming the Hamiltonian (which will be labelled with indices a and (3) and
to add the influence of remote bands (which will be labelled with 7). After

applying Eq. (2.46) to a remote band r and neglecting the first term in it, as

well as much smaller terms containing other remote bands, one gets

1 —ih
s T ; (Woprﬁ - Vibs + Hrﬁwﬁ) - (2.49)
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The replacement of (2.49) into (2.46) applied to state « leads to

+

1
2777,0 21/}(1 + — Zpar : (E Hrrprﬁvwﬁ)
+ Z —pangg + Z < af T Z Har — ) Vg + (2.50)
+Z ZWZOpT V(E H )]wﬁ +
,6 r rr

—ih 1
5 arHr Har r = F «a
+Z; moE—Hrr(p 5+ HorPrp) Vi (0

The first term in (2.50) gives rise to terms quadratic in &k in the bulk Hamil-
tonian, the second and the fifth term are related to the terms that couple the
conduction and valence band, while the third term represents the band edges
of appropriate zones. The fourth term that does not have its bulk counterpart
can be neglected as a first approximation. By comparing the terms in (2.50)
with the expressions for parameters of the bulk band structure, one can ex-
press all of them in terms of the bulk parameters, obtaining the Hamiltonian
for heterostructures with appropriate operator ordering, as will now be shown.

The term connecting |S) states in (2.50) is

e I” > per-V 2 1 \Y% (2.51)
omg " 2mg =PV g E—H, T '
After introducing the notation k = —iV, one gets the rule for operator ordering

in the (1, 1) element of the Hamiltonian block G, (Eq. (2.18)) as
Ak — b Ak, (2.52)

The same rule is also obtained for other diagonal elements of .. It has been
suggested in Ref. [149] that the rule for (1,2), (1,3) and (1,4) elements og G,
is

Pk; — Pk;. (2.53)
It is most difficult to derive the rule for elements that connect the states in

the valence band, such as for example the (2, 3) element of G,.. These elements
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come from the first term in (2.50). One has to identify the contributions from
remote bands of different symmetry in order to express this term in terms of
Luttinger parameters. The result, when the influence of I'y remote bands is

neglected reads [149, 150]
N'kyky — kyMbky + ky (N' = M) k. (2.54)

Equations (2.52)—(2.54) give a systematically derived set of rules for operator
ordering.
Many of the existing quantum dot electronic structure calculations [126,

127,129,131, 139] use heuristic, symmetrical arrangement of operators
1/~ N N ~
Frykik; = 5 (R (ks + ks f(r)ks) (2.55)
1 /. .
frke = 5 (kf )+ fr)hs).

It has been pointed out that such ordering of operators can lead to unphysical
solutions in some circumstances [151]. On the other hand, the rules (2.52)—
(2.54) have been derived for unstrained heterostructures in the absence of
external static or time varying electromagnetic fields. A different set of rules
has to be derived if one wants to include each of these effects, as well. This
has been done only recently for the case of external magnetic fields [152].
Recently, it has been also argued that the existing derivations of envelope
function theories (such as for example the one in Ref. [147]) do not take into
account the perturbative corrections up to the same order, which lead to the
development of a new, more systematic, envelope function theory for the case
of unstrained structures [153].

The development of envelope function theories is therefore still an active
area of research with questions that remain to be answered. The main interest
of this work was, however, to predict the physical characteristics of intraband
quantum dot optoelectronic devices, where it is necessary to include the effects
of strain and external electromagnetic fields on the one hand, but where due to
a lack of structural information about quantum dot characteristics and nonuni-

formity of quantum dot ensembles, a high level of precision is not essential.
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Therefore, for the sake of consistency, throughout this work, the conventional

but heuristic, symmetrical arrangement of operators as in (2.55) was used.

2.5 The influence of electromagnetic fields

2.5.1 Interaction with external electromagnetic radia-
tion

It is essential for any theoretical description of optoelectronic devices to have
an appropriate treatment of interaction of the active region of the device with
electromagnetic radiation. Let the radiation be described classically by the
magnetic vector potential A in the Coulomb gauge [154]. The microscopic
Hamiltonian of interaction of electrons with electromagnetic radiation is ob-

tained by substitution in the Hamiltonian [154, 155]
p—p+lelA, (2.56)

leading to a Hamiltonian of interaction

p+lela)’  p?
2m0 2m0'

H/:(

(2.57)

Throughout this work, the main interest will be in the linear response to exter-
nal electromagnetic field, therefore the terms quadratic in A will be neglected.
The wavelengths of interest will be those in the mid-infrared region of the spec-
trum, when the wavelength of the radiation is much larger than the size of the
quantum dot. Therefore, in a certain moment of time, the dot effectively sees
a constant electromagnetic field, and consequently the spatial dependence of
A can be neglected (the dipole approximation). Within these approximations,

the Hamiltonian of interaction reduces to

H = ﬂp CA. (2.58)
mo

According to Fermi’s Golden rule, the transition rate from an initial state

i) to a final state |f) due to the interaction with electromagnetic radiation of
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angular frequency w is given by

W, :%‘MH f>‘25(Ef—Ei:|:hw), (2.59)

where the "~ sign corresponds to absorption and '+’ to emission, and F; and
E; are the energies of the final and initial state, respectively.

Since A does not depend on the coordinate, one can first consider only the
momentum operator in evaluation of the matrix elements between states. The
matrix element of the momentum operator between two states i and f whose

envelope function representations are given as

V) = S (r)un(r). (2.60)
() = S (r)un(r).

is then given by
Pif = /d%xp(i)*(r)ﬁ\p(f)(r), (2.61)
leading to
Pir=) / ErpD ul, [ump + O Pu,) . (2.62)

The slowly varying envelope functions F(r) feel only the average value over
the unit cell of Bloch functions that vary rapidly, which can mathematically

be expressed as
/dng('r)u(r) = /d?’rF('r)(u(r)), (2.63)
where (u(r)) is the average value over unit cell of a rapidly varying function.

After exploiting this relation, and using the condition of orthonormality of the

Bloch functions, as well as Eq. (2.47), one arrives at
Pip= / dPry” (5nmhfc + pnm) i, (2.64)

with k = p/h. Comparing the expression in brackets in (2.64) with the k - p
Hamiltonian h given in Eq. (2.10), one gets

m . [ Oh
Pis = %Z/dgrwﬁ) (%) i), (2.65)
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or symbolically
Py =TT ). (2.66)
Since this work will address the response of quantum dot ensembles, present
in realistic devices, the linewidth of the transition is entirely determined by
the nonuniformity in the sizes of the quantum dots in an ensemble. These
linewidths are of the order of at least several meV and are much larger than
the inherent homogeneous linewidths of a transition in a single dot. Therefore,
the recipe is adopted to treat the inhomogeneous broadening due to size inho-
mogeneity of the quantum dot ensemble by replacing the delta function with
a Gaussian, i.e.
2

1 €T
. 2.67
—— exp( 202) (2.67)

The optical cross section of the ¢ — f transition is the quantity that nor-

o(x) = g(x,20) =

malises the transition probability to the flux of incident radiation and is there-
fore given by 0,5 = W, /®, where ® is the optical pump flux. Using the relation

between the flux and the vector potential one gets

2 2
© (W) = c [’ g(E; — E; F hw, 20), 2.68
sz(w) TEocw }sz’ g( f U) ( )

]fI/

where 70 is the refraction index. M§, = <2 f > /A is the matrix element
which depends only on the direction € of light polarisation and not on the
amplitude of A, related to P;y by

e _ lel

2.5.2 Spontaneous emission of photons

The formalism describing the interaction of electrons with a classical external
electromagnetic field, presented in Sec. 2.5.1 can reliably determine the transi-
tion rates due to the processes of absorption and stimulated emission. On the
other hand, it is known [154] that the process of spontaneous emission can be

described only if the electromagnetic field is quantised.
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The formula for the transition rate from the initial state ¢ to the final state
f due to the spontaneous emission of photons will be derived in this section.

The operator of the vector potential of quantum electromagnetic field is given

by
A h ~ ) N )
A=iYy \50 (o™ = b e ™7) s (2.70)
k,o

where l;k,a and IS;U are the annihilation and creation operators of a photon

mode, ¢ is the dielectric constant at angular frequency w, V' the volume of the
system, k the wave vector, o the polarisation and €, is the unit vector in the
direction of polarisation. The Hamiltonian of the electron-photon interaction
is given by

H = Hy(k+ %A) — Hy(k) (2.71)

and the transition rate from the state |i;0) with no photons to the states
|f;1q0) With an electron in the state f and one photon in any of the states
(g,0) is equal to

2
I/Vif:_ﬂ-

R 2
2 (;;01H'| f;1g0)| 0(E; — Ey — hw). (2.72)
q

In the dipole approximation the exponential terms in (2.70) are equal to 1, the
terms quadratic in A are neglected and after putting (2.70) and (2.71) into
(2.72) one gets

2T
Wi = f 26 V|M€"| ME;, — Ef — hw), (2.73)
_ v 3 T o B )
Vsz - (271_)3 /d qechS(Ez Ef hu));|./\/lsa| . (2.74)

One then has

_ V2 B 2 2 )
Wi = (%)33/01 9— Va(E Ef — hw) (|Me, [ + [Me, [P + M. [?)
Wy = o Zir (M2 + M, 2 + | M |)/q2dq15(E-—E ~ hw)
if (2 ) = ey e, cw i f )

and using w = ¢q/m the final result yields

(E; — Ef)n

Wi =
! 3h2egmed

(IMe, [* + [Me,|* + [Me. ) . (2.75)
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2.5.3 Static electric and magnetic fields

Realistic quantum dot optoelectronic devices operate under external bias and
therefore quantum dot energy levels and wavefunctions are modified by the
presence of an electric field. On a microscopic level, the external electric field
is added simply by adding its corresponding potential Vg(r) = |e|F - r. One
can easily verify that the things remain simple in the envelope representation
as well, and that electric field can be included in k - p Hamiltonian by adding

Ve (7) to all diagonal elements of the Hamiltonian.

The effect of a magnetic field on quantum dot electronic structure is not
as dramatic as in the case of quantum wells or wires where the spectrum is
changed from a continuous one to a discrete set of so called Landau levels. In
quantum dots, where the spectrum is discrete in the absence of magnetic field
already, the magnetic field only splits otherwise degenerate states of opposite
spin and shifts the energy levels. This is the reason why its influence on
quantum dot optoelectronic devices has not been experimentally investigated
much and therefore not much emphasis has been put on it in this work either.
Nevertheless, for completeness the mathematical description of the effect of a
magnetic field within the envelope function theory will be given here. There
is certainly some prospect in using a magnetic field for fine tuning of the
operating wavelength for example, although it is possible that the fields may

be too large.

A magnetic field is added to the k - p Hamiltonian by making the minimal
gauge substitution (2.56) and explicitly adding the Zeeman term. In the case
of the axial magnetic field B = Be, (assuming the symmetric gauge for the

vector potential A = B (—y,x,0)) the nonzero elements of the Zeeman term
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of the 8-band Hamiltonian in basis (2.19) are given by:

- gy _ldhp
QTTLQ
. . le|h
HP =-HY = —/<;—2mOB,
: : le|h
Hy =-H) = —3/@2—%3, (2.76)
- - 1\ le|h
H77 — _ |8 — il B
- - 1 le|h
HY =H¥= ——=(k+1)"B,
A Z \/é( ) mo
. A 1 h
Ay =iy = ——m+nldp

V2 mo

where k is the modified Luttinger parameter related to the Luttinger parameter

kT by
1 FE
L P
=K ———". 2.77
TR T 98E, + A (2.77)
The matrix elements of the 8-band k- p Hamiltonian in the case of a magnetic
field of arbitrary direction are given in [156, 157] for the bulk case and the
Hamiltonian with proper ordering of operators for the case of heterostructures

has recently been presented in Ref. [152] and applied to quantum dots.

2.6 Numerical methods

2.6.1 Methods for solving the k- p Hamiltonian

From the numerical point of view, the eigenvalue problem of the envelope
function n-band Hamiltonian can be viewed as a set of n coupled partial dif-
ferential equations for functions of three spatial variables. It is therefore a
challenging numerical task to solve it. There are two overall strategies that

one can accordingly employ:

e Finite-difference method (FDM). Within the finite-difference
method, the wavefunction is represented by points on a discrete three

dimensional grid of size N,N,N,, and partial derivatives are then re-
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placed with finite differences. One therefore obtains the eigenvalue prob-
lem of a very large matrix, its dimension being given by nN,N,N,. If
N, ~ Ny ~ N, ~ 50 grid points are taken in each direction, the resulting
matrix is of the order of ~ 10° already. Fortunately, the matrix is sparse,
and specialised algorithms for the diagonalisation of sparse matrices can
be employed [139]. FDM has therefore indeed been employed in several
studies of quantum dot electronic structure using the multiband envelope

function Hamiltonian [126, 128,129, 158].

e Wavefunction expansion methods (WEM). The idea of the wave-
function expansion method [159] is to expand the envelope functions as

a linear combination of a certain set of orthonormal basis functions
¥(r) = Z Ajiay(r), (2.78)
!

and find the coefficients A;, in the expansion. After making the substi-

tution of (2.78) into the Hamiltonian eigenvalue problem

> Hji(r) = Exy(r), (2.79)
one gets
Z Hij (m, n>Ajn = EAz'rm (2-80>
n
where
Hij(m,n) = /d?’ram(r)*ﬁijan(r). (2.81)

Therefore, the eigenvalue problem (2.80) has to be solved. The matrix
‘H is dense, but with a smart choice of basis functions, one can obtain
the correct eigenvalues by employing a relatively small basis set (of the
order of 10-20 basis functions per dimension). Present day personal
computers can solve eigenproblems of dense matrices of the size ~ 10000
and parallel supercomputers even larger matrices ~ 50000, which makes
this approach feasible, albeit still relatively computationally demanding.

Several different choices of orthonormal basis functions have been used
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in the literature to calculate the electronic properties of quantum dots.
These include plane waves [131, 144, 160-162], the eigenfunctions of the
particle in a cylinder with infinite walls (referred to as cylindrical basis in

what follows) [145,163], and eigenfunctions of a harmonic oscillator [164].

While a claim is not made that the WEMSs are better than FDMs, a few of
their advantages will be mentioned here, which have led to them being made
the method of choice for this work. It is not easy to give a fair comparison of
two different sets of methods employed and say which one is better, i.e. faster.
The time for diagonalising sparse matrices in FDM scales approximately as
~ N, and for dense matrices as ~ N3. Therefore, if an extremely high preci-
sion solution of the eigenvalue problem were necessary, than the linear scaling
offered by FDM would be more favourable. However, for the precision of
eigenenergies of several meV, which is entirely sufficient for any analysis of op-
toelectronic devices, the number of necessary basis functions in WEM is small,
making the calculations fully feasible. Another good side of WEM is that after
the wavefunctions are calculated, other relevant physical quantities, such as for
example optical matrix elements and carrier lifetimes, can be expressed from
the coefficients in the expansion, rather than by performing three dimensional
numerical integration.

Another important issue of WEM is that the elements of the Hamiltonian
matrix H need to be calculated efficiently. This is fullfilled in the case of
plane waves where the expressions for H;;j(m,n) are fully analytical, since
differential operators act on plane waves as simple multiplication. In the case
of a cylindrical basis, the expressions are not fully analytical, but these can be
calculated efficiently as well. Finally, the methods developed in this work and
presented in Chapters 3 and 4 enable additional significant speed-up of plane
wave calculations in quantum dots with symmetric pyramidal shape, based
on block diagonalisation of the matrix H. Symmetry can also be exploited
in dots with cylindrical symmetry and this fact has been implemented in the

calculation in the cylindrical basis in Chapter 6. More technical details on
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WEM methods will be given in sections where they are applied to particular

problems.

2.6.2 Methods for finding the strain distribution

In Secs. 2.3.1 and 2.3.2, it has been described how one can include strain in the
envelope function Hamiltonian. The aim of this section will be to describe how
strain can actually be calculated in quantum dots. There are two overall groups

of models [9] that are used to calculate the strain distribution in nanostructures

e Atomistic models. In atomistic models, each atom in a quantum dot
is considered and the total elastic energy of the structure is expressed
as a sum of interaction energies among atoms represented by a sum of
classical n— body interaction potentials

W = Z VO (r; — 1)) + Z VO (ry —rjr — 1) + - (2.82)

] 0,5,k

The energy can then be expressed in terms of the displacements of each
individual atom from its equilibrium position and from its minimisation
one finds new, relaxed, positions of atoms. Several different models of
interaction potentials are available in the literature. In atomistic calcu-
lations of strain in quantum dots [116, 117,126, 128,139, 160, 165], the
valence-force field (VFF) model of Keating [166] and Martin [167] is
mostly used. The interaction of an atom with its nearest neighbours

only are considered in the VFF model.

e Continuum mechanical (CM) models. In this group of models,
the quantum dot structure is modelled by an elastic classical continuum
medium whose elastic energy is given by

W= %Z / B Airicijen, (2.83)
ijkl
where \;;i; is the elastic tensor relating the stress and strain tensor by

Hooke’s law

Uij = Z )\ijklekl. (284)
kl
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There have been several comparisons in the literature between the VFF
and CM models [126,165,168]. While certain differences have been obtained,
the results of the two models give overall agreement. From the computational
point of view, the VFF model is more demanding as the displacement of each
atom is considered, in contrast to CM models where a grid of the size of lattice
constant or even larger may be used, leading to a smaller number of variables to
be handled. The minimisation of the VFF functional (2.82) leads to a system of
nonlinear equations for atom displacements, while in the CM model where the
strain functional (2.83) depends quadratically on displacements, a much less
computationally demanding system of linear equations is obtained. Moreover,
in several important cases, there are analytical or nearly analytical solutions
of the CM model [169,170]. On the other hand, from the fundamental point
of view, the advantage of the VFF model is that it captures the atomistic
symmetry of the crystal, while CM models have a higher symmetry group.
Nevertheless, throughout this work, this weakness of the CM model will be
exploited as a strength from the computational point of view, allowing the
possibility to exploit the symmetry in the calculation, as will be shown in
Chapters 3, 4, and 6. The CM model has therefore been adopted as a model of
choice for this work, and therefore it will be presented in more detail in what

follows.

The problem of finding the strain field of an inclusion in an infinite medium
has been formulated and considered by Eshelby in 1957 [171] and it is therefore
a classical problem that has found one of its important application in the
calculation of strain in quantum dots. It will be shown here, following Ref. [9,
169], how analytical formulae for the Fourier transform of components of the
strain tensor can be obtained in the case where the elastic constants of the dot

and the surrounding matrix are the same.

Let the displacements u; in the problem be defined with respect to the
atomic sites of the undeformed matrix. The strain is then defined by Eq. (2.29)

and related to stress via (2.84). The presence of the dot induces body forces



2.6 Numerical methods 47

f that are related to stress via

3 T (2.85)

ox
k k

After the replacement of Hooke’s law (2.84) and the expression for strain (2.29)
into (2.85) one gets

% Ajklm%% +f;=0. (2.86)
Since the tensor e;; is by the definition symmetric, one can assume that \;;u
is symmetric as well (A = Awi; = Aijig), since the contribution from its
antisymmetric parts would give a vanishing contribution to stress. This fact,
as well as the assumption that M is constant in space have been exploited
to obtain (2.86). In order to find the displacement field in the medium a
method of inclusions can be used [171]. The idea of this method is to find the
response of the medium to a small point-like inclusion first, and then integrate

the result over the volume of the dot to find the total displacements. Following

this general idea, it is natural to introduce the Green’s function

S A 26T e ) =0, (2.87)

P oxy, 0T,

representing the displacement in the direction [ at point r, due to a unit body
force acting in the direction n at point .

At this point the zincblende symmetry of the crystal will be assumed, and
that the small inclusion of lattice constant a;,. is placed at point 7, in medium
with lattice constant a. In the crystals with zincblende lattice the elastic tensor
is of the form

3
Nijet = C120;i0k1 + Cua (03050 + 6:0,1) + Can, Z 0ip0pOrpOip, (2.88)
p=1

where C1y, Cyy and C,,, = C11 — C19 — 2Cy are the elastic constants.

__0—Gjncl )
a )

The inclusion then creates the strain e;; = €(d;;6(r’) (where ey =
the stress 0;; = A\jjriei; = eo(Ch1 + 2C12)6;;0(r'), and consequently it acts as a
body force /

fi(r') =~ zk:pjk%, (2.89)
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where p;i, = eg(C11 + 2C12)d5x. The displacement of the medium to this point

inclusion is then

() = 502G — 1) (. )y _ 9G; (1)
w; ( )—%:/d Gy ( )(p]k o] ) Zp]kiaxk . (2.90)

jk

and the displacement due to the presence of a quantum dot is consequently

found by treating the dot as a superposition of small inclusions

u; (r) = /d3r'XQD (rYw; (r—7"), (2.91)

where yqp (7) is the quantum dot characteristic function equal to 1 inside the
dot and 0 outside the dot. Since the displacements were defined with respect
to the undeformed matrix, this has to be accounted for, and the expressions for

strain tensor components that enter the k - p Hamiltonian are given by [172]

1 /0u; Ou;
€ij = B (&Ej + axZ) —eoxap (1) 955 (2.92)

Equations (2.87), (2.90), (2.91), and (2.92) form the system of equations from
which the strain distribution can be found. Transforming these equations into
Fourier space, they reduce to a system of ordinary algebraic equations. Their

solution for the strain distribution yields

(Ch1 + 2Ch9)qiq;/ q*

an —aQD

1
Xon(q) 4 dij — 2

eij (q) = agp 3 q2 X
1+ (Cra+Cu) D T 1 Cond?
1 1
X [ 573 2 2} }’ (2.93)
C144 + Canq@' /q C144 + Canq]' /q

where aj; and agp are the lattice constants of the matrix and the dot material,

where the following definition for the Fourier transform was used

F(q) = (271r)3 /dgfr exp (—iq - r) F(r). (2.94)

As already mentioned, equation (2.93) is derived under the assumption of the
elastic constants of the dot and the matrix both equal to the elastic constants
of the matrix. The elastic constants of a material in a state of high strain

may differ from those of the relaxed material and there is no obvious choice
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for the values of the elastic constants. However, there are arguments [9, 169]
that choosing the elastic constants of the barrier material for all the materials
in the system is appropriate.

Along similar lines, one can also find the Fourier transform of the strain
distribution in quantum dots made of crystals with wurtzite symmetry. The
formula analogous to (2.93) for the case of crystals with wurtzite symmetry is
derived in Ref. [144].

The approach described where an analytical formula for the strain distri-
bution is obtained is highly attractive when combined with plane wave calcu-
lations of the electronic structure, where Fourier transforms of strain tensor
components are required [131,144] and the obtained formulae will therefore be
used in Chapters 3 and 4.

On the other hand, if some other method for the electronic structure is
used where the values of strain in real space are necessary, it may be more
efficient to calculate the strain directly in real space, rather than to transform
it from Fourier space to real space. Furthermore, if the dot is not embedded in
an infinite medium and the effect of boundaries is important, then the derived
formulae are not valid and real space approach might be more efficient. The
finite element method [173] can be used for that purpose. The main approach in

the finite element method is to minimise the total elastic energy given by [172]

1
W= / AV 3" Aiju [e35(r) = e (1) [enr) = el (r)] (2.95)
ijkl
where e;;(r) are the elastic strain tensor components, and el(-?) (r) the local

intrinsic strain induced by the changes in the lattice constant

Wy = e

b, (2.96)
where a(r) is the unstrained lattice constant at r and a the substrate lattice
constant. The continuum space is then discretised on a nonuniform rectangular

grid of the size N, x N, x N, and the components of the displacement in each

point of space are expressed in terms of the displacements u{ (I € {z,y, 2},
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i € {1,2,...,8}) in the 8 neighbouring nodes of the grid, where first order
Lagrange interpolation is used. i.e.

8

1 7
’LL[(ZL‘, Y, Z) = g Zul (1 + Cmnx) (1 + Cyz‘ny) (1 + sznz) ) (297)
i=1
where 1, = 2(z — @)/dy, 7, = 2y — 9)/dy, 1. = 2(z — 2)/d,,
(C:thyhczl) = (17_17_1)7 (Cm2acy2acz2> = (17 17_1)7 (C:v37cy37cz3> =
(_1717_1>a (C$4acy4acz4) = (_17_17_1)7 (C$5acy57cz5) = (17_171)7

(€165 Cy6, C26) = (1,1, 1), (car, cyr, cor) = (—1,1,1), (a8, Cys, C2s) = (—1,—1,1),
while Z, ¥ and Z are the coordinates of the centre of the rectangular box and
dy, dy, d, its dimensions (see Fig. 2.1). Consequently, the elastic energy of
the system W is a quadratic functional of the 3N, N, N, displacements at the
nodes of the grid. Its minimisation therefore leads to a sparse system of lin-
ear equations for the displacements at the nodes, which is solved using the

conjugate gradient method [174].

Figure 2.1: A rectangular finite element, d,, d,, d. are its dimensions and

1 — 8 its nodes.

2.7 Electron — phonon interaction and polarons

The theory presented in this chapter so far covered only the stationary elec-

tronic structure of quantum dots when atoms are in their equilibrium positions.
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However, at finite temperatures atoms can vibrate around their equilibrium po-
sitions. These quantised lattice vibrations are called phonons. Phonons create
additional potential that perturbs otherwise stationary electronic states and
causes transitions among them. Depending on the type of crystal, there are

several different types of electron — phonon interaction [175]

e Deformation potential coupling to acoustic phonons. Lattice de-
formations caused by vibration of atoms create an additional potential,
in a similar way the strain does. It turns out that out of three acous-
tic phonon branches only the longitudinal phonons effectively create this

potential.

e Polar coupling to optical phonons. This type of interaction is present
in polar crystals only. The charged ions in a unit cell oscillate in opposite
directions creating an effective electric field that electrons interact with.

Again, only longitudinal optical phonons create this potential.

e Deformation potential coupling to optical phonons. This type
of interaction is based on the same physical mechanism as coupling to
acoustic phonons. In polar crystals, it is weaker than polar coupling to

optical phonons and is therefore usually neglected.

e Piezoelectric coupling to acoustic phonons. The origin of this in-
teraction is the creation of an effective field due to the piezoelectric effect,
which is present in crystals lacking inversion symmetry. The matrix el-
ement for this interaction scales with phonon wave vector as ~ 1/,/q,
in contrast to deformation potential interaction where it scales as ~ /q.
Therefore, for sufficiently large energy spacing, typically present in quan-
tum nanostructures, deformation potential coupling to acoustic phonons

is much stronger than piezoelectric coupling.

Throughout this work, only polar coupling to optical phonons and deformation

potential coupling to acoustic phonons will therefore be considered. As it
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is thought that the influence of phonon confinement is not so important in
AlGaAs/GaAs and InGaAs/GaAs nanostructures [176,177], bulk LO phonon
modes are assumed.
The Frolich interaction Hamiltonian describing polar coupling to optical
phonons is then given by [42,175]
Heon =" Mig(a)a iy (bg +5%,) (2.98)
ijq
where Z;q and 5; are phonon annihilation and creation operators, @ and a™ the

same operators for electrons, M;;(q) = a(q)Fi;(q),
1 [eZhwio (1 1
= - — = 2.99

Fsla) = 3 [ a'rofmyemiiir) (2.100)

and

is the electron — phonon interaction form factor, and e, and e, are high
frequency and static dielectric constants, respectively. Optical phonons are
nearly dispersionless and for simplicity, a constant LO phonon energy wro is
assumed.

The Hamiltonian of the deformation potential interaction with acoustic

phonons is given by the same formula (2.98) except that in this case

D2 hq
ol@) =[5 2 (2.101)

where D 4 is the acoustic deformation potential, p the material density and v,

the longitudinal sound velocity. To a very good approximation, a linear and

isotropic acoustic phonon dispersion relation w(q) = vsq can be assumed.

2.7.1 Carrier lifetime in quantum dots
Electron — LO phonon interaction

In order to calculate transition rates among different electronic states due to

the interaction with LO phonons, it is tempting to apply Fermi’s Golden rule,
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which is a good approximation in quantum wells, for example [42]. However,
its direct application to quantum dots leads to the result that transition rates
are zero unless two levels are separated by one LO phonon energy exactly [91].
Such an approach treats the electron and phonon systems separately with their
interaction being only a perturbation. It is currently known that electrons
and phonons in quantum dots form coupled entities — polarons and that the
polaron lifetime is determined by anharmonic decay of an LO phonon into
two low energy phonons [94-98]. A full description of processes in quantum
dots would therefore require considerations in Hilbert space containing both
electronic and phononic degrees of freedom and the problem would most likely
become intractable. Since the electronic charge carries current and the external
radiation mostly interacts with electronic degrees of freedom, an approach that
will keep track of electronic states only would be useful. Such a description is
derived here following Ref. [95].

The transition rate from the initial state of the electron — phonon system
|W;; {ng}) with an electron in the state ¢ and nqy LO phonons with the wave
vector q (where g takes all possible values of the phonon wave vector) to the
final state |U; {ng £ 0qx}) with an electron in the state f and one more (less)
phonon with the wave vector k will be derived here. It is expected to be a good
approximation to the transition rate from electron state ¢ to state f, providing
the contribution to polaron states from the electron states is mainly due to
one electron state. It should be also mentioned that the following derivation
is strictly valid for a two level system only. Nevertheless, the transition rates
obtained can be used as a reasonable approximation in a multilevel system,
too.

Let |W;;{ng}) be the initial state of the electron — phonon system. The

time dependence of the state of the system is given by
(1)) = a(t)e™ MW {ng}) + Y bp(t)e PrERLOIN 5 {ng £ Gqk}),
k

where |Ws; {ng & 04 }) represents the state of the system with an electron in

the state f and one more (less) phonon with the wave vector k and E; and Ey
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are the energies of the states ¢ and f, respectively. The initial conditions are
a(t =0) =1, bg(t = 0) = 0. The coeflicients a(t) and bg(t) can be found by
solving the time-dependent Schrédinger equation

d[w(t))
dt

ih — H|U(t)), (2.102)

where H is the Hamiltonian of the system given by
H=H,+ Hy, + Ho_pp, (2.103)
where H, is the Hamiltonian of electrons,
H, = i), (2.104)
where ¢; are energies of the electron states, [:Iph is the Hamiltonian of phonons

. 1
Hyp =) (b;bq + 5) hwro, (2.105)

q

~

H._,p, is the Frolich Hamiltonian of the electron — phonon interaction (2.98).

After substituting (2.103) into (2.102) one arrives at

d )
(ihd—? + a(t)EZ-) e EtMg - In ) +

; ..db
4+ Z e*Z(EfithO)t/h |:,lhd_: + (Ef 4+ thO) bk(t) |\I[f7 {nq —+ 5q,k:}> =
k
= a(t)Eie” "MW {ng}) + a(t)e M H, W {ng}) +
+ Y (Ef & hwpo) e Brsmeolt iy (1) W 5 {ng + 6qx}) +
k

n Z e~ Lot/ hy (1) Hy | 53 {ng £ Sqn}),
k

i.e.
ind e-iEamy }>+Zm%e—zwﬁmo)t/h‘\p g+ S 1)) =
dt 1" dt e Rkl
k
= a(t)e_iEit/h]:Ie—ph|\Iji§ {nq})
n Z e~ B =L Ny (VFT D 5 g £ Squ)). (2.106)

k
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After multiplying (2.106) from the left by (U;; {nq}|, one obtains

d 4 .
Zhd_j - Z eiZ(EfiEiimw)t/hbk(t)<\I’i3 {ngt He—pn|Vs; {ng + dqr}) (2.107)

and after multiplying (2.106) from the left by (Vs; {ng & dgx}|

db P .
i = a(t)e B NG 1 {1y & Gy} Hopn Vi {ng}).

Finally one gets the equations

dt Z e’ My (¢ (2.108)
dbk, ) * —i
P hgke aun a(t), (2.109)

where A = E; — Ef F hwio and
gk = (Vs {nq}‘ﬁefph‘\pﬁ {nq £dqx}) (2.110)

is the electron — LO phonon coupling strength.

So far it has been assumed that LO phonons are stable. However due to
cubic anharmonic terms in the crystal potential energy the LO phonons decay.
It is thought that the physical process responsible for that decay process is
either the decay to two LA phonons [95,178] or to one acoustic and one optical
phonon [96]. Nevertheless, whatever the physical origin of the process is, it

can be phenomenologically taken into account by adding an extra decay term

—LEpy(t) into (2.109), i.e

dbg, Lo int/h Tx
o _gre — -k 2.111
& = L gie M a(t) - —Eby(), (2111)

where I'g /R is the inverse LO phonon lifetime. Taking the Laplace transform

of (2.108) and (2.111) one arrives at
{ A
sA(s) =1 =—+ ;ngk(s — i), (2.112)

sBg(s) = hgkA(s + z%) — F—;Bk( ). (2.113)
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As shown in Ref. [178], the LO phonon lifetime is weakly dependent on the
wave vector and it will therefore be considered to be a constant. Solving
Egs. (2.112) and (2.113) one gets

s—7
Als) = ———— 2.114
(0= g0 (2114)

where v = % and ¢*> = >, |gx|*. Taking the inverse Laplace transform

one obtains

a(t) = er/? (cos gt — % sin 515) : (2.115)
where 3% = %—z — 242 The probability that the system stays in its initial state

after time ¢ is equal to

1
IRGIER

+2 cos(Qﬁlt)e’%t (41817 = |71?) + SSin(Qﬁlt)egt(%ﬁl — 52%)} , (2.116)

P(t) = la(t)]

128 — inf2e" G292 4 |25 4 inf2e (20t 4

where 51 = Refd and (5 = Imf3. It can be seen from (2.116) that the dominant
exponentially decaying term is e~(5=202)t and therefore the relaxation time is

.= % — 2(,. After finding the explicit expression for G5 one gets

equal to 7~
the approximate transition rate
2(R - X)
5
where R = VX2 + Y2 X =¢>+ (A2 -T?)/4, Y =TA/2.
Eq. (2.117) has been verified experimentally, as it was used to fit the ex-

r
= - — 2.11
W= (2.117)

perimental results on intraband carrier dynamics in quantum dots [98,179].

Electron — acoustic phonon interaction

The interaction with acoustic phonons is much weaker than the interaction with
optical phonons in semiconductor nanostructures [42]. Therefore, it can be
satisfactorily treated perturbatively within Fermi’s Golden rule. The transition

rate from an initial state ¢ to a final state f is then given by
27 A iqQT * A —iqr
Wi = - Z (W s; {ne £ Okg}t] (a(@)age’™ + a(g) afe ") (2.118)
q

s {re})|* 8(Ef — Ei £ hw(q)),
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where fAiw(q) is an LA phonon energy, implying

2 1

Wi = 23 g + 3 % 1)la(a) PLEs (@) POy — B+ (). (2119)

After replacing the summation in (2.119) by integration one arrives at [179]

2 'V . 1 1
5= g | @ sin0dad8de(ng 55 (@I (0) P~ Brtt(a)
(2.120)
and
1 1 Diqg’ . 2
Wip = O(£(E; — Ef))(ng, + 5 + 5) o0 sin 0dfdey|Fif(gs)|”, (2.121)

where ¢, = |E; — E¢|/(hv,), ©(x) is the step function and (¢, ) are the polar

coordinates of the vector g,.

2.7.2 Polaron spectrum in quantum dots

In this section it will be shown how one can relatively efficiently find polaron
states in quantum dots. Even when one is interested in electron transport
only, knowledge of the polaron spectrum can be useful to check whether the
approximations introduced in the treatment of the interaction with phonons
are appropriate. The approach of Ref. [180] is mainly followed here.

In order to find polaron states, one in principle needs to diagonalise the full
Hamiltonian (Eq. (2.103)). Assuming there are N possible electronic states,
and that there are M phonon modes (where M is a large number obtained
by discretisation of continuous phonon wave vector g) that can be occupied
with at most K phonons, the dimension of the Hamiltonian matrix would be
N - (K + 1) and such an eigenvalue problem would clearly be intractable. It
has however been shown in Ref. [180] that a transformation can be made among
phonon modes after which only N? modes will remain coupled to electronic

degrees of freedom. In order to achieve this, one first introduces the operators

q



2.8 Nonequilibrium Green’s functions theory of transport 58

The Hamiltonian FIe,ph then takes the form
Hopn =3 (Aijajaj + Ajjajag (2.123)
ij
and therefore only new N? phonon modes interact with electrons. However
the transformation (2.122) also changes ﬁph which is no longer diagonal.

As a next step, a new transformation will be performed which diagonalises
ﬁph. One can formally look at the operators introduced by (2.122) as vectors in
vector space with basis vectors l;q. In such a space, Aij are not orthonormalised,
however one can perform a Gram-Schmidt orthonormalisation procedure to

orthonormalise them, yielding new N2 operators B, related to A-operators by
Aij =) tijaBa. (2.124)

The transformation connecting the operators B and b is unitary since it is a
transformation connecting two orthonormal basis. One can then easily verify

the relation
Y BIBy =) bibg (2.125)
A q
and therefore, assuming dispersionless LO phonon modes, [:Iph is diagonal in
B—operators as well. Explicit form of ]:Ie_ph in terms of B—operators can then
be obtained by substituting (2.124) in (2.123). One therefore has to solve the

eigenvalue problem of the matrix of size N - (K + 1)N°, which is feasible for

small N.

2.8 Nonequilibrium Green’s functions theory of trans-

port

The transition rates between quantum dot states, derived in previous sections
of this Chapter, can be used to form rate equations for populations of quan-
tum dot energy levels, from which populations, and consequently observable
quantities, such as absorption or current, can be found. Such an approach

is good not only for the basic understanding of the physics of quantum dot
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devices, but can be also used for quantitative predictions, as will be shown in
subsequent chapters.

However, there are limitations to such an approach. Since only populations
of energy levels are considered, and not the coherences, coherent effects are not
properly taken into account. Additionally, broadening of the absorption or gain
spectrum can be taken into account only in an ad hoc manner by replacing the
delta functions with appropriate line shapes. Polaron shifts of energy levels
are also not included. Despite the fact that these limitations are not severe for
modelling of the existing devices, there is a not only theoretical need, for the
development of more systematic approach, that will take into account all the
mentioned effects.

Two theoretical approaches satisfying this condition have been so far em-
ployed in the literature to analyse the transport and optical properties of
semiconductor nanostructures. These are density matriz formalism and the
nonequilibrium Green’s functions formalism.

Within the density matrix approach [181,182], the main quantities are the
electron density matrices pag(t) = (aq(t)"as(t)), where the expectation value
is taken with respect to the initial state of the system. The Heisenberg picture
is used, therefore the operators depend explicitly on time. When one forms
the equation of motion for the density matrix, higher order density matrices
involving expectation values of products of several operators appear, and the
system of equations is therefore not closed. One therefore arrives at an infinite
hierarchy of equations for higher-order density matrices, which needs to be
truncated at some point.

On the other hand, within the nonequilibrium Green’s functions approach
[183,184], the central quantities are expectation values of operators at different

times, such as the retarded Green’s function
Giis(ty ta) = —iO(t — t2)({aa(tr), af (12)}), (2.126)

the advanced Green’s function

G5(tr, 1) = 10t — t1) ({aa(tr), f (12)}) = GE, (b2, t1)", (2.127)
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and the lesser Green’s function

Gty ta) = i{af (t2)aa(t1)). (2.128)

As can be seen from (2.128), the lesser function at equal times represents
populations and coherences of the states, in terms of which other relevant
physical quantities can be expressed. In order to find the retarded and the
lesser function, one has to solve their dynamical equations. These satisfy the
Dyson equation

OGE,(t,,t
ih ozﬁ( 1 2)

at — Z HafyGfﬁ(tl, tg) - h5a55<t1 - t2) -+ (2129)
1
o

+Z/dt SE (1, 1)GI(H 1),

where the Hamiltonian H contains the kinetic energy of the electron and sin-
gle particle potential, while all other interactions, such as electron — phonon,
electron — impurity, electron — electron, etc. are contained in the self-energy
Y. The equation for G< can also be written in integro-differential form similar
0 (2.129), however for certain applications, a more useful form is the integral
form given by the Keldysh relation which in the case of the steady state of the

system reads
St ts) = Z/dt dt"GE (1, 6)S55(1 ") Gt t2). (2.130)

It is essential for the description of any physical system to arrive at appro-
priate expressions for self-energies, as these are the quantities that contain all
interactions in the system. A systematic way of doing this is via the diagram-
matic techniques of field theory where the time ordered Green’s function [175]
is expanded in a sum of infinitely many diagrams representing interactions
in all orders [175]. In the case of the electron — phonon interaction in the
system with translational invariance [185], when one restricts to second order

in the expressions for self-energies (the so called Born approximation) these
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expressions read [175,183,184]

R(tota) =i S Ms(@) Mar (@) [0 (01, 2) DR (q, 11, 12)+ (2.131)

vd.q
+955(t1, to) D" (q, t1,t2) + gl5(t1, t2) D<(q, 1, t2)]

st ta) =1 ) Mps(q)" Man(q)g55(t1 12) D= (g, 1, 1), (2.132)

vd,q

where the free electron Green’s functions are denoted by lowercases g, and D*

and D< are the phonon retarded and lesser Green’s functions defined as

~

DR(g.t1,t2) = —iO(t — to)([Aq(t), A7 () (2.133)

and

D<(q,t1,ta) = —i(Af (t2) Ag(tr)), (2.134)

where flq = 6q+3fq. One can significantly improve the Born approximation by
replacing the free Green’s functions g by Green’s functions G, which constitutes
the self-consistent Born approximation (SCBA). The SCBA takes into account
all diagrams up to second order and additionally a certain set of diagrams from
all higher orders. Clearly the validity of the Born approximation or the SCBA
depends on the system being investigated and the strength of the interaction
represented by self-energies.

One is usually mostly interested in the steady state of the system. In that
case, Green’s functions and self-energies depend only on the difference of their
time arguments. One can therefore define the Fourier transform of all these

quantities as

F(E) = /d(h — ty)e Pt/ ). (2.135)

The integro-differential Dyson equation then takes a simple algebraic form

> [Ebay — (Hay + S8 (E))] GE(E) = bag (2.136)

o

and the Keldysh relation reads

Go4(E Z Go (E)G{5(E). (2.137)
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The relation between the retarded and advanced function in the energy domain
is
GI5(E) = G (E)". (2.138)
While Dyson’s equation and the Keldysh relation have acquired a much simpler
form in the energy domain, this is not the case for the expressions for self-
energies, which read
SH(E) =1 Mss(q)" May(q) 21 / dE' [GIS(E — E"D"(E')+ (2.139)

T
76,9

+G55(E — E')D"(E') + GI5(E — E')D<(E')]

_zézMﬁé )217T / dE'G55(E — E')D<(E').  (2.140)

The phonon Green’s functions in the energy domain are given by

1 1
DR(E) = — 2.141
(E) E—FEo+iI' E+ Eo+il’ ( )
or or
D<(E) = —i |(Nyo +1 +N . (2.142
(E) {( ro )(E+ELO)2+F2 YOE = Epo)? +17? (2:142)

where I" is the LO phonon linewidth determined by its anharmonic decay rate

and N is the phonon occupation number

Nio = (2.143)

e T —1
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Chapter 3

Electronic structure calculation of square

based pyramidal quantum dots

3.1 Introduction

A range of theoretical approaches has been used so far to calculate the en-
ergy levels in self-assembled quantum dots - the effective mass [160, 186-188],
k-p [126-129] and the pseudopotential method [117,189]. They are usually im-
plemented in such a way to be able to treat a quantum dot of arbitrary shape.
Different quantum dot shapes (such as pyramid [190], lens [191] and disk [192])
of self-assembled quantum dots are often reported, most of them being highly
symmetric. An idea therefore naturally arises to exploit this symmetry in the

energy level calculations.

In quantum dots with cylindrical symmetry, symmetry considerations have
been applied to effectively reduce the geometry of the problem from three
dimensional to two dimensional, both in the effective mass and the k-p method
(within the axial approximation) [163]. The possible symmetries of the states in
hexagonal ITI-nitride quantum dots have recently been determined [193]. The
symmetry of the pyramid has been used in the effective mass calculation [164]
to reduce the size of the corresponding Hamiltonian matrix, however in none
of the k - p calculations of pyramidal quantum dots has the explicit use of the

symmetry of the Hamiltonian been reported.

Therefore, in this Chapter, a method will be presented that exploits the
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symmetry in the 8-band k - p calculation of the electronic structure of square
based pyramidal quantum dots based on materials with zincblende crystal
symmetry. The method presented is then applied to calculate the electron and
hole states in a periodic array of vertically stacked square based pyramidal
self-assembled InAs/GaAs quantum dots for different values of the period of

the structure and in the presence of an external axial magnetic field.

3.2 The plane wave method

In the presence of an axial magnetic field the total 8-band k - p Hamiltonian
is a sum of the kinetic part of the Hamiltonian Hj (Eq. (2.20)) including the
minimal gauge substitution (see Sec. 2.5.3), the strain part H, (Eq. (2.38)),
and the Zeeman part Hy (Eq. (2.76))

H=H,+H,+ Hy,. (3.1)

The state of the system within the framework of the 8-band k - p method is
given as a sum of slowly varying envelope functions v;(r) multiplied by the

bulk Bloch functions |i) (Eq. (2.19)), i.e.

8

U) =D wi(r)li). (3-2)

i=1
The eigenvalue problem of the 8-band k - p Hamiltonian H can therefore be

written as o
> Hihi(r) = Ei(r). (3.3)
j=1

The plane wave method is based on embedding the quantum dot in a box
of sides L,, L, and L, (Fig. 3.1) and assuming the envelope functions are a

linear combination of plane waves
Yi(r) =Y Ajgexp (ik-7), (3.4)
k

with the coefficients A,y to be determined. The wave vectors taken in a sum-

mation are given by

My My M
=2 2 )
k W(Lx,Ly,Lz), (3.5)
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where m, € {—ng,...,n.}, my € {-ny,...,n,}, m, € {—n,,...,n,}. The
number of plane waves taken is thus NV = 8(2n, + 1)(2n, + 1)(2n, + 1), where
2n; + 1 is the number of plane waves per dimension ¢ (¢t € {x,y, z}). Due to
the symmetry of the pyramid, the embedding box sides L, and L, are taken
to be equal (L, = L), as well as the number of plane waves per dimensions x

and y (n, =ny).

dWL

Figure 3.1: Quantum dot geometry. The width of the base is b, the height
h, the wetting layer width dwr,. The embedding box sides are L,, L, and L..

The center of the pyramid base is taken as the origin of the coordinate system.

After multiplying Eq. (3.3) from the left by (2+)3 [, &*rexp (—iq - r), where
the integration goes over the volume of the embedding box, using (3.4) and

the identity

/ d3’l° exp |:2Z7T (ﬂzwx + szy + ,nzzz):| = Lg;LyLzémz,O(smy,O(smz,m (36)
14 T Y z

one arrives at

Z hz’j<q7 k>Aj,k = EAi,qa (3-7>

gk
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where

1 .
hij(q, k) = v /v d*r exp (—iq - r) H;jexp (ik - 7). (3.8)

The explicit expressions for the Hamiltonian matrix elements are given in Ap-
pendix A.

In order to find the energy levels and the wavefunctions in the quantum
dot, the eigenvalue problem (3.7) should be solved. The direct application of
this approach would lead to an eigenvalue problem of a matrix of size N X
N. However, it is possible to exploit the symmetry of the system to block

diagonalise the corresponding matrix, as will be done in Sec. 3.3.

3.3 The symmetry of the model

The main idea is to transform the plane wave basis in such a way that in a
new, symmetrised basis, the matrix acquires block diagonal form, see Fig. 3.2.
This is mathematically a nontrivial task as the operators of rotation act both
on the envelope functions and Bloch functions. In order to achieve this, one
has first to establish what is the symmetry group of the model. As a second
step, one has to represent operators of the symmetry group. When this is
accomplished, the results of mathematical group theory can be used to adapt

the plane wave basis to symmetry.

Figure 3.2: Hamiltonian matrix in the plane wave basis (left), and in the new

symmetrised basis (right).
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The symmetry group of the quantum dot physical system is the intersec-
tion of the geometrical symmetry of the dot shape and the symmetry of the
zincblende bulk crystal. The symmetry of the model of the quantum dot phys-
ical system therefore depends on the model used to describe the underlying

bulk structure.

The symmetry of a pyramidal InAs/GaAs quantum dot when atomistic
structure is considered which captures the full symmetry of the crystal lattice
(as is done for example in the empirical pseudopotential method) is Cy, and
is lower than the symmetry of the dot’s geometrical shape [189]. On the other
hand, the 8-band k- p model does not capture the full symmetry of the system
and the symmetry group of the InAs/GaAs pyramidal quantum dot model is
the Cy, group. One should note that this is not an inherent limitation of the
envelope function methods, as for example, within the 14-band k - p model,

the symmetry would be Cs,.

Additionally, one has to establish how the strain part of the Hamiltonian
affects the symmetry of the model. When the strain distribution is incorpo-
rated in the 8-band k - p method, the continuum mechanical model preserves
the Cy, symmetry, while the valence force field model, due to its atomistic

nature, breaks it [126,128].

Since in this work, the 8-band k - p method with the strain taken into
account via the continuum mechanical model is used, the symmetry group of
the model is Cy,. The fact that the 8-band k - p model does not capture
the full symmetry of the system is often emphasised as its drawback from the
fundamental point of view [189]. However if the amount of physical information
provided by 8-band k - p model is satisfactory for a particular purpose, as has
been established in Chapter 2, this drawback can be turned into a strength from
the computational point of view, by exploiting the symmetry of the system in
the calculation. In this work, only the Cy symmetry will be exploited since the

presence of an external axial magnetic field reduces the symmetry from CYy, to

Cy.
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3.3.1 Representation of the symmetry group operators

The generator of the rotation group is the total angular momentum F, and
therefore the representations of the elements of the group are given by the
operators D(R(¢)) = exp(—ipF.), where ¢ € {kr/2} (k € {0,1,...,7}) and
R(p) is a rotation by an angle . In order to find how the operators D(R(¢))
act on the states (Eq. (3.2)), it is enough to find how D(R(7/2)) acts on the
states since D(R(kn/2)) = D(R(w/2))*. The total angular momentum F, is a
sum of the total angular momentum of the Bloch function J, and the orbital
angular momentum of the envelope function L, ie F,=J,+1L, [194]. The
action of the operator D(R(7/2)) on state |¥) is composed of a rotation of the
envelope functions in real space generated by its orbital angular momentum L,

and a rotation of the Bloch function generated by its total angular momentum

A

J.
8

D(R(x/2)10) = |exp(=iz L)os(r)| lexp(iZ L] . (39)

i=1

Since the basis of the Bloch states |i) is the eigenbasis of J, it follows that

exp(—iJ.m/2)]i) = exp(—i.J.(i)m/2)i), (3.10)

where J,(i) is the eigenvalue of the z—component of the total angular mo-
mentum of Bloch function |i) (J.(1) = —1/2, J.(2) = 1/2, J.(3) = 1/2,
J.(4) =3/2, J.(5) = —=3/2, J,(6) = —1/2, J,(7) = —1/2, J.(8) = 1/2). Thus
the operator D(R(m/2)) acts on the state |¥) as

D(R(7/2))|¥) = Z% 2) exp(—iJ, (i)7/2)|i). (3.11)

By assuming the envelope functions as a linear combination of a finite
number of plane waves, one has already reduced the otherwise infinite Hilbert
space of the model to the Hilbert space H of dimension N formed by linear
combination of plane waves multiplied by the Bloch functions. The basis of
the space H is given by

|k, i) = exp(ik - 7)|1), (3.12)
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Ly’ Ly’ L.

{-n,,...,n,}and i € {1,2,...,8}.

where k = 27 (M Ty &>, My € {—Ngy ... N}, My € {—Ny,..., Ny}, m, €

Next, one wishes to represent the operator D(R(7/2)) in the plane wave
basis of the space H. For that, one needs to know how D(R(7/2)) acts on the

basis vectors. Using (3.11) and (3.12) one gets

D(R(w/2))|(kz, iy, k2), 8) = exp(—=i.L. (i) /2)|(—ky, ka, ), ). (3.13)

At this point, one can explicitly verify that D(R(7/2)) commutes with the
Hamiltonian of the model, and therefore the assumed group is indeed the
symmetry group of the model. One can note that for (k,,k,) = (0,0) the
action of D(R(m/2)) on the basis vector is just a phase shift and the orbit of
action of the group elements is just a one dimensional space (it will be denoted
as H(0,0,k.),i), while for (k;, k,) # (0,0) the orbit is a four dimensional space
(that will be denoted as H (kg ky k)i Where k, > 0 and k, > 0 to avoid multiple

counting of the same space) with the basis

01) = [(kas Ky, k2),4),

02) = [(=ky, ke, k2),4),

63) = [(=Fk k2)s i),

b4) = |(kys ke, k2). ). (3.14)

In the space Ho,.),; the representation D reduces to a one dimensional rep-

resentation defined by

A~

Do R(m/2)) = exp(—i..(i)/2) (3.15)

while in the space H, i, k.),i it reduces to a four dimensional representation

which is given in the basis from Eq. (3.14) by

D ey a(R(/2)) = exp(—iJ.(i)m/2) (3.16)

o o = O
o = O O
- o O O
o o O
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Since the spaces H, i, k.),i and Hoox,),; are invariant for the representation

D, it is given by an orthogonal sum

D= B Dy @D@Okz (3.17)

K ky ks i

From Eqgs. (3.15) and (3.16) one finds that the characters (defined as the trace

of operators ﬁ) of the representation of the group elements are given by

X (Do a(RUET/2)) =4~ k=4 (3.18)
0 ke{1,2,3,56,7}
and
¥ (Do os(R(ET/2)) ) = exp(—iJ.(i)kr/2). (3.19)
The characters of the irreducible double valued representations of the group

Cy are given by x (Amf(R(k‘W/Q))) = exp(tkmm/2), where
my € {—3/2,—1,-1/2,0,1/2,1,3/2,2}
and k € {0,1,...,7}. One finds from (3.18) that
Dty eyenri = Avja + Acrpp + Agpr + Ao (3.20)
and from (3.19) obviously
Dook.yi = Ag.(i)- (3.21)

Egs. (3.20) and (3.21) were obtained using the formula that the apperance of

the irreducible representation A,,, in the reduction of representation Dis [136]

Z X (Amy (RO /2)) X (Dig i (ROET/2))) . (3:22)
Using (3.20) and (3.21), it follows from (3.17) that
D= NiAyjs + NiA 1o+ NoAgjs + NoA_zp0, (3.23)
where
Ny = 8ny(ny +1)(2n, + 1) + 3(2n, + 1) (3.24)
and

Ny =8ny(ny +1)(2n, + 1)+ 2n, + 1. (3.25)
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3.3.2 The symmetry adapted basis

Projection operators [136] were then used to find the symmetry adapted basis.
These operators have the property that they project an arbitrary state to a

state of given symmetry. They are given by

Pa,, (ks by k) Zx Rk /2)))" Dty oy RET/2)), (3.26)

while

Py, ((0,0,k.),i) = 1. (3.27)

The explicit forms of the projection operators are derived from (3.26) and

(3.16) and in the basis (3.14) are equal to

Py (1) =Pa,,(6) = Pu, (7)=Ps ,(5)=

=Py, ,(4) = Py, ,(2) = PA3/2<3) = Py, ,,(8) = M,
Pa_yy(2) = Pa_,,,(3) = Pa,,(8)=Pa,,(1)=

=Py, ,(6) = P, ,(7)= PA1/2(5)=13A3/2(4)=M2,
Pa_yy(4) = Pa_,,(2) = Pa,,(3)=Pa,,(8) =

= Pu, (1) = Pu,,(6) = Pa,,(7) = P, ,(5) = M;,
P, ,(5)=Pa,,(4) = Pa,(2)=P4,03) =

=Py, ,(8) = Pu,,(1) = Pa,,(6) = Pa,,(7) = My, (3.28)

where (ky, ky, k,) was omitted in all brackets for brevity and where the matrices

My, My, M3 and M, are given by

1 -1 1 -1 1 — -1 2
1] -1 1 -1 1 7 1 - -1
M, =~ M, =1
4 ) 4 )
1 -1 1 -1 -1 2 1 —2
-1 1 -1 1 -1 =1 1 1
1 1 1 1 1 7 —1 —1
111 1 1 1 L —7 1 7 —1
M3 —_ - y M4 - 1 (329)
411111 1 =i 1
1 1 1 1 7 —1 —1 1
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The elements of the symmetry adapted basis are finally given as:

|A1/27(0 O k ) |(O707k ) 1€ {1767 7}

|A1/27 (kwa ky k 2

L([p1) + [b2) + [b3) + b4)) i € {1,6,7}

1
2

0 |b4)) =4

=) 1) i)
=) 1) ) )
Az, (B Ky k2, ) (|b1) — i[b2) — [b3) +i[b4)) i € {2,3,8}
=) ) ) —[64))
2):1) ) )

(
Ay, (ke oy, K L(b1) — [b2) + |03
( )~

|A1/2, k’ k’ k’ , 1

2 (]b1) +4[b2) — [b3) —i|b4)) i =5, (3.30)

1A 1), (0,0, k.), i (0,0, k), i€{2,3,8)

|A 12, (kg by, k), (|b1>+\b2>+yb3 +1b4)) i€ {2,3,8}

1=23

L([p1) — [b2) + [b3) — [b4)

, 2

2):4) 7)

2): 1) ) )

1A 1y, (Kay Ky ko), i) = L (b1 — i[b2) — [b3) +i[bd)) i=4
A1y, (K, Ky, k2, ) )+ [63) —[b4))
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The Hamiltonian matrix elements between basis elements having different
symmetry are equal to zero implying that in this basis the Hamiltonian matrix

is block diagonal with four blocks (Fig. 3.2) of sizes Ny x N1, N1 X N1, Ny x Ny
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and Ny x N,, respectively. The time necessary to diagonalise the matrix of
size N x N scales approximately as N3. Therefore the block diagonalisation
obtained reduces the computational time approximately by a factor of 16. Since
all the basis vectors of the symmetry adapted basis are linear combinations
of one or four vectors of the plane wave basis, it follows that Hamiltonian
matrix elements in the symmetry adapted basis can be expressed as linear
combinations of one, four or sixteen Hamiltonian matrix elements in the plane
wave basis. Therefore all the elements of the four blocks are given by analytical
formulae that can be easily derived from the analytical formulae for the matrix
elements in the plane wave basis given in Appendix A.

It can be proved by considering the two dimensional double valued irre-
ducible representations of the group Cj, [136] that states with the same ab-
solute value of m; are degenerate in pairs (the Kramer’s degeneracy). This
degeneracy is lifted in the presence of external axial magnetic field B when

the symmetry reduces from Cjy, to Cy and the time reversal symmetry relation

B, (B) = E_,,,(—B) holds then.

3.3.3 Piezoelectric effect

It has been pointed out [195,196] that piezoelectric effects in single dots of
realistic sizes are small, changing the eigen-energies of the ground state of the
system by about ~ 1meV, and can be ignored as a first approximation. It
has also been shown that in a vertically stacked double quantum dot the influ-
ence of a piezoelectric field is more important since the piezoelectric potential
generated by the two dots adds up in the regions above and below the dots,
while it is almost cancelled out in the region between the dots. Consequently,
it is expected that in a periodic array of vertically stacked quantum dots con-
sidered in Sec. 3.4 the piezoelectric potential in the region between the dots
would be almost cancelled out and that the influence of piezoelectric effect on
eigen-energies would be small.

Therefore the piezoelectric potential that breaks the symmetry of the sys-
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tem from Cy to Cy can be treated as a perturbation. It belongs to the A,
representation of the C group and therefore only the matrix elements be-
tween the states with Am; = 2 are non zero. Consequently, the piezoelectric
potential doesn’t change the energies in the first order of the perturbation the-
ory and second order perturbation theory is needed to take the piezoelectric

effect into account.

3.3.4 Notation of states

The following notation for the electron states is introduced: ne,,,, where n
is a positive integer labelling the states with given m; in increasing order of
their energy. Since the quantum number m originates from the double valued
irreducible representations of the group Cj whose elements are generated by
the total angular momentum, its physical interpretation is that it represents
the total quasi-angular momentum. The hole states will be labelled by nhy, ,,
with the same meaning of the symbol as for the electron case, except that n
labels the states in decreasing order of their energy, as is natural for holes.

One can verify that after calculating the matrix elements of interaction with
an electromagnetic field in the dipole approximation (2.69) between states with
a well defined symmetry, the following selection rules are obtained: If the light
is z—polarised then Am; = 0, while if the light is o® circularly polarised then
Amy = £1 (where by definition 3/2+ 1 = —3/2 and —3/2 — 1 = 3/2).

3.4 Results

The method presented was applied to the calculation of the electronic structure
of periodic arrays of vertically stacked pyramidal self-assembled quantum dots
(Fig. 3.3). The dimensions of the dots in an array were taken to be equal
to those estimated for the structure reported in Ref. [197] - the base width
b = 18 nm, the height A = 4nm, the wetting layer width dwy, = 1.7 ML, while

the period of the structure in z—direction L, was varied in the interval from
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L. = h + dwi, where the dots lie on top of one another to L, = 16 nm.

The dimensions of the embedding box L, = L, = 2b were taken and
13 plane waves per dimension (n, = n, = n, = 6) were enough to obtain
convergence of the order 1 meV for all the states considered. The calculations
have therefore been performed with n, = n, = n, = 5 which leads to matrices
of size ~ 2600 x 2600 that can be routinely diagonalised on single processor

machines using standard LAPACK [198] routines.

A comment is necessary at this time about the meaning of the choice of
the box size in the calculation. A choice of the box size of the dimensions

L., L,, and L, and the application of the plane wave method implies that

Yy
it is actually the state of three dimensional superlattice with periods L,, L,,
and L, that is modelled. If one wishes to model a single dot, L,, L,, and
L, have to be sufficiently large, and if one wishes to model a one dimensional
quantum dot superlattice, as is the case in this Chapter, L, and L, have to be
large. It is currently known (and has also been confirmed in Sec. 3.4.2) that
carrier wavefunctions decay exponentially away from the dot, and therefore a
box whose sides are approximately twice larger than the dot dimensions is suf-
ficiently large for unstrained structures, as has been demonstrated for example
in Ref. [199]. However, the strain decays more slowly, with a power law, and a
larger box would be necessary for calculations of strained structures. For larger
boxes, it follows that a larger number of plane waves becomes necessary, which
significantly slows down the calculation. On the other hand, self-assembled
quantum dots within one layer are usually not isolated and a dot feels the
strain field from neighbouring dots. Although the dots within a layer are not
arranged in a perfect two dimensional superlattice, the superlattice model still

gives an estimate of the strain field of neighbouring dots.

The material parameters were taken from Ref. [3] and are summarised in
Appendix C. According to Bloch’s theorem, the k—th component of the state

spinor is given by

Uy (r) = exp(iK,2)p(7), (3.34)
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where k € {1,2,...,8} and ¢, (r) is periodic in the z—direction with the period
L,. Therefore, the matrix elements in the four blocks of the Hamiltonian
matrix for calculating F(K,) are given by linear combinations of the elements
obtained by the same formulae from Sec. 3.2 except that k., and ¢, should be
replaced by k, + K, and ¢, + K, respectively. Since the relation E(K,) =
E(—K.) holds, only the states with K, > 0 will be considered. The InAs

unstrained conduction band edge is taken as the energy reference level.

Figure 3.3: Geometry of a periodic array of pyramidal quantum dots. The
width of the pyramid base is b, the height h, the wetting layer width dwr,, the

period of the structure is L.

The small piezoelectric effect was assumed to be negligible in the calcula-
tion. In order to check this assumption it was included in the framework of
second order perturbation theory (Sec. 3.3). Its influence on the state energies

was of the order of 1meV and less, confirming the assumption.
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3.4.1 Quantum mechanical coupling and strain distri-

bution

Two main factors influence the electronic structure of the periodic array of
quantum dots: the strain distribution and quantum mechanical coupling.

The influence of quantum mechanical coupling is intuitively clear - as the
distance between the dots increases the coupling is weaker implying smaller
miniband widths. Due to their large effective mass, heavy-holes are the least
influenced by coupling and the minibands of dominantly heavy-hole like states
are narrow, while the minibands of electron and light-hole states are much
wider.

On the other hand, the strain distribution is complex and in principle all
six components of the strain tensor influence the electronic structure. Still, the
most important are hydrostatic strain e;, = e;; + e9s + €33 that determines the
position of the electron and hole levels and biaxial strain e, = es3 —% (e11 + €92)
whose main influence is on the splitting of the light and heavy-hole states. The
bigger the value of hydrostatic strain, the lower the conduction band states
are in energy and the higher the valence band states are in energy. When
the biaxial strain is negative, the light-holes tend to have higher energy than
heavy-holes, while when it is positive the situation is opposite. Having the
importance of those two components of strain in mind, it has been investi-
gated first how they change when the distance between the dots in an array is
varied. It has been found that as the distance between the dots increases, the
hydrostatic strain in the dots decreases. On the other hand, for small values
of the period, the biaxial strain is negative, while for larger values it changes

sign and increases further.

3.4.2 Energy levels in the conduction band

The dependence of the miniband minima and maxima on the period of the

structure is given in Fig. 3.4. This behaviour is expected. When the dots
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are close, they are strongly coupled and the minibands are wide, while as L,
increases the coupling is weaker and the energy spectrum becomes discrete.
For large values of the period when the miniband width practically vanishes,
one can still see a rising trend in energy. This rise is caused by a still decreasing
value of hydrostatic strain. This leads to the conclusion that the range of strain

effects is larger than the range of quantum mechanical coupling.

0.8

0.7

E [eV]

0.5

L, [nm]

Figure 3.4: The conduction miniband minima and maxima dependence on
the period of the structure L.. The le;/, miniband is represented by squares,

the leis/ and 2e4;/, miniband by circles, the 2e43/, miniband by triangles.

The ground miniband has |ms| = 1/2 symmetry, while the first and second
excited miniband having different symmetries |my| = 1/2 and |my| = 3/2 are
nearly degenerate. Their difference in energy is less than 1meV, too small to
be seen on the graph. A comment should be given about the near degeneracy
of those two states. It has been a practice in the literature to say that these two
states are exactly degenerate in the absence of a piezoelectric effect and that
the piezoelectric effect breaks the degeneracy of these states. This is indeed
true if the carrier energy spectrum in the quantum dot is modelled by a simple

one band Schrodinger equation. The symmetry group is then Cl,, consisting
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of transformations in real space generated by the orbital angular momentum
L, and the first and second excited state transform according to the same
two dimensional irreducible representation of Cy,, implying their degeneracy.
However, when the 8-band k - p model, which is inherently spin-dependent,
is used, the Hamiltonian no longer commutes with the rotations generated by
orbital angular momentum, but the total angular momentum. In the case when
the symmetry of the 8-band k - p Hamiltonian is used, the symmetry group
is the Cy group that has only the one dimensional irreducible representations
and there is no a priori reason for the states with different absolute values of
my to be degenerate.

In order to explain the near degeneracy of the states with different sym-
metry, the 8-band k - p Hamiltonian was further investigated and it has been
checked that it would still commute with the transformations in real space gen-
erated by orbital angular momentum if the valence band spin-orbit splitting
would be set to zero. Since the influence of valence band spin-orbit splitting
on the levels in the conduction band is not substantial, the degeneracy of the
two states is small. This implies that the origin of splitting of the first and
the second excited state is not just the piezoelectric effect but also the valence
band spin-orbit splitting.

All the minibands shown in Fig. 3.4 exhibit minima at K, = 0 and maxima
at K, = /L, for all values of the period L,. For small values of the period L,
there is an energy overlap between different minibands, while the minibands
are completely separated for larger values of L,. There is no crossing between

states of different symmetry.

3.4.3 Energy levels in the valence band

The miniband minima and maxima dependence on the period of the structure
are given in Fig. 3.5 for the three highest minibands in the valence band.
Due to the combined effects of strain, mixing of light and heavy-holes and

quantum mechanical coupling between the dots, the hole minibands exhibit a
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more complex structure than the electron minibands.

'0.42 T T T T T T T T T T T T
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Figure 3.5: The miniband minima and maxima dependence on the period of
the structure L,. The 1h.,/, miniband is represented by squares, the 1hi3/,

miniband by circles and the 2h.3/5 miniband by triangles.

In order to explain such behaviour it should be noted first that the effective
potential felt by carriers depends on K,. One can define the effective potential
as the value obtained by diagonalising the Hamiltonian with k, = k, = 0 and
k, = K,. The z-dependence of electron, light, heavy and split-off hole K, =0
and K, = 7/L, effective potentials at the pyramid axis for a few different
values of L, is shown in Fig. 3.6.

Since the effective mass of the light-holes is small, the light-hole effective
potential is substantially different for K, = 0 and K, = w/L,, while in the
case of heavy-holes that difference is much smaller. As can be seen from Fig.
3.6, as the period of the structure increases, the effective potential felt by
K, = 0 light-holes decreases, while quite oppositely the effective potential felt
by heavy-holes increases. Both of these trends are an expected consequence
of the increase in the value of the biaxial strain. Consequently, in the range

of low values of L, the hole states with K, = 0 are dominantly of the light-
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Figure 3.6: Effective potentials at three different values of the period L, at
K, =0 (full lines) and K, = 7/L, (dashed lines) for electrons (E), light-holes
(LH), heavy-holes (HH) and split-off holes (SO).

hole type, while the states with K, = 7/L, are dominantly heavy-hole like.
The states with K, = n/L, remain of the heavy-hole type across the whole
investigated interval of L, and their energy therefore increases with increasing
L,. The energy of the light-hole K, = 0 states decreases with increasing L.,
and at the same time their heavy-hole content increases. As a consequence of
two different energy trends for K, = 0 and K, = 7/L, the miniband width
decreases for all the states until a certain point where the energy of the K, = 0
state becomes less than the energy of the K, = 7/L, state. This point, where
the inversion of the sign of the miniband effective mass occurs is different for
different states, for the 1h,/, state it occurs around L, = 6.5nm, while for
the 1hiz/; and 2h43/, states it occurs around L, = 5.8nm. The light-hole
content of the K, = 0 states decreases with increasing L, and eventually they
become dominantly heavy-hole like. This light to heavy-hole transition occurs
at L, = 7.5nm for the 1h,,/, state, at L, = 5.5nm for the 1h,3/, state and
L., = 5.0nm for the 2hi3/, state. Since the energy of the light-hole states
decreases with increasing L, and the energy of the heavy-hole states increases,
the position of the light to heavy- hole transition corresponds approximately
to the position of the energy minima of K, = 0 states, as can be verified from

Fig. 3.5. One can further observe that the ground hole state for L, < 6.5nm
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is 1hyy1/o having |my| = 1/2 symmetry, while for L, > 6.5nm it is 1hyg/
having |ms| = 3/2 symmetry. Therefore at the critical point L, = 6.5nm, an
interesting effect of a simultaneous change of ground hole state symmetry, a
change of the sign of the effective mass and a change of the ground state type
from light to heavy-hole like, is observed.

The split-off band certainly influences the exact positions of the energy
levels, however, being far in energy from the light and heavy-hole bands it
doesn’t influence the overall behaviour described in the previous paragraph.
This is verified by the fact that the spin orbit band content of the hole states
is typically of the order of 5%.

As far as the spatial localisation of the wavefunctions is concerned, one
would expect from the effective potential profiles given in Fig. 3.6 that dom-
inantly light-hole states would be confined outside the dots and dominantly
heavy-hole states inside the dots. However, the states are of light-hole type
only when the dots are very close to each other and the effective potential well
is then too narrow to confine the hole. Therefore, the light-hole like states are
spread both inside and outside the dots. When the distance between the dots
increases and light to heavy-hole transitions take place, the hole state becomes

localised inside the dots.

3.4.4 Influence of external axial magnetic field

The magnetic field dependences of the miniband minima and maxima of the
conduction and valence band states for the structure with the period L, = 6 nm
are shown in Figs. 3.7 and 3.8, respectively. As already mentioned, Kramer’s
degeneracy is broken in a magnetic field. The relation E,,,(B) = E_,,(—B)
holds, thus only the B > 0 part of the dependence is shown on the graphs.
The magnetic field splitting between le 3/, and le_s), states, as well as
between 2e_;/, and 2e /o states is significant because the mesoscopic angular
momentum [200] of those states is different from zero. However, the splitting

between the le_; /5 and the le;/, states and between the 2e_ 3/ and the 2e_3/,



3.4 Results 83

is much smaller, too small to be seen on the graph (of the order of few meV).
There is no crossing between states of different symmetry. The lej;/; and
le_1/2 minibands overlap with 2e_;/, and le_3/» minibands for B = 0 but
as the magnetic field is increased this overlap vanishes (for B 2 12T). The
energy separation of the minibands has an important effect on the dynamical
characteristics of the structure since it suppresses all the one particle energy
conserving scattering mechanisms between those minibands (like ionised im-
purity scattering) and with further separation even suppresses the mechanisms
with energy exchange (like acoustic phonon and longitudinal optical phonon

scattering).
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Figure 3.7: Magnetic field dependence of miniband minima and maxima for
16,3/2, 16,1/2, 16+1/2, 16+3/2, 26,3/2, 26,1/2, 2€+1/2 and 26+3/2 states. The

position where different minibands separate is marked.

The splitting between the hole states is also of the order of a few meV,
however since the energy difference between different states is also small, this
splitting is enough to cause crossings between states of different symmetry.
It is further found from Fig. 3.8 that the minibands 1h_3/, and 1h 3/, that

are degenerate at B = 0 become completely separated already at B 2 3T
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and the same effect for 2h_3/» and 2h 3,5 occurs at B 2 23T. Although
the magnetic field splitting is the most pronounced for the 1h_;/; and 1hiy/,
states, the effect of the separation of those minibands occurs at magnetic fields
larger than 30T, which is a consequence of a larger miniband width than in
the previous cases. Apart from separation of the minibands, the magnetic field
can also concatenate otherwise nonoverlapping minibands. It is seen in Fig. 3.8
that 1h, /o and 1h_3/s start to overlap at B ~ 11T and that for B 2 22T the
range of energies of 1h_3z/5 becomes a subset of the range of energies of 1h_

miniband.
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Figure 3.8: Magnetic field dependence of miniband minima and maxima for
1h_g/o (full circles), 1h, 3o (empty circles), 1h_q/ (full squares), 1hq/2 (empty
squares), 2h_s/, (full triangles) and 2e,3/, (empty triangles) states. The posi-

tions where different minibands separate or concatenate are marked.

3.5 Conclusion

In conclusion, a symmetry based method for the calculation of electronic states
in pyramidal InAs/GaAs quantum dots was developed. The corresponding

Hamiltonian matrix obtained by the plane wave method was block diago-
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nalised into four matrices of approximately equal size, which enabled signifi-
cantly faster calculation of energy levels within the plane wave method. The
symmetry considerations not only enabled more efficient calculation of the elec-
tronic structure but also give more insight about the physics of the system by
introducing the quantum number of total quasi-angular momentum and giving
the selection rules for interaction with an electromagnetic field. The method
developed was applied to calculate the electronic structure of a periodic ar-
ray of vertically stacked pyramidal self-assembled quantum dots. It was found
that as the distance between the dots is increased, at a certain critical point
the ground hole state simultaneously changes symmetry from |ms| = 1/2 to
|my| = 3/2 and type from light to heavy-hole. The influence of magnetic field
on the energy levels is in general less pronounced than the influence of quan-
tum mechanical coupling and strain but nevertheless it can be used for fine
tuning of the properties of the structure since its increase or decrease is able
to separate energy overlapping minibands.

The work presented in this Chapter was published in Physical Review
B [201].



Chapter 4

Symmetry based calculation of single-particle

states and intraband absorption in hexagonal

GaN/AIN quantum dots

4.1 Introduction

Wide band-gap IIl-nitride materials attracted significant research attention in
the 1990s which led to the demonstration of commercially attractive emitters
in the blue and ultra-violet spectral range [202]. Further improvements in GaN
based optoelectronic devices [203] have been achieved by using GaN quantum
dots [204-206] in the active region. GaN quantum dots have also been shown
to be promising for the realisation of solid state quantum computing [207,208].
In the last few years, intraband transitions in the telecommunications wave-
length range (1.3-1.55 um) in GaN/AlGaN low dimensional heterostructures
at room temperature have been demonstrated [209-212]. Due to ultrafast
electron dynamics caused by enhanced interaction with longitudinal optical
phonons these transitions can be exploited for realising detectors and optical
modulators operating at high bit-rates. Theoretical proposals also suggest the
possibility of operation of GaN quantum well based unipolar devices in the
Reststrahlenband (~ 34 ym) where I1I-As based unipolar devices cannot oper-
ate [213,214]. Most recently, intersubband luminescence from GaN quantum
wells was observed [215].

Having all these possible applications of GaN heterostructures and particu-
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larly quantum dots in mind, there have been several theoretical studies of their
electronic structure [144,216-221]. The energy levels of GaN/AlGaN hexag-
onal quantum dots taking into account the strain distribution as well as the
internal electric fields generated due to spontaneous and piezoelectric polar-
isation were calculated in Ref. [144] using the plane wave expansion method
within the framework of the k - p model and in Refs. [216] and [217] using the
tight-binding approach. Spherical unstrained GaN quantum dots have also
been studied theoretically [218,219]. However, although the electronic states
in ITT-nitride dots have been symmetry classified in Ref. [193], the hexago-
nal symmetry of the dots hasn’t yet been exploited in the calculation of the
single-particle states. So far, the intraband absorption in IlI-nitride quantum
dots was treated within the simple quantum well approach only [211]. No
theoretical studies of intraband absorption taking into account a fully three
dimensional nature of electron confinement have been reported.

Along this line, the aim of this Chapter is to extend the method developed
in Chapter 3 to exploit the symmetry in the calculation of energy levels of
hexagonally shaped III-nitride quantum dots within the framework of the k- p
method. Furthermore, the symmetry based method developed is applied to

study intraband transitions in these dots theoretically.

4.2 Theoretical framework

The 8-band k - p Hamiltonian for semiconductors with wurtzite crystal struc-
ture [143] can be block diagonalised into two 4-band Hamiltonians for carriers
with opposite values of spin assuming the spin-orbit splitting A,, is zero. The

state of the electron is then of the form
4
W) = " ah(r)|l), (4.1)
=1

where 1;(7) are the slowly varying envelope functions of electron states (I = 1),
heavy-hole states (I = 2 and [ = 3), and light-hole states (I = 4), and |I) the
corresponding Bloch functions given by (2.25). The 4-band Hamiltonian is of
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the form

H=Hy+ H,+V,I,, (4.2)

where Hj, is the kinetic part of the Hamiltonian (Eq. (2.26)), H, is the strain
part (Eq. (2.39)), V, is the potential induced due to spontaneous and piezo-
electric polarisations present in ITI-nitride materials [222] and I, is the 4 x 4

unity matrix.

z R,

2R

Figure 4.1: Schematic view of a truncated hexagonal pyramid quantum dot
with upper base radius R,,, lower base radius R and height A embedded in a
hexagonal prism with radius R; and height H; — top view (left) and side view
(right). The primitive vectors of the corresponding Bravais lattice (a; and as)

and its reciprocal lattice (b; and by) are also shown in the figure.

In the plane wave expansion method, the dot is conventionally embedded in
a rectangular box and the plane waves that form the basis of functions periodic
on a cubic lattice are taken. However, in this work, due to the hexagonal shape
of the dots, it seems more natural to embed the dot in a hexagonal prism and
take the plane waves that form the basis of functions periodic on a hexagonal
lattice in the expansion. Hence, let the dot be embedded in a hexagonal prism

with side length R; and height H;, as shown in Fig. 4.1. The primitive vectors
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of the Bravais lattice corresponding to the hexagonal lattice are given by

3 3
a = R, (gex + aey> ,

a = R, <_\/§ex + §ey> , (4.3)

2 2

as = Htez.

The primitive vectors of the reciprocal lattice b; (j = 1,2, 3) satisfy the con-

dition a; - b; = 27,; and are therefore given by

4 1
b1 = —ﬂ- (ﬁem -+ —ey> ,

3R, 2 2
41 V3 1
bpb = —[—e,+ = , 4.4
> = 3R ( g €t 2ey> (44)
27
b; = —e,.
3 Hte

The envelope functions are then assumed in the form
dir) = Age™T, (4.5)
k
where the summation is performed over k vectors of the form
k= m1b1 + mgbg + m3b3, (46)

where my, mo and mg are integers.

After putting (4.5) into the Hamiltonian eigenvalue problem
4
Z Hiji(r) = Ey(r), (4.7)
j=1
one arrives at the eigenvalue problem of the Hamiltonian matrix
> hij(a, k) A = Edig, (48)
jk

where

1 .
hij(q, k) = v /Vd3r exp (—iq - r) H;jexp (ik - r) (4.9)
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are the Hamiltonian matrix elements (the integration is performed over the
volume of the embedding hexagonal prism V). They can all be expressed as a
linear combination of elements F; as given in Appendix A.

The elements of the Hamiltonian matrix due to the presence of spontaneous

and piezoelectric polarisation are given by [144]

(2m)* e
V(g —k)%se,

hii(q. k) = (q — k) - P(q— k)dy, (4.10)

where ¢, is the static dielectric constant, P(q) is the Fourier transform of
the sum of the spontaneous and piezoelectric polarisation vectors P = PP +
PP*. The spontaneous polarisation vector is given by P*P = P*Pe,, while the
piezoelectric polarisation components are related to strain tensor components
by (2.44). The Fourier transform P(q) can therefore be calculated in a similar
way as the kinetic and strain Hamiltonian matrix elements.

The optical absorption cross section is calculated using (2.68), with the
inhomogeneous broadening due to size inhomogeneity of the quantum dot en-
semble taken into account by replacing the delta function in Fermi’s Golden
rule, with a Gaussian given by (2.67). The matrix element (2.69) can be ex-

pressed in terms of the coefficients in the plane wave expansion

La jk
where
Gii(q, k) = Av/d3rexp (—iq-r) Hlj exp (ik - ) (4.12)

are the Fourier transforms of the perturbation Hamiltonian matrix elements

that can also be calculated analytically.

4.3 Symmetry considerations

The symmetry of the hexagonal quantum dot system when the location of ev-
ery atom is taken into account is Cs, and is lower than the symmetry of the dot
geometrical shape [189,193]. In a similar manner as in the case of pyramidal

quantum dots made of material of zincblende symmetry, the symmetry of the



4.3 Symmetry considerations 91

8-band k - p model applied to a quantum dot is Cg,, being higher than the full
atomistic symmetry. The strain part of the Hamiltonian doesn’t break that
symmetry when the strain distribution is taken into account via the contin-
uum mechanical model [126], as is done here. The spontaneous polarisation is
directed along the z—axis and obviously preserves the symmetry. In contrast
to square based pyramidal InAs/GaAs quantum dots, where piezoelectric ef-
fects reduce the symmetry [201] from Cj, to Cy,, the piezoelectric potential
in the dots considered here is Cg, symmetric and doesn’t affect the symme-
try. Consequently, the symmetry of the model is Cg,. In this work, only the
Cs symmetry will be exploited as the presence of an external axial magnetic
field reduces the symmetry from Cj, to Cg, and although magnetic field effects
will not be considered in this Chapter, the symmetry adapted basis derived is
general enough to be used in such situations as well.

The 4-band Hamiltonian commutes with the rotations around the z-axis
by ¢r = k-27/6 (k € {0,1,...,11}) which are generated by the operator of
z—component of the total angular momentum F,, which is a sum of orbital
angular momentum of the envelope function L, and total angular momentum
of the Bloch function J,. The action of the generator of the double valued

representation of the rotation group
D(R,,) = ¢ = (4.13)
on the basis vectors of Hilbert space
|k, i) = e™*7|q), (4.14)
(where k vectors are given by (4.6) and ¢ € {1,2,3,4}) is given by
D(R,,)|k, i) = * memi-@e1 ) (4.15)

where J,(1) = 1/2, J,(2) = 3/2, J.(3) = —1/2, J,(4) = 1/2 and the k-vector

is rotated by ¢; around the z—axis

kl = Raplk = (m1 — m2)b1 —+ m1b2 —+ mgbg, (416)
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or in the cartesian coordinates

ki +ikl, = €% (ky + iky),

Ko o= k. (4.17)

The orbit of action of the group elements on the basis vectors when
(m1,mg) = (0,0) is a one dimensional space H,0,m,),;- The labelling intro-
duced of the form (my,ms, m3),7 will also be used in the rest of the text to
label the reduction of representation D to the space H(m, mo,ms),i, as well as
to label the group projectors and the elements of the symmetry adapted basis

belonging to this space. In Hg,0,m,),; the representation D reduces to

D(O,O,ms),i<Rs@1) = eiiJZ(i)m' (4'18>
On the other hand, when (mq, my) # (0,0) the orbit is a 6-dimensional space
H(my,ma,ma)si (with 0 < my < my; < ny = ny to avoid multiple counting of the
same space, and |ms| < ng, where ny, ny and n3 are positive integers.) spanned
by the vectors |bl) = |Ry,,k,4) (I € {0,1,...,5}). The operator D(R,,) in this

basis reads

2 —iJ. (i) 0 1
D(ml,mz,ms),i<R<P1> =e W ) (419>
I; 0
where I is the 5 x 5 unity matrix. The characters of the group elements in

this representation are then given by

X(D(mthm?,),i(Rl@l)) = 65l,0 - 65l,6 (4'20>

and

X(ﬁ(ov(),m:a),i(Rlsol)) = ¢ = len, (4.21)

Consequently one finds the reduction of the representation in these spaces to
its irreducible double valued representations A,,, whose characters are given
by X (Am, (Rip,)) = exp(—ilmyser) (where my € {—=5/2,-2,-3/2,...,5/2}
and [ € {0,1,...,11}):

Dio.0.ma)i = As.(o (4.22)
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and

A

D(m17m27M3),i = A—5/2 + A—3/2 + A—1/2 + A1/2 + Ag/z + A5/2. (4.23)

From (4.22) and (4.23), one gets that the reduction of D to the irreducible

representations is given by

D= N_5/9A 52+ N_3/20A_3/5+N_190A 12+ Ni1jpAij2+ N3jaAsjo+ NsjaAs)a,

(4.24)
where Nyjp = 6n3[2 + 2n1(ny + 1)], N_1/2 = N3j5 = 6ng[1 + 2ny(ny + 1)] and
N_3/5 = N5j5 = N_5/5 = 12n3n1(n; + 1). The projection operators [136] are

given by
pAmf((O707m3)vi) =1 (425)
and
11
. 1
PAmf ((mb ma, m3)7 Z) = E ; X (Amf (lel)) D(ml ma,ms3), (le)' (4'26>

After explicit calculation one gets
Py, ((m1,ma,m), i) = M(e'#1(=07ms)), (4.27)

where M (u) is the matrix defined by

w1l ouw ouw? oud out
ut w1l u u? oud

M(u) = . (4.28)
wdout w1 ou u?

|A1/27<O707m3)71> ‘(O 0 m3)71>7
|A3/27(0707m3)72> |(0707m3)72>7
|A—1/27 (0707m3)73> |(O707m3)73>7 (429>

‘A1/27(0707m3)74> ‘(0707m3)74>7
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where —ng < m3 < ns and
15
|AMf7 (mla ma, m3)7 Z) — % Z ell¢l(mf_Jz(l)) |bl>, (430)
1=0

where 0 < my < my < my = ny, —ng < mg < ng, i € {1,2,3,4} and
my € {—5/2,—-3/2,-1/2,1/2,3/2,5/2}.

In this basis, the Hamiltonian matrix is block diagonal with 6 blocks of
approximately equal size (more precisely, the sizes of the blocks are Ny,
N_1/3 = N3/ and N_3/5 = N5/ = N_5,2, see equation (4.24)). Since all the el-
ements of the symmetry adapted basis are linear combinations of the elements
of the plane wave basis, all the elements of the 6 blocks of the Hamiltonian
matrix can be expressed in terms of the elements of the Hamiltonian matrix
in the plane wave basis. The computational time necessary to diagonalise 6
blocks is approximately 36 times smaller than the time necessary within the
straightforward plane wave approach.

Apart from reducing the computational time within the plane wave method,
the method presented introduces the quantum number m; which can be inter-
preted as the total quasi-angular momentum. The selection rules for the inter-
action with electromagnetic radiation in the dipole approximation have then
been derived as: Amy = 0 for z—polarised light and Am; = £1 for in-plane
polarised light (where by the definition 5/2+1 = —5/2 and —5/2 — 1 =5/2).
These rules are very restrictive, and although the quantum dots allow for the
absorption of radiation of any polarisation in contrast to quantum wells, these
transitions are allowed only for certain pairs of states. The same notation for

labelling of states as in Chapter 3 is introduced.

4.4 Results

The method presented was first applied to the calculation of electron and hole
energy levels in an ideally periodic array of hexagonal truncated pyramidal
GaN/AIN quantum dots. In a realistic case the number of quantum dot layers

is finite and therefore the strain distribution and the effective potential are
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not strictly periodic. It is also difficult to achieve identical size of the dots in
all layers. Nevertheless, in a quantum dot superlattice containing several tens
of quantum dot layers one certainly expects that the results obtained within
the periodic model can be used as a very good approximation of the actual
system. The dot radius was taken to be R = 9.0nm, the height h = 3.7nm,
the upper base radius R, = 3.5nm and the diameter of the embedding box
2R; = 30.0nm. The period of the superlattice was varied over the interval
from H; = 4.3nm, when the dots almost lie on top of one another, to H; =
12.3nm. Material parameters in the calculation were taken from Ref. [4] and
are summarised in Appendix C. The unstrained AIN conduction band edge

was taken as the reference level.

The number of plane waves used in the calculation was n; = ny = 12 and
ng = 10. In order to check that this number of plane waves is enough, the
calculation of energy levels has been performed with different number of plane
waves used. Three sets of calculations were done - in the first set both n; = ns
and nz were set to the same value n, which was then varied, in the second
ny = ny were set to 12 and ng to the value n that was varied, and finally ng
was set to 10 and n; = ng were varied. The results of the test are shown in
Fig. 4.2. The energies of the ground state and the excited state to which the
absorption of z—polarised radiation is dominant, are presented in the figure.
As expected, more plane waves are needed to achieve the same level of precision
in the calculation of excited states than in the case of the ground state. One
can see that already for ny = ny = n3 ~ 7 — 8 the errors become of the order
10 meV, which may be a sufficient precision having in mind the large values
of band offset in the investigated material system and the uncertainties in the
values of III-nitride band parameters. The number of plane waves chosen for
the rest of the calculations provides convergence to better than 1 meV for the
ground state in the conduction band and the convergence of the order of 1 meV
for those excited states in the conduction band that are mainly responsible for

the absorption of z—polarised radiation. The number of plane waves necessary
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to obtain a certain degree of precision in GaN/AIN quantum dots is therefore
larger than for the same precision in InAs/GaAs quantum dots. The main
reason for this is the presence of an effective triangular potential well that
localises the electrons near the top of the dot, and the holes near the bottom
of the dot (Fig. 4.6). The wavefunctions are therefore localised in a small area
of space and therefore plane waves with higher wave numbers are necessary to

accurately represent them.

-0.8
-1 —
| —e N=N=N
1.2 «— N =12, n=n
_ L —n=n, n3:10
3 -141
& [ T =
o -1.6
c
Lu |
-1.8f
'2 [ gg N
221 | | | | |
2 4 6 8 10 12

Figure 4.2: The results of the convergence test. Dependence of the energy of
the ground state (1le; /2) and 4e;/, state on the number of plane waves used.

Superlattice period is H; = 8.3nm.

The effective electron potential on the z-axis defined as V., = Hy;(k = 0),
the heavy-hole potential defined as Vj;, = Ha(k = 0), and the light-hole
potential defined as Vj;, = Hyy(k = 0) are shown in Figs. 4.3 and 4.4. One can
see that significant changes in the effective potentials occur when varying the
period of the structure, which therefore influence considerably the electronic
structure of the quantum dot superlattice.

The electron and hole energy levels, when the period is varied in the above

interval, are shown in Fig. 4.5. For each value of my, the first few energy
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Figure 4.3: The effective potential on the z-axis experienced by electrons for

three different values of the period H;.

levels in the conduction band and the highest energy level in the valence band
are shown. A very weak dispersion with the superlattice Bloch wave vector
K, was found and therefore only K, = 0 states are presented. To illustrate
this effect, the wavefunctions of the electron and hole ground states when the
period is equal to H; = 5.3nm are shown in Fig. 4.6. One can see that there is
no overlap between the states of neighbouring periods and hence no electronic
coupling. Therefore, even in the case of dots that almost lie on top each other,
electronic coupling is almost negligible. The origin of such a weak electronic
coupling between dots in a superlattice is the strong internal electric field (see
Figs. 4.3 and 4.4) that creates a deep triangular potential well at the top of
the dot for electrons (and at the bottom of the dot for holes) which prevents
interaction between neighbouring dots. Another effect caused by the electric
field that can be also verified from Fig. 4.6 is the localisation of the electron
states at the top of the dot and hole states at the bottom of the dot, as

previously reported by others [144,223].

The energy levels with m; = —1/2 and m; = 3/2 are degenerate. The
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Figure 4.4: The effective potential on the z-axis experienced by light- (LH)
and heavy-holes (HH) for three different values of the period H,.

same holds for my = —3/2 and m; = 5/2. The origin of these degeneracies is
the fact that the used 4-band Hamiltonian also commutes with the operators
of rotations and reflections in real space, that form the single valued repre-
sentation of the Cy, group. The mentioned degeneracy then stems from two

dimensional irreducible representations of the Cj, group.

One can see from Fig. 4.5 that as the superlattice period increases, the
effective energy gap of the structure decreases, in contrast to the behaviour
observed in InAs/GaAs. Such a behaviour is governed by the changes in the
value of the internal electric field. As the distance between the dots increases,
the field in the dot also becomes larger, the effective electron and hole potential
wells are therefore deeper (Figs. 4.3 and 4.4) and consequently both electron

and hole states are more confined.

The type of hole states is further discussed: When the superlattice period is
small (H; ~ 5nm), the effective potential for light-holes is significantly larger
than for heavy-holes (Fig. 4.4) and despite the smaller light-hole effective mass,

they are more strongly confined and therefore the hole ground state is of light-
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Figure 4.5: The dependence of electron (left axis) and hole (right axis) energy
levels on the superlattice period. For each value of my, the first few energy
levels in the conduction band and the highest energy level in the valence band

are shown.

hole type. However, when the period increases, the difference between the
light and heavy-hole effective potentials becomes smaller, and due to the larger
effective mass, the hole ground state becomes of the heavy-hole type. In the
intermediate region, one finds that the ground hole state is a mixed light- and
heavy-hole state. However, this region is very narrow and although interesting
effects in the optical spectrum due to hole mixing can be expected, it would
be very hard to access this region experimentally. As far as excited hole states
are concerned, due to the above mentioned effects, when the period increases

the heavy-hole character of the states also prevails.

As the ground electron state has my = 1/2 and selection rules for the
absorption of z—polarised radiation only allow the transitions with Am; =
0, it follows that the peak positions in the z—polarised radiation absorption
spectrum will be determined by the positions of the energy levels having my =
1/2 symmetry. The dependence of the positions of the m; = 1/2 energy levels

on the period of the structure is given in Fig. 4.7. One can see that the first
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Figure 4.6: Wavefunction moduli squared in the yz-plane of the electron and

hole ground states when the period is equal to H; = 5.3nm.

three well separated energy levels (labelled as 1, 2 and 3) are followed by three
groups of closely spaced levels (labelled as G1, G2 and G3).

Although the symmetry allows transitions from the ground state to any of
the my = 1/2 states, it turns out that only some of these transitions have sig-
nificant values of matrix elements. The intraband optical absorption spectrum
from the ground state for z—polarised radiation is shown in Fig. 4.8. The stan-
dard deviation o of the Gaussian linewidth on each of the transitions was taken
to be equal to 10% of the transition energy, which is approximately the exper-
imental value in Ref. [211]. The strongest absorption occurs for the transition
from the ground state to the states from the G1 group, as the matrix ele-
ments for these transitions are the largest, Fig. 4.9 (among them the strongest
is the transition to 4e; /2). The absorption maximum at H; = 8.3nm occurs
at 490 meV, and is followed by a weaker line with a maximum at 860 meV
originating from the transitions to the G3 group of states. These results are in
reasonable agreement with the experimental results of Ref. [211], where for the
same value of the period and for dots of similar size the strongest absorption
occurs at 520 meV or 590 meV for two different samples investigated there,

and is followed by two weaker lines at 730 meV and 980 meV or 850 meV and
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Figure 4.7: The dependence of the my = 1/2 electron energy levels on the

period of the structure.

970 meV.

The wavefunctions of the first four states with m; = 1/2 are shown in
Fig. 4.10. The absorption of z—polarised radiation from lej/; is strongest
towards 4e; /5, although both 2e;/, and 3e;/, have excellent spatial overlap
with lej/; as well. In order to explain why the absorption matrix element is
much larger on the lej;; — 4ey/p transition, one may notice that the states
leyj2 —3e1/2 are nearly symmetric with respect to reflections through the plane
normal to the z—axis, denoted in Fig. 4.10 by a dashed line. If that symmetry
was exact, the transitions between those states due to the interaction with
z—polarised radiation would be strictly forbidden, but since it is only approxi-
mate the matrix elements of those transitions have relatively small values. As
seen from Iig. 4.10, the state 4e;  is asymmetric with respect to the mentioned
plane and its spatial overlap with the ground state is still good, therefore the

strongest absorption occurs for the le;; — 4ep/o transition.

The optical cross section for the absorption of z—polarised radiation from

the ground state is shown in the inset of Fig. 4.8. Symmetry imposed selection
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Figure 4.8: Intraband optical absorption spectrum from the ground state for
z—polarised radiation for three different values of the structure period. The

corresponding spectrum for z—polarised radiation is shown in the inset.

rules generally allow transitions to any state having my = —1/2 or my =
3/2, but in reality the spectrum is entirely dominated by the transition from
the ground state (having my = 1/2) to the degenerate pair of first excited
states (having m;=—1/2, 3/2). The wavefunctions of the lei/; and le_1/23/2
states are presented in Fig. 4.11. The spatial overlap is good and there are
no approximate selection rules that would inhibit the transition between these
states as in the previous case. The transitions to higher states contribute much
less to the absorption due to a reduced spatial overlap with the ground state
resulting in smaller matrix elements (Fig. 4.9) and an increased transition
energy. As the dot shape investigated is not cylindrical but hexagonal, the
absorption of in-plane polarised radiation should in principle depend on the
polarisation vector. However, it has been found that the change of absorption
for different directions of the polarisation vector in the xy—plane is less than
1% and therefore the results shown in the inset of Fig. 4.8 are valid for any

direction of in-plane polarised radiation.
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Figure 4.9: Optical absorption matrix elements |M|? vs. energy for different
intraband transitions from the ground state to excited states when the period

is equal H; = 8.3nm.

4.5 Conclusion

In conclusion, a symmetry based method for the calculation of single particle
states in hexagonal GaN/AIN quantum dots within the framework of the k- p
model has been developed. The method has been applied to calculate the elec-
tron and hole states in a quantum dot superlattice. It has been found that
changes in the electronic structure when the period of the structure is varied
are caused by changes in the internal electric field and not by the electronic
coupling, which was found to be negligible. The changes in strain distribution
mainly determine the type of hole states. Furthermore, intraband absorption
in the conduction band was studied. Selection rules for interaction with elec-
tromagnetic radiation were derived and the absorption spectra from the ground
state for different polarisations of incident radiation were calculated. The ab-
sorption spectrum for in-plane polarised light is dominated by the transition
to two degenerate first excited states, while for z—polarised light it is deter-

mined by the absorption to a group of excited states located ~ 500meV above
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Figure 4.10: Wavefunction moduli squared in the yz-plane of the first four
electron states with m; = 1/2 when the period is equal to H; = 8.3nm. The

states leyjo, 2e1/2, 3e1/2 and 4ey/p are shown respectively from left to right.

Figure 4.11: Wavefunction moduli squared in the yz-plane of the le;/o (left)
and le_y/93/5 (right) states.

the ground state having the same symmetry as the ground state. Such a re-
sult is in overall agreement with the available experimental data on intraband
absorption in the conduction band in GaN/AIN quantum dots.

The work presented in this Chapter was published in Journal of Physics:
Condensed Matter [224].



Chapter 5

Proposal of an optically pumped intersublevel

laser

5.1 Introduction

Despite the fact that intraband optical transitions in semiconductor nanos-
tructures are the subject of intensive research due to their applications for
sources and detectors of mid- and far-infrared radiation (see Sec. 1.3.2), the
possibility of having an optically pumped laser based on intersublevel transi-
tions in quantum dots has not been analysed, prior to the work reported here.
In this Chapter, the first theoretical proposal of such a laser based on pyra-
midal InAs/GaAs quantum dots, emitting at A ~ 14.6 um, is presented. A
theoretical model of the laser active region is developed and applied to calcu-
late the pumping flux and temperature dependence of the gain. Furthermore,
appropriate waveguides for both edge and surface emission are designed. In
comparison with similar lasers based on quantum wells, the proposed laser has
the advantage that in-plane polarised emission is possible and a lower pumping

flux is needed due to the longer carrier lifetimes in quantum dots.

5.2 Theoretical model

The developed theoretical model starts from the energy level and wavefunction
calculation, from which the transition rates among different quantum dot states

are obtained. These are subsequently used to form the rate equations, from
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which the populations of the energy levels in steady state conditions are found.
Finally, from the populations obtained, the temperature and flux dependence
of the gain can be calculated.

The energy levels and wavefunctions of the pyramidal InAs/GaAs quantum
dots were calculated using the method described in Chapter 3. In the calcu-
lation of the energy levels, the small piezoelectric potential that reduces the
symmetry from C to Cs was treated within second order perturbation theory.
The dependence of the positions of the first seven energy levels on dot size for
quantum dots considered in this work (whose dimensions are given in Table

5.1) is shown in Fig. 5.1.

Table 5.1: The calculated values of the pump A, and the emission wavelength

Ae, gain gr7 at the temperature of T' = 77K and g300 at T = 300K, at the

2

pumping flux ® = 10**ecm 257! for several different quantum dots. The width

of the quantum dot base is b and the height h.

b [mm] h mm] A, [pm] A [pm]  gr7 [em™'] gsoo [cm™]

14 6 5.7 13.5 513 218
15 7 5.9 14.6 574 243
16 8 6.2 15.5 577 186
17 8.5 6.5 16.5 561 167
18 9 6.8 17.6 S77 211
19 9.5 7.1 18.9 937 202
20 10 7.4 20.1 441 170

The optical absorption cross section was calculated as described in
Secs. 2.5.1 and 4.2. The 20 Gaussian linewidth was taken equal to 12% of

the transition energy, which is a typical value in quantum dot infrared pho-
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Figure 5.1: The dependence of the first seven energy levels on dot size for
quantum dots whose dimensions are given in Table 5.1. The unstrained GaAs
conduction band edge was taken as the reference energy level. The states with
the quantum number my = £1/2 are represented with circles and states with
my = +3/2 with diamonds. Lines are given only as a guide to the eye. The
inset: Quantum dot geometry. The base width is b, the height h, the wetting
layer width dwr,.

todetectors based on bound-to-bound transitions [225,226].

Next, the processes which lead to electron transitions between different
energy levels are examined.

The transition rate between states due to the interaction with LO phonons
is given by (2.117). From Eq. (2.110), the electron — LO phonon coupling
strength is given by

= S (Nio + 5 % )lalk) IS (k)P (5.1)
k

The summation in (5.1) is performed over phonon wave vectors given by (3.5).

With the envelope functions of the final and initial state given by

ZAJ w exp (ik - r), (5.2)
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for such values of the wave vectors the form factor can be simplified from

Frla) = 08 [ dtvali, A el bk vl (53

to
8
Fiplq) =V Y Y AlL Al (5.4)
j=1 k

Some of the calculated LO phonon interaction transition rates for quantum

dots whose dimensions are given in Table 5.1 are shown in Fig. 5.2.
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Figure 5.2: Energy dependence of the calculated LO phonon interaction tran-
sition rates W;; on the transitions: 2 — 1 at T'= 77K (circles) and 7' = 300K
(full circles), 4 — 3 at T'= 77K (squares) and 7" = 300 K (full squares), 7 — 5
at T = 77K (diamonds) and 7" = 300K (full diamonds), 5 — 4 at T = 77K
(triangles) and 7" = 300K (full triangles) for quantum dots whose dimensions
are given in Table 5.1. The inset: Energy dependence of spontaneous radiative

emission rate on the transition 2 — 1.

The weaker electron — LA phonon scattering transition rate was calculated
using Fermi’s Golden rule as described in Sec. 2.7.1. Acoustic phonon scatter-
ing is only significant when the states are closely spaced in energy (< 10meV),
as for example are states 2 and 3 in Fig. 5.3, while for larger energy separations

the interaction with LO phonons is dominant.
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Figure 5.3: The scheme of energy levels of the pyramidal quantum dot. The
base width is b = 15nm, the height A = 7nm, the wetting layer width dy; =
1.7ML. The quantum number of total quasi-angular momentum my as well
as the spin of each state is given. The unstrained GaAs conduction band edge
was taken as the reference energy. The position of the wetting layer continuum

and 3D continuum states is indicated, as well.

The transition rate from initial state ¢ to final state f due to spontaneous
emission of photons is given by Eq. (2.75). The spontaneous radiative emission
transition rates on the transition 2 — 1 for quantum dots whose dimensions
are given in Table 5.1 are shown in the inset of Fig. 5.2. It has been found
that the transition rates in the system due to spontaneous emission are less
than 10 us~! and are thus significantly smaller than the transition rates due to

interaction with phonons, hence they were neglected.

Electron — hole scattering, which is considered to be the dominant mech-
anism in interband quantum dot lasers [11], is not present in this unipolar
device. Since it is assumed that the electrons are excited only to bound states
(this assumption will be justified in Sec. 5.3), the relaxation processes assisted
by the Coulomb interaction between bound and wetting layer carriers [227]

do not exist either. Consequently, electron-electron scattering has no effect
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on rate equations, because in the system with discrete energy levels, due to
energy conservation the transition of an electron from state ¢ to state f must
be compensated by the transition of another electron from state f to state .
The rate equations for the system considered then yield
ddT;i _ Zijj (1 — %nz> — X:I/sznZ (1 — %nj) _
j#i J#

— Z ol (wp) (ni — 1) @, (5.5)

where 0 < n; < 2 is the occupancy of level i including electrons of both spin,
W;; is the total transition rate from state ¢ to state j due to interaction with
phonons, afj (wp) is the optical cross section between states ¢ and j at the pump
wavelength for radiation polarised in the same way as the pump and & is the
optical pump flux. The effect of final state blocking is included via the terms
(1 — %nl) that represent the probability that the final state is empty. It is
assumed that the doping is such that there are n4 electrons per quantum dot
on average, i.e. > . n; = ng.

The rate equations (5.5) have been formulated for the cold cavity limit
when there is no radiation in the cavity corresponding only to subthreshold
conditions, i.e. stimulated emission of radiation is not included. The gain
calculated from such a model is sufficient to determine whether there will be
lasing or not, and the larger its value, the larger the intensity of the emitted
radiation. However, if one wants to calculate the value of the intensity of
emitted radiation, it is necessary to couple this equation with the equations
for the electromagnetic field distribution within the cavity, which was not the
subject of this work.

The dots considered here are in the strong confinement regime where the
electron-electron interaction energy (which is of the order of ~ 10meV per
electron pair [228]) is much smaller than the effective confinement potential
(which is ~ 500 meV). It is therefore expected that the single particle approach
adopted here for the calculation of energy levels and the rate equations model

should be valid when the dots are occupied by a small number of electrons
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(ng ~ 1—3). This conclusion can also be supported by the results in Ref. [229]
where the excitation spectrum of the quantum dot is almost the same in the
range ng ~ 1 — 3. Having all this in mind, a value of ngy = 2 was chosen in
Sec. 5.3 to obtain a large value of gain on the one hand and to be sure of the
validity of the model presented on the other hand.

The gain at the angular frequency w for stimulated emission of radiation

polarised in the direction € is

9e() = 3 o5 ()= )N, (56)

2y}
Ei>EJ‘

where o (w) is the optical cross section for interaction with radiation polarised

in the direction € and N, is the number of quantum dots per unit volume.

5.3 Results

5.3.1 Active region

A quantum dot with a base width b = 15nm, height h = 7nm, and a wetting
layer of width dwy, = 1.7ML, which is a typical representative of the dots
grown in experiments [11,158], was considered first. It was assumed that the
doping density is such that the dots are occupied with ngy = 2 electrons on
average, as already mentioned. The material parameters for the calculation of
the energy levels were taken from Ref. [3], the parameters for the calculation
of transition rates due to interaction with phonons were taken from Ref. [2]
(these are summarised in Appendix C) and the temperature dependence of the
LO phonon lifetime was taken from Ref. [178]. The energy level scheme and
the geometry of the dot considered is presented in Fig. 5.3.

Most optically pumped lasers use three-level or four-level schemes. It will
however be shown that a somewhat more complicated scheme is required to
obtain significant values of population inversion in the quantum dots investi-

gated.
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The standard three-level scheme would include pumping of electrons from
level 1 to level 3, followed by fast depopulation of level 3 to level 2 in order to
obtain a population inversion between levels 2 and 1. However, levels 2 and 3
are close in energy and therefore it is questionable whether selective pumping
from level 1 to level 3 can be achieved in a real ensemble of quantum dots *. One
should further note that electrons from level 1 cannot be pumped to level 4 or 6
due to selection rules for quantum number m; and spin conservation.

Another possible pumping scheme would be to pump from level 1 to level 5.
Electrons from level 5 then relax into levels 2 and 3 either directly or via level 4.
In order to obtain a significant population inversion between levels 2 or 3, and
level 1, the transition rate from level 5 to levels 2 and 3 should be much larger
than the transition rate from levels 2 and 3 to level 1. However, these transition
rates are of the same order of magnitude, the former being just slightly larger,
hence the calculation has shown that only a small population inversion between
levels 2 and 1 of approximately Ang; = ny — ny ~0.2 electrons per dot at T' =
77K is possible. The main mechanism that prevents larger values of population
inversions Ansg; or Ang; is backfilling of level 1 by unavoidable stimulated
emission of photons by electrons from level 5 (at the rate o15®(1 — % )ns).

Therefore, the following scheme which gives the largest values of gain among
all the schemes explored is proposed. The electrons are optically pumped from
level 1 to level 7. The distance between levels 5 and 7 is close to an LO
phonon energy and consequently the transition rate between these two levels
exceeds all other LO phonon interaction transition rates by more than an
order of magnitude, enabling a fast depopulation of level 7. Consequently,
the occupancy of level 7 in steady state is small and thus the undesirable
stimulated emission from level 7 to level 1 is almost completely avoided in this
scheme. The main difference between this and the previous scheme is that

in this scheme there exists a fast depopulation mechanism from the level to

'Nevertheless, such an approach was proposed in a separate theoretical work (supported
by certain experimental results) by other researchers [230], reported after the work presented

here, and is shown to be promising.
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which the electrons are being pumped, which prevents backfilling of level 1 by
stimulated emission of photons. Almost all the electrons from level 7 therefore
go into level 5, which implies that level 6 remains almost unpopulated. The
electrons are further distributed to levels 2—4 and if the pump flux is sufficiently
large, a population inversion between any of the levels 2-5 and level 1 occurs.
As will be shown later, the largest population inversion occurs between levels
2 and 1, as well as between 3 and 1. Since the transition linewidth is of the
same order of magnitude as the energy difference between states 2 and 3, laser
emission is caused by both transitions 2 — 1 and 3 — 1. Due to selection rules
on the transition 1 — 7, the pump needs to be z—polarised, while the emitted
radiation is in-plane polarised, since the selection rules on both transitions
2 — 1 and 3 — 1 allow only such emission. Therefore, a laser based on these

transitions can operate either as an edge emitter or as a surface emitter.

— .1 R | L
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Figure 5.4: Flux dependence of state occupancies n; at a temperature 1" =

77K for the quantum dot shown in Fig. 5.3.

The rate equations were solved under steady state conditions to find the
population inversion and gain. The flux dependence of state occupancies n;

at a temperature 7' = 77K are shown in Fig. 5.4. The population inversion



5.8 Results 114

between level 1 and any of the levels 2-5 appears at ® ~ 2 - 102 cm 2571, All
the curves reach saturation at approximately ® = 10**cm=2s~!. There are
more electrons in levels 2 and 3 than in levels 4 and 5 since the transition rates
from levels 4 and 5 to levels 2 and 3 are larger than the transition rates from
levels 2 and 3 to level 1. This implies that the population inversion is strongest
between levels 2 and 1 and the gain is therefore a maximum at the wavelength
of 14.6 pm, corresponding to the transition between levels 1 and 2. The pump
wavelength is A\, ~ 5.9 um. When the curves reach saturation, there is a pop-
ulation inversion of approximately 0.7 electrons per dot between levels 1 and 2
and 0.3 electrons between levels 1 and 3. Both of them contribute significantly
to the gain for in-plane polarised radiation at A\, ~ 14.6 um, which is calculated
to be g = 574cm™!. The calculation shows that the dependence of the optical
cross section on the direction of polarisation in the xy-plane is weak and the
above value of gain can be considered as the gain for any polarisation direction
of in-plane polarised radiation. It should be mentioned that this is due to the
fact that the wavefunctions in the absence of the piezoelectric effect were used
in the calculation. Polarisation dependence of 1 — 2 and 1 — 3 transitions
in InAs/GaAs quantum dots has been established both experimentally and
theoretically (see for example Refs. [231,232]). The origin of this dependence
is the orientation of the wavefunctions of states 2 and 3 along the diagonals
of the pyramid base, while the wavefunctions used in the calculations are Cy
symmetric. However, in the pumping scheme presented here, both 2 and 3 act
as upper laser levels and one is interested in the properties of total emission
from levels 2 and 3 to 1, when the individual contributions from levels 2 and

3 are added, and their polarisation is averaged.

It was assumed that the distance between quantum dot planes is L, =
50nm and the surface density of dots was N, = 10! cm~2, which implies a
quantum dot density of Ny = N,/L, = 2-10%cm™3. At this point, one can
a posteriori justify the approximation that the continuum states are weakly

occupied. One can see from Fig. 5.4 that among the bound states only the levels
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1-5 are significantly occupied. As the highest among them is 80 meV below the
wetting layer continuum states (see Fig. 5.3), the electrons cannot be thermally
excited to the continuum. The excitation to the continuum due to undesired
absorption of pump photons by electrons from levels 2-5 is also negligible
since the corresponding transition matrix elements between the bound and

continuum states are very small.

In order to emphasise the advantages of a quantum dot intersublevel op-
tically pumped laser over its quantum well counterpart, these results are
compared with the theoretical results for optimised optically pumped quan-
tum well lasers with smooth potential profile [233,234], emitting at a similar
wavelength A ~ 15.5um as the device proposed here. At a pumping flux
of ® = 10**cm~2s7! and a temperature 7" = 77K the gain of the structure
from Ref. [233] is less than 1cm™!, while the gain of the proposed structure
is greater than 500cm™'. An order of magnitude larger flux is required there
to obtain the same gain of ¢ ~ 570cm~!. Finally, the gain vs. flux curve
in Ref. [233] and [234] reaches saturation at ® > 10%cm™?s™!, two orders
of magnitude larger than in this work. In an experimentally realised opti-
cally pumped quantum well intersubband laser [50] the lasing threshold flux
is ® ~ 4-10®cm~2?s~!. On the other hand, the threshold flux predicted in
this paper using the values of losses estimated in Sec. 5.3.2 is of the order

®~5-102cm 3251,

The temperature dependence of the population inversions between any of
the levels 2-5 and level 1 An;; = n; —ny (1 € {2,3,4,5}) at ® = 10** cm?s™!
is given in Fig. 5.5. An increase of Ang; in the low temperature part of the
graph is a consequence of the proximity of levels 2 and 3. The distribution
of electrons between levels 2 and 3 here is in favour of the lower level 2. As
the temperature increases, electrons become more evenly distributed between
levels 2 and 3, thus increasing the population of level 3. When this trend
reaches saturation, the decrease of Ang; with temperature is caused by an

increase in the population of the ground state. Due to an increase in the carrier
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relaxation rates to the ground state with temperature, the pumping flux is no
longer sufficient to entirely depopulate the ground state at higher temperatures.
Therefore, the population inversions Ang; and Ang; responsible for the gain
decrease with temperature, but even at room temperature significant values of

population inversions and gain are achievable.

L | L | L | L L
50 100 150 200 250 300
TIK]
Figure 5.5: Temperature dependence of population inversions An;; = n; —ny
(i € {2,3,4,5}) at the pumping flux ® = 10**cm~2s7! for the quantum dot

shown in Fig. 5.3.

In order to show that the dot analysed is by no means an exception in
view of the possibility of achieving significant values of gain, several other dots
of different sizes have been investigated. The size, as well as the values of
gain, the pump and the emission wavelength of the dots at the pumping flux
® = 10** cm 25! and the temperatures of T = 77K and T = 300K are shown
in Table 5.1. All the dots considered have values of gain larger than 400 cm ™!
at T = 77K, and larger than 150cm™! at room temperature, and are thus
obviously suitable for the active region of the laser in the proposed scheme.

The calculated gain profiles for several different quantum dots with base-
to-height ratio b/h = 2 at T = 77K and ® = 10**cm™2s™! are shown in

Fig. 5.6. In larger dots, the splitting between levels 2 and 3 is larger and the
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depopulation of level 3 to level 2 due to LA phonon scattering is much smaller.
Consequently, the electrons are more evenly distributed between levels 2 and 3,
which results in a wider lineshape with two peaks and smaller values of peak
gain for the larger dots, as shown in Fig. 5.6. This effect explains the decrease
of gain as the dot size increases for larger (b ~ 18 —20nm) dots at 7' = 77K and
consequently a smaller value of gain (see Table 5.1) for the dot with 6 = 20nm

compared with other dots.

600 , w ; T , I ,
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Figure 5.6: The calculated gain profile for several different quantum dots with
base-to-height ratio b/h = 2 at the temperature 7' = 77K and the pumping

flux ® = 10**ecm 2571,

It should also be mentioned that either significantly smaller dots or dots
with significantly larger base to height ratio than those investigated here cannot
accommodate the required number of energy levels, and are not suitable for

the proposed pumping scheme.

5.3.2 Waveguide and cavity design

The next thing to consider is the design of an appropriate waveguide, or of the
resonator cavity, for either edge or surface emission, respectively. Since all the

carriers in the proposed scheme are bound to quantum dots, the free carrier



5.8 Results 118

absorption can be neglected.

The waveguide for an edge emitting device may comprise a 5 pum thick
AlAs cladding layer, a 1pum thick GaAs core layer, 40 periods of quantum
dot layers (total thickness of 2pum) and a 2pum thick GaAs cap layer. For
A = 14.6 um this waveguide supports a single TM mode whose overlap with the
active region is I'ry; = 52% and a single TE mode whose overlap is I'rp = 48%.
These have been calculated using the method described in Ref. [235], where
in the absence of free carrier absorption the equations reduce to a simple one
dimensional Schrodinger equation. Assuming the reflectivity R =~ 0.29 at the
waveguide cleaved facets, the mirror losses for [ ~ 1mm long waveguide are
ay = —1/1-In R~ 13cm™!. The modal gain I'g is thus much larger than the
losses, implying that edge emission from this laser is possible.

With the gain for normally incident light, the quantum dot based structure
enables one to achieve a VCSEL (Vertical Cavity Surface Emitting Laser)
configuration, which would require an appropriate resonator. In view of rather
short lengths of the active medium (thickness of the quantum dot stack), the
resonator must have only small losses. VCSELs operating at visible or near-
infrared wavelengths perform very well and offer numerous advantages over
edge emitters, but none has been fabricated for long wavelengths (13-21 pum),
and this may be a quite challenging task. Here, a couple of possible routes of
their realisation are briefly discussed.

One possibility might be to employ a cavity comprising two Bragg mir-
rors, based on GaAs/AlAs quarter-wavelength multilayer stacks. The mirror

reflectivity is calculated from [236]

_mom (5.7)

C N Y
where n; and ny are the refractive indices of GaAs and AlAs (n; ~ 3.3, ny &~
2.9), and N is the number of bilayers. Assuming the active layer completely fills
the resonator, and satisfies the proper phase condition d = \/(2n1) ~ 2.2 um,
i.e. comprising 44 layers of quantum dots, with interlayer spacing of L, =

50nm, one finds that the gain, even at room temperature, would exceed the
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equivalent mirror losses aipy = —1/d-In R of an N = 30, or even N = 20 Bragg
stack. A practical difficulty with this approach is that the total width of the
semiconductor layers is about 100 pgm, which makes it somewhat impractical
for the whole structure to be grown by the rather slow mathod of MBE (the
growth time might take a few days). A way out might be to employ the much
faster Liquid Phase Epitaxy (LPE) for the lower Bragg stack, polish the surface
to prepare it for quantum dots growth, use MBE next, and finally make the
upper Bragg stack by LPE. While the Bragg mirror performance might not be
affected by the ~0.05 pm layer width tolerance / roughness inherent to LPE
(because the A/4 layer widths here are large), it is not quite clear whether
the growth speed-up, at the expense of increased complexity, would make this
approach practical.

The reasons for the Bragg mirrors being so thick are the large operating
wavelength, and the relatively small contrast between the GaAs and AlAs
refractive indices. While there is no cure for the former, the latter can be
enhanced by wet-oxidation of AlAs layers into Al;O3, the technique used for
Bragg mirrors in the near-infrared [237]. With the smaller refractive index of
Al;O3 one finds that just N =7 or 8 would suffice for lasing. It is not known,
however, what losses Al;O3 formed in this way would present to the 13-21 um

radiation.

5.4 Conclusion

In conclusion, a theoretical model of the active region of an optically pumped
intersublevel quantum dot laser is presented. The population of energy levels,
and consequently the population inversion and gain were extracted from a rate
equations model where both LO and LA phonon interaction were considered.
The waveguide and cavity for edge and surface emission are proposed as well.
The results predict laser emission in the spectral range 13 — 21 ym, depending
on the dots size. The predicted threshold pumping flux, required to obtain

laser action is much smaller than in quantum well based intersubband lasers,
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which is due to the longer carrier lifetimes in quantum dots.
The work presented in this Chapter was published in IEEE Journal of
Quantum Electronics [238].



Chapter 6

Absorption spectrum of quantum dot infrared

photodetectors

6.1 Introduction

Following the experimental success in the field of QDIPs, there have been sev-
eral theoretical studies of intraband absorption in QDIPs aimed at understand-
ing the detection process and assigning the experimental peaks to transitions
between certain states. In these studies, the energy levels and wavefunctions
in quantum dots, and then the absorption spectra, have been calculated us-
ing mostly the 1-band effective mass approach [81,226,239-241], but also the
8-band k - p method [242]. In InAs/GaAs, the most commonly used material
system, the large lattice mismatch induces a strong strain field and the small
energy gap of InAs causes significant band-mixing; effects that the 1-band
method can hardly take into account. The 8-band k - p method is therefore
obviously a more realistic model, however the simpler and faster effective mass
method is almost exclusively used [81,226,239-241], and the question arises
whether it may still perform well enough to be useful for modelling the intra-

band absorption spectrum.

In this Chapter, calculations of the absorption spectrum, obtained by the
two methods, will be presented for several experimentally realised QDIPs. The
aim is not to compare the methods themselves, as it is well known that k - p

performs better in a wider range of relevant energies than the effective mass
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method. The idea is rather to provide a quantitative estimate of how much
can one rely on the quantitative predictions of the widely used effective mass
approach.

In most of the QDIPs reported in the literature, the dots have the shape of a
lens [81], cone [80] or truncated cone [64,243], all belonging to the class of cylin-
drically symmetric dots. Therefore, the symmetry of the dot shape will again
be exploited in the calculation. In contrast to pyramidal quantum dots whose
symmetry group is discrete, the symmetry group of cylindrically symmetric
dots is continuous. It is therefore manifested in a simpler form via separa-
tion of variables and reduction of the problem from three dimensional to two
dimensional, as has been previously demonstrated in the literature [163,186].
The results obtained in the calculation will be compared with experimental
results.

It should be emphasised that the absorption spectrum calculation is not
sufficient to fully understand the photocurrent spectrum. The contribution of
the carrier absorbed from the ground state to an excited state to the photocur-
rent depends on the position of the final state. Clearly, carriers absorbed to
continuum states are more likely to contribute to photocurrent, than the carri-
ers absorbed to bound states, which need additionally to be thermally excited
or to tunnel to continuum states in order to contribute to photocurrent. The
positions of the peaks of the absorption spectrum should match the experimen-
tal photocurrent peaks, however the peak intensities of the two spectra differ.
The model presented in Chapter 8 is able to treat the photocurrent spectrum,

as well.

6.2 Theoretical models of absorption

6.2.1 Parabolic quantum dot model of absorption

The simplest model which is sufficient to qualitatively understand the quan-

tum dot intraband absorption spectrum is the parabolic dot model, where
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the potential is assumed in a separable form V(r) = Vi(z,y) + Va(z), where
Vi(z,y) = 3m*w?(2*+y?) is the potential of a two dimensional harmonic oscil-
lator, and V5(z) is the potential of a quantum well with infinitely high barriers.
The solutions are of the form W(r) = hy, (2)hy, (y)¥n. (2), where h,(t) is the
wavefunction of a one dimensional harmonic oscillator and 1), (z) are solutions
of Schrodinger equation with potential V5(2) (corresponding to energies ¢, ).
The eigenenergies are then of the form E(n,,n,,n,) = hw(n, +n, +1) +¢,,.
The factor hw corresponds to the transition energy from the ground to first
excited state and for modelling realistic quantum dots it should be set to
hw ~ 40 — 70meV. Typical quantum dots are wide in the zy-plane (diameters
of the order of 20 nm and more) and have very small height (of the order of
3 nm) in the z—direction, therefore the effective potential well representing
the z—direction confinement is narrow (see Fig. 6.1, left). In a typical case

therefore e; — ¢ is of the order of at least 100 meV.
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Figure 6.1: Scheme of energy levels and allowed optical transitions in a
parabolic quantum dot model with infinite potential barriers (left) and finite
potential barriers (right). Only the levels with n, +n, < 2 and n, < 2 are

shown.
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The optical absorption matrix elements on the transitions between states
are proportional to the matrix elements of coordinate operators, therefore by
calculating the latter, one obtains the following selection rules on the transi-

tions between states:
e An, ==+1, An, =0, An, = 0, for z—polarised radiation,
o An, = =1, An, =0, An, = 0, for y—polarised radiation,
e An, =0, An, = 0, for z—polarised radiation.

The transitions from the ground state are of primary importance for QDIPs.
From the selection rules obtained, one concludes that only the transition to a
pair of degenerate first excited states is allowed for in-plane polarised radiation,
while in the case of z—polarised radiation, only the transitions to higher excited
states are allowed, as demonstrated in Fig. 6.1. In a more realistic model
where V5(z) is the potential of a well with finite barriers (Fig. 6.1, right),
it may happen that the well can accommodate only one state, and that the
absorption of z—polarised radiation may be allowed to continuum states only.

Although the model presented considers the quantum dot bandstructure in
a very simplified manner, it is excellent for understanding the results of more
realistic models. The strict selection rules from this model are then relaxed
and strictly forbidden transitions become weakly allowed. Nevertheless, qual-

itatively, the absorption spectrum retains the same features as in this model.

6.2.2 Effective mass model of absorption

An improved approach is to use the effective mass method, with a realistic
dot shape. In order to keep the simplicity of the approach and avoid the
calculation of the three dimensional strain distribution in quantum dots, one
is attracted to use the effective mass and band offset parameters that take the
effects of strain into account on average. These parameters should in principle

be different for each quantum dot, however usually a single value for a given
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quantum dot material system is used. This approach has often been followed
in the literature [81,226,239-241].
Within the framework of the effective mass method the Hamiltonian is

given by
A h?

H=k k F3 1
S () +V(r) +le|FZz, (6.1)

where k; (i € {1,2,3}) is the differential operator k; = —ia%i, F = Fe, is the
electric field oriented along the z—direction, m*(r) is the position-dependent
effective mass and V(r) is the position-dependent potential, both assumed
constant within the dot and within the matrix (and within the well in the
case of quantum dots-in-a-well structure). The modified values of the effective
mass in the dot of m* = 0.04mg [160] and the conduction band offset V5 =

450meV [196] are used to take the averaged effect of strain into account.

2R,

Figure 6.2: Schematic view of a quantum dot in an embedding cylinder of

radius R; and height H;. The wetting layer width is dwr,.

The wavefunction expansion method (see Sec. 2.6.1) in a cylindrical basis

was used to find the eigenenergies and the corresponding wavefunctions. The
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mathematical details omitted in Sec. 2.6.1 are given here. The method is based
on embedding the dot in a cylinder of radius R; and height H, (see Fig. 6.2)
and assuming the wavefunction is a linear combination of the expansion basis

functions

U(r) =) Aubp(r, z,0), (6.2)
nl

with the coefficients A,; (n € {1,...,Npaz} and I € {—lnaz - - - lnaz }) to be

determined. The basis functions b, are given by

Ot (7 2,0) = frn (1) 91(2) P (10), (6.3)

where

V2 T (k)

nm\T = 5 )
f ( ) Rt ‘J\m\Jrl(knmRt)
1 27 ],
a(z) = \/Fe ! , (6.4)
t
Do(p) = =,

V2r

where [ and m are integers and n is a positive integer. J,, is a Bessel function
of order m and k,,, R; is its n-th zero. Due to the cylindrical symmetry of the
dots, the Hamiltonian commutes with the z—component of the orbital angular
momentum, whose eigenvalue m is then a good quantum number and therefore
in (6.2) the summation needs to be performed over n and [ only.

After substituting the expansion (6.2) into the Hamiltonian eigenvalue

problem one arrives at an eigenvalue problem of the Hamiltonian matrix

Z Hnml,n/ml/An’l’ = EAnh (65>

n'l
where

Hnml,n’m’l’ = / b:mlﬁbn/m/l/TdT‘ dZ ng (66)
\%

and the integration is performed over the volume of the embedding cylinder.
The one-band Hamiltonian contains only terms of the form of T3, T, and T3
(see Appendix B) and their corresponding Hamiltonian matrix elements can

be evaluated as shown in Appendix B.
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The matrix element for absorption of electromagnetic radiation (Eq. (2.69))

is equal to

=Y AGALGL ), (6.7)

nl n'l’

where the superscripts ¢ and f refer to the initial and final state and the

perturbation Hamiltonian matrix elements
N
G(nl,n'l') = Z/  H by rdrdzde (6.8)
1%

are of the form of Ty (see Appendix B) and can be therefore calculated in a
similar manner. From the last two expressions, the selection rules can easily
be established: Am = 0 for absorption of z—polarised radiation and |Am| =1

for in-plane polarised radiation.

6.2.3 8-band k - p model of absorption

The 8-band k - p Hamiltonian is a sum of the kinetic part of the Hamiltonian
Hy, (Eq. (2.20)), the strain part H, (Eq. (2.38)), and the diagonal term |e|Fz
due to a constant electric field F' directed along the z—axis. The piezoelectric
effect was neglected here, as it has been shown that it is small in cylindrical
quantum dots lacking sharp features [244].

The symmetry of the kinetic part of the 8-band k - p Hamiltonian Hy ap-
plied to cylindrically symmetric quantum dots is equal to the intersection of
the symmetry of the geometrical shape of the dot and the symmetry of the
8-band k - p Hamiltonian applied to the zincblende crystal lattice. Since the
crystal symmetry is lower than cylindrical it turns out that the system consid-
ered is only C4 symmetric. However, the deviations of the Hamiltonian from
the cylindrically symmetric form are only slight and one often employs the ax-
ial approximation [155,163] (where one explicitly takes 7o = 73 = 3 (72 + 73)
in and only in the R-terms in Eq. (2.20)) in which Hj, becomes exactly axi-
ally symmetric. This is highly desirable as such an approximation effectively
reduces the problem from three dimensional to two dimensional and therefore

significantly reduces the computational cost, without influencing the accuracy.
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Such an approximation is therefore used in this work, too. Furthermore, the
strain part H, also slightly deviates from the cylindrically symmetric form and
it would also have to be modified to be able to exploit the cylindrical symme-
try and reduce the computational complexity. A slightly different approach is
used here. The wavefunctions are assumed in the form they would have if the
Hamiltonian was exactly cylindrically symmetric, and therefore its parts that
deviate from symmetry give a zero contribution in the Hamiltonian matrix
elements given by Eq. (6.11).

Since the 8-band model inherently takes into account the spin-orbit interac-
tion, the good quantum number in this case is the quantum number m; (where
my is half integer) of the z—component of the total angular momentum [163]
(rather than just the orbital angular momentum) given as a sum of the orbital
angular momentum of the envelope function and total angular momentum of
the Bloch function. The envelope functions of the quantum state having m

can then be assumed in the form
Yi(r) = Z Aintbum(in (1, 2, ), (6.9)
nl

where m(i) = my — m;(i) and m; (i) is the eigenvalue of the z-component of
the total angular momentum of the Bloch function |i). After inserting the
envelope function expansion of (6.9) into the Hamiltonian eigenvalue problem

one arrives at

Z Hl’nm(i)l,i’n/m(i/)l/Ai/n’l’ = EAinla (61())
Z‘/n/l/
where
Hinml,i’n’m’l’ = / b;mlﬁii’bn’m’l’ T‘dT dZ ng (611)
\%

The 8-band Hamiltonian contains terms of the form 77-T3, (see Appendix B),
whose corresponding Hamiltonian matrix elements are given in Appendix B.
The strain was modelled using the continuum mechanical model and the
strain distribution was found using the finite element method in a manner that
was described in Sec. 2.6.2, where the size of the system of linear equations was

reduced by a factor of approximately 8 by noting that only the displacements
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in, for example, the region 0 < y < x can be considered, as the rest of them
can then be deduced using symmetry properties of the system. A nonuniform
mesh for the finite element calculation was chosen to be more dense in the
region around the dot.
The absorption matrix element is in this case given by
= Z Z AL LG inl, il (6.12)
inl i'n/l’

where the superscripts ¢ and f refer to the initial and final state and the

perturbation Hamiltonian matrix elements
. 27 1 3 !
G(an, 'n'l ) A ” d rbnm(z H bn’m(i’)l’ (613)

are of one of the forms 77, Ty and T5 (see Appendix B) and can be therefore
calculated in a similar manner. After explicit calculation one can straight-
forwardly derive the selection rules: Am; = 0 for z—polarised radiation and

|Am¢| =1 for in-plane polarised radiation.

6.3 Results

The two methods described in Sec. 6.2 have been applied to calculate the
optical absorption matrix elements and the intraband absorption spectra for
quantum dots of several different shapes and sizes reported for experimentally
realised QDIPs. In typical QDIP operating conditions only the ground state
is significantly occupied as the occupation of the excited states would lead to
a much larger dark current. The intraband absorption spectrum is therefore
calculated by adding the contributions from transitions from the ground state
to each of the excited states (bound or continuum). The material parameters in
the calculation were taken from Ref. [3] and are summarised in Appendix C.
The standard deviation of the Gaussian lineshape was taken to be equal to
10% of the transition energy in the case of the transitions to bound states
and 20% in the case of the transitions to continuum states. These are the

typical values observed in the experiments [64,80,81]. In further discussion
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the states obtained within the framework of the 8-band model will be labelled
as nep,,, which represents the n—th electron state having the quantum number
of the z—component of total angular momentum m; (note that for each state
nen,, there is another state ne_,,, with the same energy), and in a similar
manner the state obtained by the effective mass method ne,, represents the
n—th electron state having the quantum number of the z—component of orbital
angular momentum m (note that for each state ne,, there also is an ne_,, state
of the same energy). The dimensions of the embedding cylinder taken in all
calculations are R; = 40nm, H; = 50nm, while the number of basis functions
is determined from 7n,,,;, = 10 and [,,,. = 20. It has been assumed in all

calculations that a 0.5 nm wide wetting layer is present beneath each dot.

Since the choice of the embedding cylinder dimensions is arbitrary one
has to check whether an increase in its dimensions leads to changes in the
calculated spectrum. This is especially important when the transitions to
continuum states dominate the spectral response, as the continuum states are
artificially discretised by embedding the quantum dot in a cylinder of finite size.
Furthermore, it also has to be checked whether the number of basis functions
taken in the calculation is sufficiently large. Such tests were performed by
increasing each of the parameters Ry, Hy, Ny, and 4., while keeping the rest
of them constant. No observable changes in the absorption spectra occurred

during these tests.

It has also been checked that for all structures considered in this Chapter
the changes in absorption spectra with electric field are only slight and therefore
the spectrum obtained at zero bias can be considered as representative of the
spectrum for any value of the field. More specifically, in the range of fields
typically used in QDIPs —50kV/cm < F' < 50kV/cm, the positions of the
absorption peaks change by less than 5% for all the structures considered
(see Fig. 6.3 as an example). Clearly, these peaks cannot be observed in the
responsivity spectra at zero bias, but only when the bias is sufficient that the

absorbed carriers can form a photocurrent.
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Figure 6.3: The intraband optical absorption spectrum for a quantum dot of
conical shape with the diameter D = 25nm and height h = 7nm for the case
of z—polarised radiation. The corresponding spectrum for in-plane polarised
radiation is shown in the inset. The absorption spectrum of z—polarised radi-

ation calculated using the 8-band model at the fields of F' = —50kV /cm and
F =50kV/cm is shown as well.

Firstly, the absorption spectrum obtained by the two methods for a quan-
tum dot of conical shape with the diameter D = 25nm and height h = 7nm, is
presented. The dimensions chosen are those which are approximately reported
for quantum dots in a QDIP structure in Ref. [80] (the structure labelled as
S-GaAs therein) based on the combination of atomic force microscopy and
cross-sectional transmission electron microscopy measurements [80,245]. The
quantum dot is assumed to be of pure InAs as the growth conditions reported
in Ref. [80] are such that intermixing between InAs and GaAs is minimised.
The optical absorption spectrum in the case of z—polarised radiation is shown
in Fig. 6.3. The two peaks in the spectrum originate from the transitions be-

tween bound states ley, — 3eq/2 and lej o — Seq o (k-p model based labelling

of states), i.e. leg — 2¢p and leg — 3eq (effective mass model based labelling
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of states). The states 2e; /2 and 4e; o have opposite values of spin from le;/,
and transitions to them are therefore forbidden due to spin selection rules. The
transitions to continuum states give a much smaller contribution to the spec-
trum. One can see from Fig. 6.3 that the results obtained by the two methods
are qualitatively similar, however there are significant quantitative differences.
The effective mass method gives larger values of transition energies and pre-
dicts stronger absorption. Since both the one and eight band method predict
approximately the same position of the ground state with respect to the GaAs
continuum (305 meV in one band vs. 295 meV in k- p), one can ascribe these
differences to non-parabolicity effects that are not properly taken into account
within the simple effective mass approach. The one band model therefore un-
derestimates the effective mass of the excited states which leads both to larger
intersublevel energies and larger absorption matrix elements. The correspond-
ing absorption spectrum for in-plane polarised incident radiation is presented
in the inset of Fig. 6.3. There is a single peak in the spectrum which is due to
the transition from the ground state lei;/, to a pair of nearly degenerate first
excited states 2ex1/2, lexs/o. As in the case of z—polarised radiation, the peak
position energy obtained by one band model is larger, which can be attributed
to the same cause. The matrix elements of the dominant transition calculated
within the effective mass method are larger. However, the difference between
the transition energies (on the relative scale) is more prominent than in the
case of z—polarised radiation, which therefore leads to only a slightly larger

value of the peak absorption cross section within the effective mass model.

Next, the theoretical results obtained by the two methods are compared
with the experimental results from Ref. [80] (Fig. 7a therein). One should have
in mind that due to uncertainty in the determination of the dot size, as well
as due to possible effects of In segregation and interdiffusion, any comparison
between theoretical and experimental results should be taken with caution.
The experimental intraband photocurrent spectrum exhibits the main peak at

175 meV and a much smaller peak at 115 meV, in excellent agreement with the
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results obtained for z—polarised incident radiation within the 8-band model
where the corresponding peaks occur at 179 meV and 114 meV, respectively.
As already mentioned, the effective mass method gives peak positions at larger

energies, which is only in qualitative agreement with the experimental results.
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Figure 6.4: The intraband optical absorption spectrum for a quantum dot in
the shape of a truncated cone with the diameter of D = 15nm, height h = 7nm
and base angle of a = 60°, with Ing15GaggsAs layers of thickness d = 6nm
positioned both under and above the dot, surrounded by GaAs barriers, in the
case of z—polarised radiation. The corresponding spectrum for the in-plane

polarised radiation is shown in the inset.

The intraband spectrum for the quantum dot in the shape of a truncated
cone with the diameter of D = 15nm, height h = 7nm and base angle of
a = 60° with Ing15Gag.g5As layers of thickness d = 6 nm positioned both under
and above the dot and surrounded by GaAs barriers, is analysed next. The
dimensions were chosen to approximately match the dimensions of the quantum
dots-in-a-well structure studied in Ref. [64] (the structure labelled as F therein).
The optical absorption spectrum for z—polarised radiation is given in Fig. 6.4,

while the inset shows the spectrum for the in-plane polarised radiation. In
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this case, there is a single peak for z—polarised radiation originating from
Ley/a — 3eise (leg — 2eg) transition (2e;/5 has opposite value of spin to leys),
while the same states as in the previous case are responsible for absorption of
in-plane polarised radiation. Similarly to the previous structure considered, the
effective mass approach predicts larger peak absorption energies and stronger
absorption, which may be attributed to the same effect, as the positions of the
ground state with respect to the continuum, calculated by the two methods,
are again almost the same (270 meV in eight band vs. 280 meV in one band
model). The experimental results in Ref. [64] give the peak spectral response
wavelength at 9.5 um (Fig. 2 therein, curve labelled as F), the k - p method
predicts the value of 8.6 pum, while the effective mass method gives 6.5 pm.
The discrepancy between the results obtained by the k - p method and the
experiment is most likely due to the effects of intermixing of InAs and GaAs

during growth at elevated temperatures.
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Figure 6.5: The intraband optical absorption spectrum for quantum dots
in the shape of a lens with the diameter of D = 20nm, height h = 3nm
for z—polarised radiation. The corresponding spectrum for in-plane polarised

radiation is shown in the inset.
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Finally, a lens-shaped quantum dot is studied, with a diameter D = 20nm
and a height h = 3nm. Quantum dots of similar shape and size were reported
in several experiments [60,71,79,81] and this is therefore one of the most typi-
cal shapes of InAs/GaAs self-assembled quantum dots. The intraband optical
absorption spectrum calculated by the two methods is shown in Fig. 6.5. The
effective mass calculation was performed with two different values of the con-
duction band offset Vj = 450meV and V; = 500meV, because the calculated
hydrostatic strain profile suggested that a larger value of V than the con-
ventional one (of 450 meV) should be used. Furthermore, the position of the
ground state with respect to the onset of the GaAs continuum, calculated using
the value V) = 500meV is approximately the same as in the case of the k - p
method (approximately 230 meV), in contrast to the smaller value of 190 meV

when the conventional value of V} is used.

The dominant line in the absorption spectrum for in-plane polarised in-
cident radiation stems again from the transition to a pair of (nearly) degen-
erate excited states. The position of the peak, at 66 meV, calculated within
the k - p framework is within the range of experimentally observed values
55—85 meV [60, 81], while the effective mass method gives somewhat larger
values. On the other hand, the main peak in the spectrum for z—polarised
radiation originates from transitions to resonance states in the continuum. In
this case, the absorption spectrum calculated by the two methods gives almost
the same peak position of 280 meV, when the same value of the conduction
band offset is chosen as in the previous cases. The overestimation of intraband
energies, due to the neglect of non-parabolicity effects, exists in the effective
mass method in this case too, but it is compensated by the underestimation
of the ground state position with respect to the continuum. When a larger
value of the conduction band offset is taken, which puts the ground states
at the same position, the peak calculated within the effective mass method
appears at a larger energy. On the other hand, the experimental results in

Refs. [60,71,79,81] give the peaks in the range 150-300 meV.
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The results obtained suggest that the in-plane polarised radiation causes
non-negligible transitions only between the ground and first excited state, these
being located in the region 40-80 meV in the far-infrared. On the other hand,
z—polarised radiation causes the transition in the ~ 100 — 300 meV region in
the mid-infrared. The best way to understand the origin of such behaviour
is via a simplified model presented in Sec. 6.2.1. Such behaviour can be al-
tered only if the dot dimension in the z—direction becomes comparable to the
in-plane dimensions. These results are in agreement with previous theoreti-
cal calculations that addressed the issue of polarisation dependence of intra-
band absorption [81,226,246]. Recent experimental studies [71,72,81,247,248]
have also identified the mid-infrared response to originate from z-polarised
radiation, although some earlier studies suggested it is nearly polarisation in-
dependent [249]. On the other hand, the mid-infrared response has been ob-
served on many occasions in experiments performed in normal-incidence geom-
etry [59,63,64,69,77-80,250]. This would contradict the results previously men-
tioned if one assumed ideally in-plane polarised radiation in these experiments.
However, several effects (such as off-normal axis experimental missalignment,
light scattering, etc.) can cause a certain degree of z—polarisation in the ra-
diation interacting with the dots, and cause the response in the mid-infrared
(~ 100 — 300meV). For example, the polarisation dependent measurements
reported in Ref. [81] have assigned the mid-infrared response measured in
normal-incidence geometry in Ref. [79] to z—polarised radiation. It has also
been emphasised in Ref. [71] that the mid-infrared response results reported in
the literature in the normal-incidence geometry are indeed due to z—polarised

radiation.

In view of the fact that one of the expected advantages of QDIPs over
QWIPs is the ability to detect radiation of any polarisation, these results are
somewhat discouraging. The absorption of z—polarised radiation causing tran-
sition taking place to some higher excited state (possibly even in the contin-

uum) can certainly be observed in photocurrent spectrum. However, in-plane
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polarised radiation causing transition to well bound first excited state(s) can

hardly cause a strong photocurrent response.

6.4 Conclusion

A simulation of several typical InAs/GaAs QDIP structures reported in the
literature and a systematic comparison of the two methods used to calculate the
intraband absorption has been given. The results obtained by the two methods
are in qualitative agreement — the transition from the ground state to the pair of
first excited states is responsible for absorption of in-plane polarised radiation,
while the absorption of z—polarised radiation is due to the transition to a
higher excited bound state in the case of larger dots and due to the transition
to resonance states in the continuum in the case of small and flat dots. On
the other hand, quantitatively, the effective mass method overestimates both
the transition energies and the optical absorption cross sections. Therefore,
while the simple and fast effective mass method can be quite useful for general
understanding of intraband absorption and assignment of the experimental
peaks to different transitions, the k- p method is more appropriate for a study
aiming to provide quantitative predictions.

The work presented in this Chapter was published in Semiconductor Science

and Technology [251].



Chapter 7

Quantum dots-in-a-well infrared

photodetectors

7.1 The effect of well width

The difficulties in controlling the size and shape of self-assembled quantum
dots make it very hard to engineer these devices and produce a QDIP for a
specified, user-defined detection wavelength. The so called quantum dots-in-
a-well (DWELL) infrared photodetectors [64,77, 78], where an InAs quantum
dot layer is embedded in an Ing15GaggsAs quantum well (see Fig. 7.1), have
a special place among different types of QDIPs. They have been introduced
with the motivation to tailor the operating wavelength by changing the well
width, which would therefore lead to a recipe for producing a QDIP with the
desired spectral response. Such expectations were recently confirmed experi-
mentally [64,78] where tailoring of 2-3 pm in the long wavelength atmospheric
window (8-12 pm) has been achieved by varying the well width by 3-5 nm.

Current thought, based on experimental results, is therefore that it is the
modification of the energy levels and the corresponding wavefunctions, due to
the change of well width, that shifts the spectral response peak. A theoretical
study quantifying this effect would therefore be very useful as it might provide
a recipe for the well width necessary to obtain the desired detection wave-
length. However, it has been pointed out in Ref. [64, 78] that unintentional

changes in dot size may also shift the operating wavelength. Furthermore, one
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Figure 7.1: Scheme of an InAs quantum dot embedded in an Ingi5GaggsAs

quantum well.

cannot exclude the possibility of change in the dot composition due to the ef-
fects of interdiffusion and segregation [252]. Uncertainties in the experimental
determination of the dot size and composition make it very difficult to estab-
lish which of the above effects is dominant - the effect of the intentional change
of well width or the effect of unintentional changes in dot size or composition.
Clearly, it would be highly desirable that the effect of intentional control of well
width prevails. In this section, a theoretical study is performed quantifying the
above effects with the aim of understanding the origin of the experimentally

observed wavelength tailoring in DWELLSs.

The calculation of the optical absorption spectrum was performed within
the framework of the 8-band k - p method as described in Chapter 6. The
inhomogeneity of the quantum dot ensemble was taken into account assuming
a Gaussian lineshape on each of the transitions with a standard deviation
equal to 10% of the transition energy, which is approximately equal to the

experimental values for the dominant transitions in Refs. [64,78].

The optical absorption spectrum was first calculated for a quantum dot of
the shape of a truncated cone with a diameter of 15 nm, height 7 nm, base
angle 60°, and a 6 nm wide Ing 15GagssAs layer positioned above the dot layer,

which are approximately the dimensions of the DWELL structures reported in
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Figure 7.2: Absorption spectrum of a DWELL structure with a quantum dot
of the shape of a truncated cone with a diameter of 15 nm, height 7 nm, base
angle 60°, a 6 nm wide Ing 5Gag g5As layer positioned above the dot layer and
1 nm (full line) or 6 nm (dashed line) wide layer under the dot. The inset:
Effective potential profile along the z-axis and the first three |my| = 1/2 energy

levels for the same structure.

Ref. [64]. The width of the Ing15Gagg5As layer under the dot was varied from
1 nm to 6 nm, as in the experiment [64]. In all calculations a 0.5 nm wide
wetting layer was also assumed. The results of these calculations are shown in
Fig. 7.2. The peak of the spectrum is in both cases positioned around 8.5 pym
with a relative difference between the positions of the two peaks of only 2%,
while in the experiment the spectral response peak wavelength is red-shifted
from 7 pm to 9.5 pum (i.e. by about 30%) when the layer width is increased in
the above interval (Fig. 2 in Ref. [64]). This gives the first indication that the
shift in the operating wavelength cannot be explained in terms of the effect of
the well width. The transition from the ground state (having |m| = 1/2) to
the third |my| = 1/2 state dominates the spectrum. Both states are bound
(270 meV and 125 meV below the continuum respectively), and the influence

of the well width on their positions and separation is very weak. It is generally
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expected that the effect of the well width should be more pronounced when
the level to which the absorption is maximal has its energy within the range of
the quantum well confinement potential (roughly within 15% of the conduction
band offset below the continuum in the case of Ing 15Gag gsAs well). The same
type of calculation was therefore performed for quantum dots of different height
and In composition in the dot, in order to investigate the effect for different
positions of that level. These calculations also allow quantification of the
sensitivity of the peak absorption wavelength on the changes in dot size or

composition.

gL |e-26nm bottom layer
=—a 1 nm bottom layer

Figure 7.3: The operating wavelength of a DWELL structure from Fig. 7.2
for different quantum dot heights, for the case of 1 nm thick bottom layer (full
line) and 6 nm thick bottom layer (dashed line). The right inset: Effective
potential profile along the z-axis, the ground state and the state to which
absorption is maximal when the dot height is ~=3.5 nm. The left inset: The

wavefunctions of the two states in the case of a 1 nm bottom layer.

The change in the detector operating wavelength when the height of the
quantum dot is varied from 3 nm to 9 nm is shown in Fig. 7.3. One can see
that throughout the whole investigated interval of dot heights the change in
the peak absorption wavelength is less than 3% when the bottom layer width
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is changed from 1 nm to 6 nm. For small values of dot height (h < 4nm),
the absorption to the state which is within the range of the quantum well
confinement potential is dominant. Nevertheless, as seen from the right inset
in Fig. 7.3, the influence of the well on the position of this state is weak. When
the bottom layer width is 1 nm the wavefunction of the state is largely confined
to the dot volume, which provides a large overlap with the ground state and
strong absorption. An increase in the bottom layer width induces a change
proportional to the probability that the wavefunction is located in the interval
from 1 to 6 nm beneath the wetting layer, and since this is small (see the left
inset in Fig. 7.3), the change in the state energy is small, too. The change of
well width has a much stronger influence on states that are less confined to
the dot. However, such states have a poor overlap with the ground state and
do not significantly contribute to the absorption. Consequently, the influence

of the well width on the absorption spectrum is weak.

The dependence of the detection wavelength on the In content in the dot
is given in Fig. 7.4. For smaller values of In content in the dot (for example
x = 0.65) the absorption in the case of a 1 nm bottom layer is maximal towards
a resonant state in the continuum (see the right inset in Fig. 7.4), which is less
confined to the dot than the corresponding state when the In content is larger.
The increase in well width then has a larger impact on that state, shifting it
down and correspondingly red-shifting the absorption peak (see the left inset
in Fig. 7.4), and therefore the difference between the operating wavelengths in
the case of a 1 and a 6 nm bottom layer increases as the In molar content in
the dot decreases. However, even in the extreme case of x = 0.5 the relative
difference between the operating wavelengths is just 10%, which is well below

the experimentally observed value of 30%.

From the results obtained, a conclusion can be drawn that tailoring of
the detection wavelength in DWELL structures cannot be explained if one
assumes that the dot remains of the same size and with the same composition.

In fact, the pure effect of well width plays only a minor role in shifting the
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Figure 7.4: Dependence of the operating wavelength A of a DWELL structure
from Fig. 7.2 on In composition in the dot . The absorption spectrum when
the In molar content in the dot is x = 0.65 is given in the left inset, while the
right inset shows the effective potential profile along the z-axis, the ground

state and the state to which the absorption is maximal. The results are given

for the case of 1 nm (full line) and 6 nm thick bottom layer (dashed line).

detection peaks. The observed changes in the operating wavelength can then
be explained only in terms of unintentional modification of the quantum dot
size because of changed growth conditions or composition due to the effects
of interdiffusion or segregation. From Fig. 7.4 one can see that in the range
of In content around x = 1 the changes in wavelength with the composition
are only slight and that only extremely large changes in z, which are highly
unlikely in the experiment, would be sufficient to explain the experimental
shifts. On the other hand, variations in the size of the dot can induce more
pronounced changes in the position of the peak of the spectrum, as is evident
from Fig. 7.3. For example, a slight decrease in the size of the dots from 5 nm
to 4 nm changes the wavelength by 26%, which is the value comparable to
the experimentally observed ones. Bearing in mind that the shifts originating

from the pure effect of well width and the changes in dot composition are



7.2 Intraband Stark effect in DWELL structures 144

significantly smaller, the dot size variations can be safely identified as the
main source of wavelength tailoring. All the calculations reported have also
been performed for a fixed value of bottom layer width, while varying the top
layer from 1 nm to 6 nm. The magnitude of the observed shifts was similar,
indicating that the conclusions drawn are valid in this case too.

In conclusion, theoretical calculations of the absorption spectrum of
DWELL structures have been performed for a range of dot sizes, composi-
tions and the embedding well widths. From these calculations it has been
shown that experimentally observed detection wavelength shifts cannot be ex-
plained as an effect of intentional changing the well width, and that they rather
originate from the unintentional changes in quantum dot dimensions.

The work presented in this section was published in Applied Physics Let-
ters [253].

7.2 Intraband Stark effect in DWELL structures

The effect of pre-growth tailoring of QDIP detection wavelength was investi-
gated in Sec. 7.1. It would be certainly more attractive if one were able to
tune the detection wavelength of a particular structure, by means of external
fields, for example. In principle both static electric and magnetic fields could
be used. However, as shown in Chapter 3, large magnetic fields (of the order
of at least ~10T) are necessary to provide a significant effect on the quantum
dot energy levels, which is an approach which is certainly not attractive from
the commercial point of view. On the other hand, external bias is already
necessary for QDIP operation, and therefore it would be highly advantageous
if the Stark shift created by the electric field could be used at the same time
for control of the operating wavelength.

It has indeed been shown that the spectral response of a QDIP may be
voltage dependent [64,254,255]. However, the voltage controllability of QDIP
response reported in Refs. [64,254,255] stems from the changes in relative re-

sponse of different peaks in the photocurrent spectrum with applied bias. It
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is not a consequence of the Stark effect as individual peaks remain at approx-
imately the same position. The Stark shift on interband transition in QDs
has been reported in Ref. [256]. Relatively large fields of ~300 kV/cm were
necessary to cause a shift of ~10 meV. On the other hand, in QDIP structures
an order of magnitude smaller fields are typically used which makes it difficult

to observe the intraband Stark shift.

As already emphasised in Chapter 6, self-assembled quantum dots typi-
cally have much larger dimensions in the lateral direction than in the growth
direction. As a consequence, mid-infrared intraband absorption transitions
involving higher energy states (which contribute to the photoresponse) are
strongest for radiation polarised in the z—direction. Transitions take place
between the ground state and excited states which arise due to confinement
predominantly in the growth direction. A significant Stark effect for these
transitions is possible if there is a large z-component of the dipole moment,
i.e. if there is a difference of the z-coordinate of the centroids of the two states.
As quantum dot heights are small (a few nanometers), this difference becomes
small as well. In order to increase the difference between the centroids of
the two states, one can displace the excited state by embedding the dot in a
well. In order for this effect to be efficient the excited state should be above
the quantum well confinement potential. This makes dots-in-a-well structures
more suitable for observing the Stark shift than conventional quantum dot
structures. The transition then takes place between the ground state of the
dot, and an excited state which is a mixed quantum dot - quantum well state,

which will for simplicity be called quantum well state.

In this section, the results of the modelling of the DWELL structures where
the intraband Stark effect was observed, will be reported. The structures were
grown and characterised at the University of Sheffield. The DWELL structures
comprised InAs dots placed within an 8 nm Ing15Gag g5 As quantum well, with
1 nm of the well below the dots and 7 nm above. The dots in the structure S;

were obtained by depositing 2.9 monolayers (MLs) of InAs, where in the case
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of Sy 2.2 MLs were deposited. The experimental dependence of the transition
energy on applied bias is given in Fig. 7.5. The absorption does not contribute
significantly to the photocurrent at zero and low (<0.4V) negative or positive
biases because of the low electron escape probability from the quantum well
state. Shifts of 15% energy are measured between +1V and —1V for the
2.9 ML sample.
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Figure 7.5: The transition energy dependence on applied bias: for 2.9 ML
sample — experimental (open squares) and calculated (dashed line), and for

2.2 ML sample — experimental (open circles) and calculated (solid line).

The calculation was performed assuming dots of truncated conical shape
with base diameter D, height if the dot were not truncated H, actual height
h, and indium content in the dot x. In the simulations, these parameters
were varied in the range where the calculated absorption spectrum exhibits a
maximum in the same spectral region as the experimental spectrum: h was
varied in the interval 4-7 nm; x from 0.6 to 0.75, D in the range 15-22 nm,
and H was set to 10 nm. The best fit for the dependence of the transition
energy on bias was obtained when h = 4nm, x = 0.7, D = 17nm, as shown
in Fig. 7.5 (dashed line). In order to verify the importance of the presence

of the embedding well for the observation of the Stark shift, an additional
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calculation was performed for the same structure but without the embedding
well. The calculated Stark shift was only 6% in this case, compared to 15% in

the previous case.

It is known that for the transition between two truly discrete states one
obtains the quadratic dependence of the transition energy on the electric field
(including the terms up to second order of perturbation theory). However, in
this case the transition takes place between a truly discrete bound state and a
quasi-continuum density of states. The maximum of the absorption spectrum is
then determined by complex changes in the density of states and does not follow
a simple quadratic trend, as shown in Fig. 7.5. The continuum density of states
is represented by a discrete set of states which is a consequence of embedding
the dot in a cylinder of finite size. It has been checked that the embedding
cylinder is large enough so that the calculated absorption spectrum and the
position of its maximum have converged. In the calculation which involves
discretised continuum states the position of the maximum is determined by
the interplay of the bias dependences of energies of several states, as well as by

the relative contribution to the absorption spectrum of each of these states.

In Fig. 7.6 the wavefunctions of the ground and the excited state to which
the absorption is maximal when the bias is equal to —0.6V and +0.6V, as
well as the on-axis potential profile with the energies of the states that mostly
contribute to the absorption, are shown. One can see from the wavefunctions
shown in Fig. 7.6 that the ground state wavefunction is weakly influenced by
the electric field, while the influence of the electric field on the wavefunction of
higher energy quasi-bound states which mostly contribute to the absorption is

much stronger.

The 2.2 ML sample exhibits a similar photoresponse as 2.9 ML sample with
the transition occurring at a lower energy due to the shallower confinement
potential and a smaller bias dependent shift of the photoresponse (~11%).
This indicates that Sy has a smaller separation between the centroids of the

quantum dot ground and quantum well state. Detailed information about the
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Figure 7.6: The calculated potential profile along the z-axis (top) and contour
plots of wavefunction moduli of the ground state (bottom) and the state to
which absorption is maximal (middle) in the case of dot dimensions that best

fit the 2.9 ML sample for —0.6V (left) and +0.6V (right).

quantum dot structure would be necessary to introduce a non-uniform indium
profile in the simulation, however an agreement with experimental results can
be obtained using a larger QD height (h = 6nm). The dots are then placed
in the middle part of the well and the asymmetry of the system is smaller.
The best fit to the experimental results (Fig. 7.5, solid line) is obtained when
h =6nm, x = 0.66, D = 17nm. Therefore the most probable explanation for
the observed differences in the photoresponse of the two samples is an increased
In content in the dot for Sy, leading to an increased transition energy and a
decrease of the dot height for 57, leading to an increased Stark shift. Whilst
additional structural investigations would be necessary to unambiguously iden-

tify the origin of the increased Stark shift, the results clearly show that the



7.2 Intraband Stark effect in DWELL structures 149

bias dependent spectral shift of the photoresponse is sensitive to quantum dot
growth parameters and may be controlled by varying the asymmetry of the
DWELL system.

In conclusion, it has been shown that DWELL structures are more
favourable in terms of achieving significant values of Stark shift, in compari-
son to conventional quantum dot structures. It should however be emphasised
that not every DWELL structure is suitable for observing the Stark shift. Nu-
merous DWELL structures used as trial structures in fitting the experimental
results, where the dominant optical transition takes place to a bound state,
showed only a weak Stark shift, being no larger than the Stark shift of the

same structure without the embedding well.



Chapter 8

Transport in quantum dot infrared

photodetectors

8.1 Introduction

The realisations of the variety of different QDIP structures have initiated the
development of several theoretical approaches with different levels of complex-
ity to understand the performance of QDIPs. As the detection is based on the
process of absorption of incident radiation, a significant amount of theoreti-
cal work was focused on calculation of the intraband optical matrix elements
within the one band effective mass approach [81,226,239-241] or the 8-band
k - p method [242,251,253]. Some theoretical efforts have also been made
to model the current under dark or light conditions [76,257-263]. In these
models, the current is deduced from the analysis of the processes of carrier
capture, thermal escape and photoexcitation. However, the rates of these
processes are calculated using parameters that were either taken phenomeno-
logically [257-259], deduced from experiment or obtained by fitting [76]. None
of these models aims to predict the dependence of relevant QDIP output pa-
rameters, such as responsivity or dark current on the choice of material system
used or on the quantum dot size and composition, which it is highly desirable
to know in order to optimise the QDIP characteristics. Recently, the effects of
interdot coupling [264] and Pauli correlations [265] in QDIPs were also stud-
ied theoretically. Deeper understanding of the underlying QDIP physics can
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also be achieved by obtaining information about carrier distribution among
various quantum dot and continuum energy levels, which is hard to access
experimentally.

In this Chapter, a theoretical model of vertical electron transport in quan-
tum dot infrared photodetectors is therefore presented. The model starts from
the energy level and wavefunctions calculation, followed by evaluation of intra-
and inter-period transition rates, from which a system of nonlinear rate equa-
tions is formed. From its steady state solution in dark or light conditions,
the populations of the energy levels and consequently the dark current and
responsivity are calculated. The details of the model are presented in Sec. 8.2,
while the results obtained by its application to one of the reported InAs/GaAs
QDIP structures [80] are given in Sec. 8.3.

8.2 Theoretical model

QDIPs consist of periodically arranged layers of quantum dots (see Fig. 8.1a),
with the period typically equal to L, = 50nm chosen to minimise the dark
current channel via transport between bound states of quantum dots in neigh-
bouring periods. At such a value of the quantum dot period, the quantum dots
are not vertically aligned, and the whole structure is not strictly periodic in the
z—direction. Nevertheless, as a reasonably good approximation, the vertical
arrangement and the periodicity of the structure will be assumed in the model
as shown in Fig. 8.1b. The processes that determine the dark and light current
are the excitation of carriers from the bound quantum dot states to resonant
continuum states mainly localised in the quantum dot region, their subsequent
transport via the continuum states to the next period, and the possible capture
of carriers from the continuum by quantum dots, but not the direct transport
between quantum dot bound states of neighbouring periods. Therefore, it is
not expected that the transport properties of QDIPs are dependent on the
details of the quantum dot arrangement, hence the simplest possible periodic

arrangement is chosen in the model.
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In order to prevent high values of dark current, quantum dots used in
QDIPs are typically either doped at a relatively low level to populate just the
ground state or undoped. It is therefore reasonable to assume a uniform electric
field throughout the structure as the formation of electric field domains [266,

267] is expected to occur only at high doping densities.

y U U D

Figure 8.1: Schematic view of three QDIP periods: a) a realistic structure, b)
the structure used in the modelling. The period of the structure in the growth

direction z is equal to L,.

8.2.1 Modelling the electronic structure

The energy states of a quantum dot superlattice subjected to a uniform elec-
tric field possess the property of shift-invariance. For each state assigned to a
certain period of the superlattice (called the central period in the text), there
is a set of corresponding states obtained by translating the wavefunction in the
growth direction by multiples of the superlattice period. The corresponding
eigenenergies are shifted by multiples of the potential drop due to the electric

field over one period (see Fig. 8.2). Therefore, it is enough to find the energy
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levels assigned to one period only, and the others are then obtained by exploit-
ing the shift-invariance property. The states assigned to the central period are
obtained by solving the Hamiltonian eigenvalue problem in the region of space
containing 2N + 1 periods (central period, N periods to the left and N periods
to the right, see Fig. 8.3) and selecting only the eigenstates whose probability
of finding a carrier in the central period is larger than in any of the other 2NV
periods. In the calculations, a value of N = 2 was taken based on large value
of superlattice period compared to quantum dot size and previous experience

with simulations of QWIPs [268,269].
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Figure 8.2: The effective potential profile along the z-axis for the analysed
structure subjected to an electric field F' = 10kV /cm and the corresponding

energy levels assigned to each of the five periods.

The 8-band strain dependent k- p Hamiltonian is used to model the single-
particle states in the conduction band, as described in Chapter 6. The strain
distribution was modelled using the continuum mechanical model and was
found using the finite element method as described in Sec. 2.6.2. Due to
the periodicity of the structure, periodic boundary conditions in the growth
direction were imposed, therefore the strain tensor components need to be

found in a single period only.
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2R,

Figure 8.3: The region of space in which the Hamiltonian eigenvalue problem
is solved, consisting of 2N + 1 periods (N = 2). The radius of the embedding
cylinder is R; and its length H;. It is assumed that quantum dots have conical

shape with diameter D and height h. The wetting layer width is dwr,.

8.2.2 Carrier interaction with phonons and electromag-

netic radiation

Due to the discrete nature of states in quantum dots, transition rates between
electronic states due to interaction with LO phonons have previously been con-
sidered to be vanishingly small unless the energy levels are separated by the
energy of an LO phonon [91], as already mentioned in Sec. 1.3.2. Furthermore,
LA phonons, due to their small energy, cause transitions only between closely
spaced energy levels. These expectations led to the predictions of extremely
low dark currents and very small capture rates in QDIPs due to inhibited
carrier dynamics. Consequently, QDIPs were expected to have excellent char-
acteristics. However, it is currently thought that the electron — LO phonon
interaction in quantum dots cannot be taken into account within the frame-
work of first order perturbation theory and should be considered in the strong
coupling regime [93,94], when the entangled electron — LO phonon states called
polarons are formed, as discussed in more detail in Sec. 2.7.1. The transition

rate between states caused by polaronic decay is then given by Eq. (2.117).
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The envelope functions of the initial and final state are given as
W) = 3 A (r 7, 9), (8.1)
!
v (r) = Z A bt e (1, 2, 0), (8.2)
/l/
where m(j) = my —m;(j) and m/(j') = m’ —m;(j’) with m; and m’; being
the z-components of the total angular momentum of the initial and final state,
respectively. One of the very convenient features of the wavefunction expansion
method is that the electron — phonon interaction form factor can be evaluated

without the numerically demanding three dimensional integration. Instead,

one finds that it can be expressed in terms of the expansion coefficients as

Z > A A filge, Al fo(mp,mynn g ), (8:3)
J=1 nin'l’
where
1 ei(qz-i-f{—T;Al)Ht/Q e—z(qz—f—Q”AZ)Ht/Z
filas, Al) = — (8.4)
t 7 (qz + 2F’ZAZ)
is an analytic function of its arguments, while
folmp,mip, il g, ) = gz [37 dp [y rdre®mee
xelldzecostaysinQlr £ (1) iy (1), (8.5)

where Al =1"— I, Amy =m, —my, and

G =1\/2 + q5-

The function f5 does not depend on the wavefunctions and can be tabulated
once for all arguments before evaluating the form factors. Finally, since Fj;(q)
depends on the radial and the z-component of the wave vector only (and not
on the p-component), the summation (integration) over q in Eq. (5.1) can be
simplified from three dimensional to two dimensional.

The weaker electron — LA phonon scattering was calculated using Fermi’s
Golden rule (see Sec. 2.7.1). Since Fjf(gs) does not depend on ¢, the two

dimensional integration in Eq. (2.121) can be reduced to one dimensional.
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Other possible types of scattering were not included in the calculation and
the reasons for that are now discussed. As under normal operating conditions,
only the ground state of the QD is significantly populated and the populations
of the wetting layer and the continuum states are small; all the processes
originating from the Coulomb interaction among carriers, being proportional
to the carrier density, can therefore be neglected. These are, for example,
the relaxation of bound states assisted by the Coulomb interaction between
bound and wetting layer carriers [227,270], or Coulomb scattering among the
carriers in the continuum or wetting layer. Coulomb scattering between bound
states is also suppressed as in a system with discrete energy levels it is difficult
to achieve the resonance imposed by the condition of energy conservation, as
already emphasised in Chapter 5. This is also the case for ionised impurity
scattering in the case of structures with a doped active region, although in this
work the structure with an undoped active region was considered. It has been
shown in Chapter 5 that the relaxation rates due to spontaneous emission
of photons are much smaller than the other relaxation rates in the system.
Finally, in a realistic device, a number of defects are present, depending on
the quality of growth. The defects are another potential source of scattering,
and as they are not included in the model, it is expected that the results of
the model should be valid in the limit of high-quality samples with low defect
density.

The interaction with incident electromagnetic radiation was treated in a
standard manner within the dipole approximation and Fermi’s Golden rule. In
a similar manner as the form factors, the absorption matrix elements can be

expressed in terms of the expansion coefficients, as given by Eq. (6.12).

8.2.3 The transport model

The energy levels of a quantum dot superlattice will be denoted as i = (M, P)
representing the P-th level in ascending order of energies among the levels

belonging to the period M. The populations of energy levels and the current
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in the device will be found from the semiclassical (Boltzmann equation) model,
which due to the discreteness of the energy levels reduces to the following
system of rate equations:

j#i J#

— Z crg’j (w)(n; —n;)P, (8.6)

where the same notation as in Chapter 5 is used.

Due to the periodicity of the structure the relations

NPy = TY(L,P),
Warp), .o = Wik p)(L+x,0Q) (8.7)
OM,P)(L,Q) — O(M+K,P)(L+K,Q)

hold [268,269,271]. After exploiting them, the system of equations (8.6) is
reduced and contains only the occupations of levels assigned to a central period.
Furthermore, in the spirit of the nearest neighbours approximation introduced
in Sec. 8.2.1, only the transitions with |M — L| < N are considered. As usual,
the system of rate equations should be supplemented by the condition imposing
the total number of particles in the system. It is therefore assumed that there
are ng electrons per quantum dot on the average, i.e. Y pnup) = ng. In
order to obtain a finite system of equations, one also has to limit the number
of levels per period, i.e. take into account only the states with P < Pp,.«. It has
been checked for each field that the number of states taken in the calculation
was sufficient. Due to the presence of closely spaced discretised continuum
states, the number P, is of the order of several hundred which makes the
computation rather demanding, as a large number of transition rates among
each pair of states has to be calculated.

As the carrier transition rates in QDIPs are much larger than the frequen-
cies of external excitations, one is mainly interested in the steady-state response
(d/dt = 0). Nevertheless, the rate equations are solved by time integration of

the system of equations (8.6), starting from an initial condition that all carriers
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are in the ground state and performing the integration until a steady state is
reached. Such a method is extremely reliable in terms of convergence unlike
the methods for solving a large system of nonlinear equations [272].

After the system of equations (8.6) is solved, the current in steady-state
conditions is found by selecting a certain reference plane normal to the growth
direction and keeping track of the amount of charge that passes through that
plane in a unit of time. Let p; be the probability that the electron in state ¢
is located to the left of the reference plane. The contribution to the current

from the transitions from level ¢ to level f is then given by

Jig = —lel (Wi +0ir®)ni (1= 5) [pi(1 —py) —=ps(L=p)]. (8:8)
The first term in square brackets in Eq. (8.8) accounts for the carriers that
were initially on the left side of the reference plane and pass to the right side,
while the second term considers the carriers that were on the right and pass
to the left and clearly gives the contribution to current of an opposite sign to
the previous one. The total current is calculated by adding the contributions
of the current from all the transitions considered.
The probability of finding an electron whose wavefunction is given by

Eq. (8.1) in a region of space a < z < b

8
_ 3 N2
p— / e (8.9)

can also be expressed in terms of the expansion coefficients as

b
p= 33 A [ e o), (5.10)

nll’ i

where the last integral is evaluated analytically. This expression is used both
for the current calculation according to Eq. (8.8) and assigning a certain period

to the state as described in Sec. 8.2.1.

8.3 Results

The model presented in Sec. 8.2 has been applied to the simulation of the
InAs/GaAs QDIP structure reported in Ref. [80] (the structure labelled as S-
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GaAs therein). The quantum dots are assumed to be of conical shape with
the diameter D = 25nm and height h = 7Tnm. A combination of atomic force
microscopy and cross-sectional transmission electron microscopy measurements
reported in Refs. [80] and [245] has shown that such shape and dimensions are
a very good approximation for the dots in the QDIP structure considered. A
wetting layer with the width of dwy, = 0.5nm is considered as well. The same
set of material parameters for the InAs/GaAs material system as in previous
chapters was taken.

The calculated energy levels, as well as the effective potential profile on the
z-axis for the structure analysed subjected to an electric field ' = 10kV/cm
are shown in Fig. 8.2. Due to the relatively large size of the dots, there is
a significant number of bound energy levels. The ground state is strongly
bound and positioned 300 meV below the continuum in agreement with the
experimental results obtained from photoluminescence and photoluminescence
excitation studies [80]. The ground state has the z—component of total angular
momentum |my| = 1/2, while the other bound states have |m| < 9/2 and are
shown in Fig. 8.4. The calculations have shown that the change in the energy
level structure of the bound states with electric field is small and therefore
the structure shown in Figs. 8.2 and 8.4 can be considered to be a typical
representation of the position of energy levels for any field. It can be seen
that the states are grouped into five groups according to their energies with
energy gaps in between. While the model presented in Sec. 8.2 treats all the
states on equal footing regardless of whether such grouping occurs or not, the
groups will be labelled with G;—-G5 and will be used in the discussion to build

an intuitive picture of the microscopic processes in the device.

8.3.1 The dark conditions

The calculated dark current density—electric field characteristics at three dif-
ferent temperatures are given in Fig. 8.5. For comparison with experimen-

tal results where current voltage characteristics are reported, a mesa area of
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Figure 8.4: Quantum dot energy levels and the quantum number of the

z—component of their total angular momentum at F' = 10kV /cm. According

to their energy the states are grouped in five groups G1-Gs.

A =5x10"*cm? in accordance with the reported mesa diameter of 250 pm is
assumed, and a uniform electric field distributed along the 340 nm long struc-
ture is taken. A realistic quantum dot density of 6 x 10 cm ™2 is taken and it
is assumed that there are ngy = 1 electrons per dot on average, which is a typi-
cal quantum dot occupation number in the case when relatively small voltages
are applied in n*-i-n" structures [228]. The comparison with the experiment
should be taken with caution as the reported QDIP structure consists of 5 pe-
riods only and it is possible that the effects of contacts, not taken into account
in this model of a periodic structure, might become important in such cases.
Nevertheless, one certainly expects the same trends and at least the same or-
der of magnitude of dark current. The inset in Fig. 8.5 shows that an overall
good agreement between the theoretical and experimentally measured results
at T'= 77K is found, especially bearing in mind that the current changes by
seven orders of magnitude in the range of electric fields investigated. It can also
be seen that the expected exponential increase of current with field, followed

by its saturation is obtained, as well as an increase of current with temper-
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ature. The microscopic origin of these expected results will be presented in

what follows.

,F [e-®T=50K
10 |mmT=77K
£ |44 T=100K
10°F
o
— 10°F —
§ ’
< 10°F
=
10
lo_si L L L
E 10 20 30
10-10 E | | F [kV/cm]
0 10 20 30 40

F[kV/cm]

Figure 8.5: Calculated dependence of the dark current density on the electric
field at the temperatures 7" = 50K (circles), 7' = 77K (squares) and 7' = 100 K
(triangles). The inset gives a comparison of the experimental dark current

results at 7' = 77K (line) and calculated values (points).

The carrier distribution among various energy levels at T' = 77 K is shown
in Fig. 8.6. At small values of the electric field the carriers appear to be
thermalised and the distribution resembles the equilibrium one. Most of the
carriers are then in the ground state. At medium fields the majority of carriers
still remain in the ground state, however the nonequilibrium distribution be-
comes clearly evident with some of the continuum states being more populated
than certain bound states. Finally, large values of the electric field significantly
increase the population in the continuum and at the same time the occupancy
of the ground state falls. The effect of temperature (at a fixed electric field)
on the carrier population is similar to the effect of electric field — larger tem-
peratures promote more carriers to the continuum and eventually deplete the
ground state.

In order to identify the main carrier transport channels causing the presence
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Figure 8.6: Occupancies of energy levels at three different values of electric

field at a temperature of T' = 77 K.

of carriers in the continuum and consequently the dark current in the device,
the transition rates between different quantum dot states are analysed. The
main transition mechanism is due to interaction with LO phonons, while the
interaction with LA phonons that carry only a small amount of energy (<
5meV) mainly causes the redistribution of carriers within the same group of
states, but cannot cause transitions between states from different groups. In
order to participate in the current, the carriers must eventually be excited to
the continuum (group Gs, see Fig. 8.4) states. The carriers are naturally in
the ground (G group) state and only the excitations such as temperature and
higher electric fields can populate higher states.

At low values of electric field, the main carrier route to the continuum
is via a sequence of transitions G; — G5, Gy — G35, G3 — G4 and finally
G4 — G5. The transitions between non-adjacent groups of bound states, (such
as Gy — Gz, G1 — G4 or Go — Gy), as well as direct excitations to G
states are much less probable due to the larger energy difference (and hence
the smaller transition rates) between the levels. When the electric field is

increased, the continuum states from the left neighbouring periods (Fig. 8.2)
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start to penetrate the quantum dots of the central period. As the field increases
the energy of these states decreases and the overlap with the bound states of
the central period increases, providing additional channels for carrier excitation
to the continuum states. This firstly affects the transition rate from G4 to Gf,
as shown in Fig. 8.7, which increases since the carriers can now be excited
not only to the continuum states assigned to the central period, but also to
the continuum states of the neighbouring periods with smaller energy distance
from G4 and the overlap which is still sufficient to increase the transition
rates. As the electric field is further increased, additional paths of direct carrier
excitation to the continuum, such as G5 to G5, and at larger fields even G5 to
G, are opened and the dark current is therefore significantly increased.

The influence of temperature on the carrier excitation into the continuum
is more transparent. The transition rates to higher states in all the paths
mentioned, being proportional to the number of LO phonons, increase with
temperature (as seen for example from Fig. 8.7) and therefore the number of

carriers excited to the continuum and the dark current increase.

8.3.2 The light conditions

The results of the simulation of the mid-infrared (100-250 meV) optical re-
sponse of the structure investigated, are now presented. Under normal QDIP
operating conditions the carriers are mostly in the ground state, and the main
origin of the optical response is the absorption of carriers from the ground
state.

The calculation shows that significant absorption of the in-plane polarised
radiation from the ground state may occur only on transitions to G5 states and
is located in the far-infrared region. The carriers excited to G states in such
a manner have a low probability of escaping to the continuum and forming
a photocurrent and the structure considered has therefore a poor response to
in-plane polarised radiation. Consequently, the transitions in the mid-infrared

region may only be due to z—polarised radiation and from here the transitions
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Figure 8.7: The dependence of the average carrier transition rates from the
states in groups Gy to G4 to the continuum (group G5) on the electric field
at the temperatures 7' = 50K (circles), T' = 77K (squares) and 7' = 100K

(triangles).

due to this polarisation are addressed.

The energy dependence of the optical matrix elements for the absorption of
z-polarised radiation from the ground state at an electric field of F' = 10kV /cm
is shown in Fig. 8.8. It can be also considered as the representative graph for
any value of the electric field, as the dominant bound to bound transition
matrix elements are weakly influenced by the operating bias. The carriers
from the ground state are mainly absorbed to the state of the same symmetry
from the G4 group and to a smaller extent to the state from the G5 group.

The QDIP responsivity at the angular frequency of incident radiation w is

defined as

J(®) — J(® = 0)

R(w) = ho®

(8.11)

In the simulation, the standard deviation of the Gaussian linewidth due to size
inhomogeneity of the quantum dot ensemble was taken to be equal to 10% of

the transition energy, which is approximately the experimental value of the
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Figure 8.8: The energy dependence of the optical matrix elements for ab-

sorption of z-polarised radiation from the ground state at an electric field of

F =10kV/cm.

dominant transition in Ref. [80]. The spectral responsivity curves at several
different values of the electric field and a temperature of T' = 77 K are presented
in Fig. 8.9. All of them exhibit a main peak around 180 meV originating from
the absorption from the ground state to the state from the G4 group, while at
higher values of the electric field another peak at an energy around 115 meV
occurs, due to a transition to the state from the G3 group. The positions of the
peaks are in agreement with experiment [80] where the strong peak at 175 meV
is accompanied by the weaker one at 115 meV. The peak responsivity mainly
increases with electric field as one might expect, but at large values of the
electric field it starts to drop. These features can be understood as follows. The
carriers that are absorbed from the ground to a state from the G4 group need
to be promoted to the continuum to cause photocurrent. The transition rate
from G4 to the continuum states increases with field, as already explained in
Sec. 8.3.1 and shown in Fig. 8.7, causing the photocurrent to increase. However
at larger values of electric field the population of the ground state falls (see

Fig. 8.6), therefore there are less carriers that can be absorbed, causing the
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photocurrent to decrease, see Fig. 8.9. The smaller peak due to absorption to
the G5 state is not present at low fields due to the small probability of further
promotion of carriers from the G5 states to the continuum. At larger fields,
when the transition path G3 — G5 is activated (Fig. 8.7), this peak starts to

appear.
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Figure 8.9: The dependence of responsivity on the energy of photons of
incident radiation at a temperature of 7' = 77K and an electric field of
F = 75kV/cm (full line), F' = 10kV/cm (dashed line), F' = 15kV/cm
(dashed-dotted line), and F' = 25kV /cm (dotted line).

The spectral responsivity curves for different temperatures at two values
of the electric field are given in Fig. 8.10. The influence of temperature on
the responsivity can be understood in a similar manner as the influence of
electric field. At smaller values of electric field, the responsivity increases with
temperature, as the carriers absorbed to the state from (G, group are more
likely to be promoted to the continuum at higher temperatures. On the other
hand, at larger values of the electric field when the ground state starts to be
depleted, higher temperature additionally reduces the number of carriers in
the ground state, causing less carriers to be absorbed from the ground state

and consequently a smaller photocurrent.
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Figure 8.10: The dependence of responsivity on the energy of photons of
incident radiation at the temperatures 7' = 50K (full line), 7' = 77K (dashed
line) and 7" = 100K (dashed-dotted line) and the values of electric field of
F =10kV/cm (left) and F' = 25kV /cm (right).

It is more difficult to give a fair comparison of the theoretical and experi-
mental responsivity results than in the case of the dark current. In the model,
an ideally z—polarised excitation, performing a single pass through the QDIP
active region, is considered. The experiment reported in Ref. [80] was per-
formed in normal incidence geometry, when the incident radiation is certainly
not ideally z—polarised, as already discussed, and a quantitative comparison
of the actual value of the responsivity would require a more detailed analysis
of the coupling of the optical field with the active region of the QDIP struc-
ture. It can still be said that the results for the responsivity of the order of
R ~ 1A/W are consistent with the experimental results. Since only a part of
the radiation interacting with the dots is z—polarised, one certainly expects
that the simulated responsivity would overestimate the experimental one. In-
deed, from the photocurrent spectra and the optical excitation power reported
in Ref. [80], one may estimate the experimental responsivity to be of the order

R~ (0.1—-1) A/W for different values of voltage. Furthermore, the simulation
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also predicts a fall of responsivity at higher voltages, as observed in the exper-
iment. The temperature of T' = 77K was identified in the experiment as the
optimal temperature in terms of the maximisation of the responsivity. In the
simulation the responsivity at low voltages increases with temperature, and
at high voltages decreases with temperature, one should therefore expect that
there is an intermediate region where it exhibits a nonmonotonic behaviour.
However, for none of the values of the electric field used in the simulation was
such a behaviour observed, implying that the simulation probably predicts a
steeper transition between the two regimes than in reality.

A further insight into the origin of the photocurrent can be obtained by
analysing the distribution of the photoexcited carriers. The difference between
the state occupancies under light and dark conditions for three values of the
electric field at T = 77K is given in Fig. 8.11. At a field of F' = 5kV /cm,
most of the carriers photoexcited to (G4 states relax back to the lower states,
rather than escaping into the continuum. The carriers absorbed from the
ground state are then distributed among Gy—G, states. At a higher field of
F = 15kV /cm, the carriers photoexcited to G4 have a significant probability
to make a transition to the continuum states. Most of the carriers absorbed
from the ground state are therefore distributed among continuum levels, as
can be seen from Fig. 8.11. The same also holds for the field of F' = 30kV /cm,
but due to a drop in the occupation of the ground state under dark conditions,

the total number of absorbed carriers is smaller than at F' = 15kV /cm.

8.4 Conclusion

In conclusion, a microscopic model of electron transport in vertical conductivity
QDIPs was developed. The model considers the transitions between various
quantum dot bound and continuum states to evaluate the current under dark
or light conditions, without resorting to any fitting parameters. The model
was applied to one of the experimentally reported QDIP structures. A very

good agreement with the dark current experimental results was found in the
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Figure 8.11: The change in the occupancies of energy levels due to the optical

2571 at the peak responsivity photon energy at

flux excitation of ® = 10 cm™~
three different values of electric field and a temperature of 7' = 77 K. Only
absolute values of the changes are presented and the negative (neg.) quantities

are therefore marked.

range of voltages where the current changes by as much as seven orders of
magnitude. The simulations also predict most of the experimentally observed
trends in responsivity.

The proposed model should therefore serve as a useful tool in the analysis of
the characteristics of existing QDIP devices, providing a better understanding
of their performance and enabling researchers to find the way for possible
device improvements. More importantly, as the model does not contain any
fitting parameters, it can be used to predict the performance of new types of
QDIP devices and suggest whether such devices would perform better than
the existing ones. Finally, the model gives a deeper insight into internal QDIP
physics, extracting important information about carrier excitation paths to the
continuum and carrier distribution both under dark and light conditions.

The work presented in this Chapter was published in Journal of Applied
Physics [273].



Chapter 9

Nonequilibrium Green’s functions theory of

transport in quantum dot cascades

9.1 Introduction

In recent years, a significant experimental interest has been put into the possi-
bility of the development of intraband lasers based on quantum dots [102-104].
Due to the truly discrete electronic spectrum of quantum dots, most of the un-
desired scattering and relaxation processes are suppressed, and such devices
are expected to have two orders of magnitude lower threshold currents than the

corresponding quantum well based devices, as already discussed in Sec. 1.3.2.

Several encouraging experimental results towards the realisation of this
type of device have been obtained. In Ref. [102], electroluminescence has been
observed from the structure consisting of InAs quantum dots embedded in a
GaAs/AlAs quantum well based cascade structure, based on the transition
from the quantum well state to the quantum dot ground state. The transition
from the ground state of AllnAs quantum dots to subbands of GaAlAs/GaAs
quantum wells was the origin of emission reported in Ref. [103]. On the other
hand, electroluminescence from the transition between the dot states of InGaAs
quantum dots in a GaAsN/GaAs superlattice, was achieved in Ref. [104]. Elec-
troluminescence from the transition between the dot states in a single layer of
InAs quantum dots in a superlattice was also observed [274,275]. However, the

lack of precise controlability of quantum dot geometry is probably the main
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reason why lasing has not yet been achieved. Nevertheless, improvements in
technology will, at some point, certainly make such devices feasible.

The physics of such quantum dot devices is essentially different from quan-
tum well devices that possess a continuous spectrum. Polaron effects are known
to be important [270] and one can also expect that due to reduced phase space
for decoherence, coherent processes are relevant. Therefore, there is an obvious
need for the development of an appropriate theoretical framework, capable of
treating such processes. After the initial theoretical proposals of quantum dot
cascade lasers [92,99], only a few theoretical studies of this type of devices
were reported. Their luminescence spectra was investigated in Ref. [100]. The
structures based on a quantum dot superlattice were proposed and analysed in
Ref. [101]. However, a detailed transport model through such structures has
not yet been developed. Therefore, in this Chapter, a nonequilibrium Green’s
functions theory of steady-state transport through periodic arrays of single or
multiple quantum dots is presented and applied to several structures.

It should be mentioned that the interest in this Chapter is in transport
through bound states of closely stacked quantum dots, as the transport in
quantum cascade lasers takes place through these states. In Chapter 8, QDIPs
were also modelled as periodic arrays of quantum dots. However, the period
of the structure in QDIPs is large and the transport takes place through con-

tinuum states there, which makes the physical situation essentially different.

9.2 Theoretical approach

The current in the steady state through an array of identical quantum dots
will now be calculated within the nonequilibrium Green’s functions formalism
described in Sec. 2.8.

As a first step in application of the formalism to a given physical system,
one has to choose the basis of states to represent the Green’s functions. Any
complete basis can be used in principle since a physical theory must be inde-

pendent of its choice. Here, a basis of states localised mainly to one period
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is chosen. Such a choice enables one to make a tight-binding approximation
where interactions with nearest neighbours only are considered. Additionally,
such a basis gives an excellent insight into the carrier transport in real space.
Due to the periodicity of the structure, the basis states are labelled as (v, n),
where v is the index of the state assigned to period n. In the case when only
ground states are important, the first index can be suppressed. The basis
states are calculated as follows.

The electronic miniband structure of a quantum dot superlattice is solved
using the eight band k - p method with strain distribution taken into account
via continuum elasticity theory, as described in more detail in Chapter 6. As a
result of this step one obtains the quantum dot superlattice eight component

spinors |V, i (7)), satisfying the Bloch condition
W, (1 + Lee.)) = 5 |[W, (7)), (9.1)

where v is the miniband index, L. the period of the structure, and K, the
superlattice wave vector. The phase of the spinors was fixed by imposing the
condition that the value of the dominant spinor component at a particular
point in space is real and positive.

The spinors obtained are then used to construct Wannier states that are
localised to a certain period. The Wannier state originating from miniband v,

localised to period n is given by

L w/L, '
|U,,) z / dK e ™ML | . (9.2)

=5 o
In order to obtain states with even better localisation, the eigenvalue problem
of the operator of z-coordinate is solved in the manifold of states spanned by
W), n€{—=N,...,N}. The (N + 1)-th eigenvector then corresponds to the
basis state (v,0). The states (v,n), when n # 0 are then obtained by making
a translation in real space by nL,.

Once the basis of states is chosen, one can proceed to calculate the relevant
Green’s functions represented in that basis and afterwards the current in the

structure. As shown in Sec. 2.8, in the steady state of the system, one obtains
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an algebraic system of equations for Green’s functions in the energy domain,
containing the Dyson equation (2.136), the Keldysh relation (2.137), and the
expressions for self-energies. The system of equations is closed by imposing

the periodic condition for all Green’s functions and self-energies

G, (um) (E) = Gunt1),(m+1) (B + Vi), (9.3)

where V is the potential drop over one period of the structure, and introducing
a tight-binding approximation by considering only the Green’s functions and
self-energies with |n —m| < K.

Self-energies are modelled using the SCBA. Within the SCBA, self-energies
due to interaction with LO phonons are given by (2.139) and (2.140). These
take into account the anharmonic decay of LO phonons, which is known to
be important for the proper description of relaxation processes in quantum
dots [95]. The justification of application of the SCBA to electron — LO phonon
interaction self-energies in the system studied here will be given in Sec. 9.3. In
the expressions for self-energies, only the electron — phonon interaction form
factors between states with |[n — m| < K are assumed to be nonvanishing, in
the spirit of the tight-binding approximation.

Self-energy terms due to interaction with acoustic phonons are given by the
formulae which have the same form as in the case of LO phonons. These can
be simplified to avoid a demanding integration in the energy domain, assuming

acoustic phonons are stable. They then read [184]

Egﬁ(E> = Z MEa(Q)Maw(Q) [(Nq + 1>GR (E—Eq) + NqGﬁS(E + Eg)+

Y0
76,9

+%G§5(E B Eq) - %Gis(E + Eq)} ) (9-4)

S55(E) = Y Mis(@)Mar (@) [NaG55(E = Eq) + (Ng + 1)G55(E + Eg)]
vd.q
(9.5)
where Fj is the energy of an acoustic phonon. The principal value integrals

appearing in the expression for the retarded self-energy have been neglected,

as is often done in the literature [276].
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An additional self-energy term representing the nonuniformity of quantum
dots can also be included, as described in Sec. 9.7.

The interest here will be in the limit of low doping and carrier densities
where interaction with ionised impurities and electron — electron interaction
can be neglected, and there is no formation of electric field domains. In this re-
gion, current depends linearly on the number of carriers. Therefore, the values
of current presented on figures in this Chapter have been normalised by divid-
ing it by the total occupancy of states in one quantum dot (or double quantum
dot in Sec. 9.8). Current density J can then be obtained by multiplying the
current by sheet carrier density J = Ng/.

The system of algebraic equations for Green’s functions and self-energies
was solved in a manner that is now described. The overall strategy consisted of
two steps. In the first step, the spectral properties of the system are found by
solving the Dyson equation and neglecting the lesser Green’s functions in the
expression for the retarded self-energy. This step provides a good initial guess
for the retarded functions for a fully self-consistent procedure in the second

step.

e For the first step, an initial guess for the retarded Green’s function is
chosen in the form of the free particle function broadened by the width
o as GI(E) = %{fﬂg, where F, is the ground energy of miniband a.
The retarded self-energy is then calculated by not including the terms
with lesser Green’s function. Next, the retarded Green’s functions are
calculated from the Dyson equation by solving the appropriate system of
linear equations. The former two steps are repeated until convergence is

achieved.

e In the second step, a fully self-consistent procedure is performed. An

initial guess for the lesser Green’s functions is taken in the form
as(E) =2mig(E — Eo, 0) Nadag, (9.6)

where g is the Gaussian (2.67), and n,, is the initial guess for expected
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values of state populations given by the thermal distribution of carriers.
An initial guess for the retarded Green’s functions is provided from the
result of the first step of the calculation. Retarded and lesser self-energies
are then calculated. Next, the retarded Green’s function is found from
Dyson’s equation, and finally the lesser Green’s function is calculated
from the Keldysh relation. These three steps constitute one iteration
of the self-consistent procedure which is repeated until convergence is
achieved. In order to improve the stability of the self-consistent proce-
dure, the lesser and retarded functions for the next iteration are calcu-
lated from their average value in the previous two iterations, as is usu-
ally done in self-consistent calculations. After each iteration the lesser
Green’s functions are adjusted to enable the total number of particles to

be equal to a given predefined value.

When the current — field characteristic is calculated, i.e. when the same
calculation is performed for different values of the electric field, the results
obtained for the previous value of the field can be used as an initial guess,
instead of performing the first step described above. With this approach the
number of iterations necessary decreases significantly from several tens (~
30 — 50) to just a few (~ 5 —6).

It should be mentioned that due to the assumption of dispersionless L.O
phonon modes, the integral in the expression for self-energy does not depend
on q. Therefore, the terms Mop,s = > Mj5(q) Ma,(q) can be calculated only
once before the self-consistent procedure, rather than in each iteration.

When the self-energies due to the interaction with acoustic phonons are
concerned, due to assumption of isotropic dispersion relation these take the

form
/ AP qM3s(a) Mo (q) £ (). (9.7)

The integral over spherical coordinates 6 and ¢ for each |g| can therefore be
calculated before the self-consistent procedure. However, the integral over |q|

must be calculated in each iteration.



9.3 Validation of the self-consistent Born approximation 176

The populations of the energy levels and coherences between states can
finally be calculated by performing an integration of lesser Green’s functions
over the whole energy domain. The current through the structure can also be

calculated as described in Sec. 9.4.

9.3 Validation of the self-consistent Born approxima-

tion

The main approximation in the model described is the use of the self-consistent
Born approximation (SCBA), which therefore needs to be validated.

The SCBA was used in Ref. [277] to describe the transport through two
quantum dots coupled to contacts in the presence of the electron — LO phonon
interaction. The electron — phonon interaction matrix elements M,q0o used in
Ref. [277] were of the order ~ 0.001 x E?,, implying a weak interaction where
the SCBA is fully justified, and it has been argued in Ref. [277] that polaron
effects become important when M,aao approaches Ef, which is expected to
be the regime of strong electron — phonon coupling, beyond the reach of SCBA.

In Ref. [270], polaron relaxation in InGaAs quantum dots assisted by the
presence of wetting layer states was treated within the random-phase approxi-
mation (in which only G D< term in the expression for the retarded self-energy
is considered, and therefore involves neglection of additional terms in compar-
ison to the SCBA). It has been pointed out there that the RPA is expected
to be valid in the presence of continuum states provided by the wetting layer,
which has been verified by the comparison with the first term in the cumulant
expansion [270].

On the other hand, in Ref. [180] the problem of interaction of quantum
dot carriers with dispersionless LO phonon modes was treated, as outlined in
Sec. 2.7.2, and the conclusion was reached that the SCBA cannot reproduce
the exact solution of the idealised model given by a series of delta functions.
This is a consequence of the fact that the SCBA sums only a limited number

of diagrams in the expansion, while a full summation is needed to reproduce
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delta functions.

None of the previous works just mentioned [180,270,277] gives a definite
answer on whether the SCBA is a good approximation in the system consid-
ered here. Numerical calculation of the M,qno matrix element (where « is
the ground state) gives the value of ~ 0.07 x E?,, which is larger than the
value used in Ref. [277] but still significantly smaller than E?,. The validity
of the RPA in Ref. [270] was established for a quantum dot system with a
significant number of carriers present in the wetting layer continuum, while
here the interest is mainly in transport through bound quantum dot states.
In contrast to Ref. [180] where a single quantum dot interacting with dis-
persionless LO phonons only is considered, other interactions are included in
the system considered here, such as anharmonic terms leading to LO phonon
decay, the interaction with acoustic phonons, the tunnelling interaction with
neighbouring dots of a quantum dot array, as well as an additional term due

to nonuniformity of the quantum dot ensemble.

In order to validate the use of the SCBA, it will be established here that
for InAs/GaAs quantum dots, the polaron shift of the ground state, as well
as the polaron splitting when the energy difference between the ground and
first excited state is set to an LO phonon resonance, are accurately calculated
in the SCBA. This gives confidence that the positions of the peaks of Green’s
functions are correct. The physical properties of the system depend not only
on the positions of the peaks but also on their linewidths. One therefore
has to establish that the linewidths originate from real interactions in the
system, rather than from the effect described in Ref. [180]. This will be done
a posteritori by showing that the calculated linewidths are significantly larger
than the ones arising due to artificial broadening of the spectrum of electrons

interacting with dispersionless LO phonons only.

A comparison of the polaron shifts in the spectrum calculated by exact di-
agonalisation of the Hamiltonian given in Eq. (2.103) as described in Sec. 2.7.2,

and by the Green’s function method, for different electron — phonon interac-
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tion strengths, is given in Fig. 9.1. The calculations were performed for a lens
shaped single InAs/GaAs quantum dot of diameter 20 nm and height 5 nm,
which is representative of typical self-assembled quantum dots obtained in ex-
periments. The electronic structure of quantum dots was calculated using the
eight band strain dependent k - p model in the axial approximation, as de-
scribed in more detail in Chapter 6. The electronic states obtained that way
were subsequently used as input for both calculations. The strength of the
electron — phonon interaction was artificially varied by multiplying the elec-
tron — phonon interaction Hamiltonian (2.123) by a constant whose value is

given on r—axis in Fig. 9.1.
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Figure 9.1: The dependence of the energy of the ground state and its first
phonon replica of a single InAs/GaAs quantum dot on the electron — LO
phonon interaction strength. A comparison of the results obtained by exact
diagonalisation of the electron — LO phonon interaction Hamiltonian (circles)

and by the Green’s function calculation in the SCBA (full line) is given.

In order to provide a fair comparison, in both calculations, only the ground
and the pair of nearly degenerate first excited states were taken into account,
and only the electron — LO phonon interaction was considered. The energies

of the polaron states that contain a contribution from the purely electronic
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ground state of more than 10% are represented by circles in Fig. 9.1. The
Green’s function calculation was performed by self-consistently iterating be-
tween Eqs. (2.136) and (2.139), where a temperature of T = 77K was as-
sumed. In Fig. 9.1 the positions of the maximum of the spectral function
A (E) = —2ImGY (E), and its replica when its peak value is at least 10%
of the main maximum peak value are shown with a full line. The Green’s
functions of the ground and first excited state are given in Fig. 9.2. One can
see from Fig. 9.1 that excellent agreement for the polaron shift of the ground
state obtained by the two methods is obtained throughout the whole interval
of electron — phonon interaction strengths investigated. On the other hand, for
larger interaction strengths (say larger than 2.5) the positions of the replica
start to differ. Further presentations will show that this replica is important
for the description of carrier transport. Therefore, the conclusion arising from
the results presented in Fig. 9.1 is that the application of the SCBA can be ex-
pected to give reliable prediction of polaron shifts up to the electron — phonon
interaction strength being 2.5 times larger than the strength in the InAs/GaAs

material system which is of central interest here.
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Figure 9.2: Real (dashed line) and imaginary (full line) part of the Green’s
function of the ground state (left) and first excited state (right).

It is shown next that the SCBA also accurately predicts the amount of
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polaron splitting when two levels are at an LO phonon resonance. For that
purpose, a numerical experiment is performed where the energies of the pair of
first excited states are shifted in opposite directions by the same amount AFE,
which is varied. The electron — phonon interaction matrix elements are kept
constant. The polaron energy levels that contain a contribution from at least
one of the electronic states larger than 10% are shown by circles in Fig. 9.3,
while the maxima of spectral functions A;; whose peak values are at least 10%
of the main peak value are represented by diamonds, squares and triangles, for
i =1,7=2 and i = 3, respectively. The results obtained by the SCBA are in

excellent agreement with the results obtained by direct diagonalisation.
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Figure 9.3: Dependence of the polaron energy levels obtained by direct diag-
onalisation (circles) and the maxima of the spectral functions A;;(E) obtained
in the SCBA (diamonds ¢ = 1, squares i« = 2 and triangles ¢ = 3) on the
artificial shift AE. The corresponding single-particle levels are shown by full

lines.
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9.4 Transport in an ideal superlattice of quantum dots

The electron current through an array of quantum dots can be expressed in

terms of the expectation value of the velocity operator as

e 4z
1=-= <E>’ (9.8)

where L is the total length of the structure in the z—direction and Z is the
coordinate operator of all the electrons in the system in the Heisenberg picture.

From its equation of motion one gets

% ~ i), (0.9)

where H is the total Hamiltonian of the system. Bearing in mind that all
interaction terms commute with Z, as emphasised in Ref. [278], one obtains
the following expression for the current
le] i g s
I=——— [H ,z] a‘tag ), 9.10
A > |Ho 0 (9.10)
af
where ﬁo is the Hamiltonian of an electron in the superlattice potential, Z its
coordinate operator, @™ and a are electron creation and annihilation operators

and the summation takes place over a complete basis of states of the system.

Using the definition of the lesser Green’s function one gets
(=1 [Hoz} < (9.11)
ap

By exploiting the periodicity of the structure, it follows

le] ) ~
I=—15 zﬁ: za: [Hoz] . Gia (9.12)

where L, is the period of the structure, and the summation over (3 takes place
over the states of one period only (called the central period). In view of the
nearest neighbour approximation, the summation over «a then takes place over

the states in the central period and its few nearest neighbours only.
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The current given by the expression (9.12) was interpreted in Ref. [278] to
be entirely coherent, where the scattering events only redistribute the carriers
in energy domain. Following that interpretation, the origin of all resonances,
presented in the sections that follow, can be explained in terms of oscillations
of coherence between ground states of neighbouring periods, when the external
field is varied. However, such an interpretation would not give an insight into
the origin of the mentioned coherence oscillations. It has also been pointed out
in Ref. [278] that in the basis of Wannier-Stark states coherences are created
by scattering, leading to a well known picture of scattering induced transport

between Wannier-Stark ladder of states.

A very useful view of how coherences are created by scattering comes from
the interpretation of the Keldysh relation. The interpretation in the time
domain [184] considers 3 as a scattering event, which is then propagated by
G and G# to a moment of time when coherence G< is observed. Following
a similar interpretation that can be given in the energy domain and the fact
that current is entirely determined by coherences, one can determine the origin
of current in the structure, as follows. In the case when o = v, § = (8 and
~v # 9, the contribution to current from G(jﬁ(E) originates from a scattering
event (represented by Y.5;(E)) creating coherence at energy £, which will be
observed only if there is available density of states (information about which
is contained in GX (E) and G35(E)) at that energy. On the other hand, when
a=r7,0 # [ and v = ¢, the current originates from a coherent propagation
Gg‘ﬁ, which will be observed providing there are carriers scattered into v = ¢
(the term ¥55(E)) and available density of states at v =~ (the term G (E)).
The same interpretation of a coherent origin of current can be given in the
case a # 7, 6 = [ and v = §. Other cases where the current originates from
a combination of scattering and coherent propagation are also possible, but
it is expected that these, being higher order processes, give a much smaller
contribution. The results of the calculation presented here will indeed show

that this is the case.
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The current-field characteristics were calculated for a quantum dot array
consisting of quantum dots whose dimensions are given in Sec. 9.3 for several
different values of the period of the structure. The results of the calculation
for different temperatures when the period is equal to L, = 10nm are given
in Fig. 9.4. It was necessary to take into account two nearest neighbours
(K = 2) in the calculation to obtain convergent results. Self-energies due to
the interaction with LO and acoustic phonons were both included in the calcu-
lation. Only the states originating from the ground miniband were considered
at T'= 77K and T" = 150 K since these are the only ones that are significantly
populated then, while it was necessary to include a pair of first excited states

at T'= 300 K.
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Figure 9.4: Current — electric field characteristics of a quantum dot super-
lattice at temperatures 7' = 77K (full line), 7' = 150K (dashed line) and
T = 300K (dashed-dotted line) when the period is L, = 10nm.

9.5 The main current peak

The main peak arises when the potential drop over one period Vy is equal

to LO phonon energy Fro. The second peak appears at Vp = %ELO at all
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temperatures, while there is also a third peak at Vi = éELO present at lower
temperatures. The origin of these resonances, as well as the nature of the
electron transport at resonances will be investigated in what follows.

The most similar physical system where resonances of this kind were in-
vestigated are quantum well superlattices in an external axial magnetic field.
It has been predicted [279-281] that optical phonon resonances occur when-
ever nEc + pVe + qELo = 0 (Stark-cyclotron-phonon resonance), and elas-
tic resonances (Stark-cyclotron) when nE¢ + pVe = 0 (where E¢ is the cy-
clotron energy). The observation of Stark-cyclotron resonances was reported
in Ref. [282]. A special case of both of these, so called Stark-magneto-phonon
resonances that occur when nEqs = pVrp = qEo was recently measured in
Refs. [283] and [284]. The resonances predicted in the results reported here
are in full analogy with Stark-cyclotron-phonon resonances or Stark-magneto-
phonon resonances in the case of quantum well superlattices in a magnetic
field.

On the other hand, phonon-assisted transport through a double quantum
dot was theoretically investigated in Ref. [277]. A weak LO phonon peak was
obtained which is a consequence of the fact that a weak LLO phonon interaction
strength was assumed.

The focus will be given on the case of low temperatures when only the
ground state is occupied. The results of the calculation were transformed to
a Wannier-Stark basis which is more useful for the physical interpretation of
the results. In that case, one can show using the properties of translational
invariance and the identity G55 = —Gj,” that in the Wannier-Stark basis, the
expression (9.12) reduces to

e2F -
[=— > a-2Re(200G5) - (9.13)

a>0

For L, = 10nm, the current is entirely determined by the o = 1 term, i.e. by
the coherence between two ground states of neighbouring periods G5, (E). In
order to understand the origin of the current, one therefore has to investigate

the origin of this coherence. It should be mentioned that the fact that G5, (E)
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determines the current does not necessarily imply that nearest neighbour ap-
proximation is sufficient. Indeed, in this particular case, convergent results are
obtained with second nearest neghbour approximation K = 2.

The dominant contribution to G7,(F) when Vp = Ero comes from the
GE(E)S3(E)Ga(E) term in Keldysh relation. The corresponding Green’s
functions and self-energies are presented in Fig. 9.5. G7,(E) exhibits a max-
imum at the energy of level 0, originating from the maxima of the scattering
Y55 (E) term and the GZL(E) term. In view of the interpretation of the Keldysh
relation presented, the origin of the current at this value of the field is LO
phonon scattering from level 1 to level 0, represented by the X7 (E) term. By
expressing Gy in the energy domain as

1
b= 5 [ AEGH(E) (9.14)

and substituting into (9.13) one can also spectrally resolve the current flow
between periods 1 and 0. The maximum of the spectrally resolved current
appears at the energy of the ground state of period 0, confirming the fact that
the current flows into level 0, as demonstrated in the left part of Fig. 9.6.
When one increases the electric field, the scattering 37, (E) term decreases
as 1 and 0 are no longer set to an LLO phonon resonance. One should note that
first phonon replica in the spectral density of states Agy(E) = —2ImGE (E) (see
Fig. 9.6) is separated from the main maximum by an energy larger than Ey o, as
a consequence of the polaron shift, as demonstrated in Sec. 9.3. Consequently,
the resonance between the level 1 and phonon replica of level 0 occurs at a
higher field, which in this particular case corresponds to a potential drop per
period of Vi = 38.3meV rather than Vy = Er o = 36meV. Around this
resonance, the nature of the electron transport is significantly different than
at an LO phonon resonance. The dominant contribution to coherence G, (E),
shown in Fig. 9.7, now comes from the G (E)X5 (E)G4,(E) term. Therefore,
the current originates from coherent propagation represented by G+ (FE), which
now exhibits a pronounced maximum at the energy of level 1. The coherence

G50 (E), and hence the current exhibit a maximum at the energy of level 1 (see
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Figure 9.5: Green’s functions and self-energies of the dominant contribu-

tion GE (E)X5,(E)G{(E) to coherence G (E), and hence the current, at LO

phonon resonance (Vp = Epo) when the period is L, = 10nm.

Fig. 9.7), confirming the interpretation that the transport channel at this value
of the field is coherent tunnelling to phonon replica, as shown schematically

by horizontal arrows in the right part of Fig. 9.6.

At the period length of 10 nm and smaller, the two resonances cannot be
distinguished as their separation is smaller than their width. However, at a
larger value of the period when the linewidth decreases, the peaks become
distinguishable, as shown in the left part of Fig. 9.8. The doublet structure of
the current peak is a transport signature of polaron effects, its width being a

measure of the electron — phonon interaction strength.

At this point, one can make an additional a posteriori justification of the
SCBA, as mentioned in Sec. 9.3. The width of the spectral functions pre-
sented in Figs. 9.5 and 9.6 is significantly larger than the width of the spectral
functions presented in Fig. 9.2. Therefore, the appropriate linewidths do come

from the interactions in the system rather than from artifacts of the SCBA.
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Figure 9.6: Schematic view of current transport at the field of F' = 36kV /cm
corresponding to LO phonon resonance Vp = FEpo (left) and at F =
38.3kV /cm corresponding to resonance of the phonon replica with the ground
state of neighbouring period (right). Corresponding density of states given by
the spectral function Ay;(E) = —2ImGE(E) presented in logarithmic scale, is
shown for each state. The dominant current transport channel in both cases

is marked by arrows.
9.6 Other resonances

The discussion will now be concentrated to a peak appearing at Vp = %ELO.
While one might expect that a = 2 term in (9.13) is of importance here, this is
not the case, i.e. G3(E) mainly determines the current, as already mentioned.
The dominant contribution to it comes in this case both from the scattering
GR(E)SH(E)Go(E) term and coherent G (E)YT (E)Giy(E) term, where
each of these becomes dominant at appropriate energy, as demonstrated in
Fig. 9.9. In order to understand such behaviour, one should note that the
peaks in the spectral function A;(FE) appear not only at the energy of state i

and its phonon replica, but also at energies of other states and their replicae.
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Figure 9.7: Green’s functions and self-energies of the dominant contribution
GE(E)S5(E)G4L(E) to coherence G5y (E), at a field of F = 38.3kV /cm, cor-
responding to resonance of phonon replica with the state of the neighbouring

period. The period of the structure is L, = 10nm.

This is a consequence of the fact that in the presence of interaction Wannier-
Stark states are no longer the eigenstates of the Hamiltonian of the system. The
interaction then couples different Wannier-Stark states, with peaks appearing
in the density of states as a consequence. Resonances in transport then appear
when the peaks in the density of states of different periods overlap. In this
particular case, the peak at %ELO above the ground state of period ¢, being a
consequence of LO phonon coupling with the ground state of period (i — 1),
becomes resonant with the ground state of period (i + 1). The scattering
contribution to current between periods ¢ and i — 1 therefore comes from the
LO phonon scattering from the density of states at %ELO above the ground
state of period ¢ to ground state of period ¢ — 1. On the other hand, the
coherent contribution comes from tunnelling from the ground state of period ¢
to the density of states at %ELO above the ground state of period ¢ — 1. These
two contributions are schematically illustrated in Fig. 9.10. One therefore sees

that the transport between the ground state of period 7 and the ground state
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Figure 9.8: Current — field characteristics for different values of the period,
when the temperature is T = 77K. Convergent results are obtained with

K =4when L, =8nm, K =3 when L, = 9nm, and X =1 when L, > 11nm.

of period ¢ — 2 which are at LO phonon resonance takes place by a sequence of
two events: tunnelling event represented by horizontal arrows in Fig. 9.10 and
scattering event represented by diagonal arrows. As the two types of events
follow each other, they yield the same contributions to G, as demonstrated
in Fig. 9.9.

When the dots in a superlattice are closer, additional peaks in the transport
appear. For example when the period is 8 nm, clearly visible peaks at Vp =

Ero, 3EL0, $ELo, 1ELo, and even 2ELo and 2ELo, can be seen in Fig. 9.8.

9.7 Nonuniformities of the quantum dot ensemble

The discussion so far has addressed ideally periodic quantum dot arrays. How-
ever, real quantum dot ensembles are nonuniform and in a real experiment, one
cannot expect to obtain the results predicted by the theory assuming ideal pe-
riodicity. On the other hand, the inclusion of quantum dot nonuniformity in
the theory requires detailed information about the quantum dot size distribu-

tion and is obviously sample dependent. In order to estimate the influence of
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nonuniformities, additional self-energies were included in the theory according
to the following approach.

Let V be the additional potential due to the difference between the potential
of a real ensemble of dots and an ideal dot superlattice. Within the SCBA,

the contribution to self-energy from this potential is given by

S5 (B) = Y (Vo Vas) G55 (E). (9.15)

¥4

The average value (V,,Vsg) contains information about the quantum dot
nonuniformities, and it should be in principle evaluated from the information
provided by the experimental dot size distribution, which is sample dependent.
For the purpose of an estimate which could be utilised regardless of the de-
tails of the dot distribution, a simple phenomenological approach is adopted
here. It is assumed that (V,,Vss) = U? when states a, 3, v and § belong to
the same period, and (V,,Vss) = 0 otherwise, where U is a constant roughly
representing the standard deviation of the position of quantum dot energy lev-

els due to nonuniformities. This approach therefore assumes zero overlap of



9.7 Nonuniformaities of the quantum dot ensemble 191

-1
A, (B) [V
10° 10° 10° 10° 10° 10° 10° 10°
D L D D DL
0.76F i=0 i=1 —i=2 = =3
— =
0.72 = ="
E = —— '/
>
(@)] = P '/
T 0.68
L
0.64
Lo L vom | TP T | T
F=18 kV/cm

Figure 9.10: Schematic view of current transport at the field of F' = 18 kV /cm
corresponding to Vp = %ELO. Corresponding density of states given by the
spectral function Ay;(E) = —2ImGE(E), presented in logarithmic scale, is
shown for each state. The dominant current transport channels are marked by

arrows.

the matrix elements of the V-operator between the states of different periods,
which is a reasonable assumption. Additionally, it assumes there is no correla-
tion between the influence of nonuniformities on the states of different periods.
Finally, the most severe assumption which makes this approach be only an
estimate is that U is independent of «, 3, v and ¢, when these belong to the
same period. However, when the transport takes place through ground states
only, and therefore only one state per period is involved, as is the case here,

this approximation becomes justified as well.

The current — field characteristics for several different values of U at
T = 150K and L, = 10nm are presented in Fig. 9.11. As expected, an
increase in U leads to broadening of the current peaks, with weaker peaks
eventually vanishing. The main peak however, although broadened, remains

clearly distinguishable.
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Figure 9.11: Current — field characteristics for several values of phenomenolog-
ical nonuniformity parameter U at T" = 150 K, when the period of the structure

is L, = 10nm.

It is also interesting to estimate how nonuniformity affects the doublet
structure of the main current peak. The I-F curve at T' = 77K with differ-
ent nonuniformity parameters is presented in the left panel of Fig. 9.12. One
can conclude that already a weak nonuniformity of U ~ 0.5meV broadens
the stronger peak of the doublet in such a way that the weaker peak van-
ishes. Therefore, in InAs/GaAs material system the doublet structure could
be observable only in extremely highly uniform samples. On the other hand,
InAs/GaAs is a system with weak polar coupling and one can expect a more
favourable situation in systems with stronger coupling. The right panel of
Fig. 9.12 presents the current — field curve when the LLO phonon interaction
strength is multiplied by a factor of 2. In this case, the doublet structure re-
mains observable even for nonuniformities of several meV. Therefore, although
InAs/GaAs is not the most appropriate system for observing the signature of
polaronic effects in electron transport, one can expect the effect to be observ-

able in other systems.
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Figure 9.12: Current — field characteristics for several values of the phe-
nomenological nonuniformity parameter U at T" = 77K, when the period of
the structure is L, = 12nm (left panel). The same result when electron — LO
phonon interaction Hamiltonian is multiplied by a factor of 2 is shown in the

right panel.

9.8 Transport in a prototype of a quantum dot cascade

laser structure

In this section, the method developed in the previous sections of this Chapter,
will be applied to design a quantum dot cascade laser structure and evaluate
its characteristics. From a purely theoretical point of view, quantum dots pro-
vide additional degrees of freedom in design in comparison to quantum wells,
as both the dimensions in the growth and lateral directions can be varied in
principle. However, controllability of the dot dimensions is not that mature,
and a realistic design should therefore be as simple as possible. The design
principle for the structure presented here is shown in Fig. 9.13. One period
of the structure consists of two dots A and B of different sizes. The barrier
between the dots is thin enough to provide significant electronic coupling be-
tween the dots. The state originating mainly from dot A is designed to be

the upper laser level and the state originating from dot B is the lower laser
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level. In order to get population inversion in the structure, the depopulation
rate of the lower laser level (transition By — A; in Fig. 9.13) should be faster
than its population rate (transition Ay — By in Fig. 9.13). This is achieved
by engineering the energy of the By — A; transition to be close to one LO
phonon energy, while the lasing transition (A; — Bs) energy is significantly
smaller than that. Electronic coupling between the dots provides wavefunction
overlap sufficient both for large values of the optical matrix element on the las-
ing transition and large transition rate on the lower laser level depopulation

transition.

Figure 9.13: Energy levels scheme of a quantum dot cascade structure. Two

periods of the structure are presented.

The above conditions are fulfilled when the dot dimensions are chosen as
follows. Lens-shaped InAs/GaAs quantum dots are assumed, with the dot
diameters set to D = 20nm. The height of the dot A is set to hy = 5nm
and the height of the dot B to hg = 4.5nm. All barriers between the dots are
set to 3nm. The field-current characteristics of the structure at temperatures
T = 77K and T = 150K around the design field are presented in Fig. 9.14.
Two levels per period were included in the simulation and K = 2 was taken.

The imaginary part of the lesser Green’s function G5 (F) related to popula-
tions of energy levels is presented in Fig. 9.15, when the field is F' = 32kV /cm.
The presence of a population inversion between the upper and lower laser
level is evident from the figure. The calculated population inversion between

the upper and lower laser level at this field is 56% at T' = 77K and 53% at
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Figure 9.14: Field-current characteristics of the prototype of a quantum dot

cascade laser structure at temperatures T'= 77K and T' = 150 K.

T = 150K. The transition energy is equal to 19 meV corresponding to a fre-
quency of 4.6 THz. The gain in the structure should in principle be calculated
from the self-consistent procedure as described for example in Ref. [276]. Here,
an estimate will be given based on Egs. (5.6) and (2.68). Calculated value of

optical matrix element for z—polarised radiation (defined in Eq. (2.69)) on the

eV

. oy . . ~ _5
lasing transition is M|~ 9.7- 1077

. Assuming a Gaussian linewidth with
FWHM equal to 12% of the transition energy, one obtains an optical cross
section of o ~ 150 - 107** cm?2. The period of the structure is L, = 15.5nm.
Assuming the carrier density of 10'°cm~2 and a population inversion of 50%,
one obtains a gain of g ~ 470cm ™!, which is sufficient for lasing since typical
waveguide losses in terahertz QCLs are much smaller. The operating current
density at this field is equal to J ~ 15 A/cm?, being significantly smaller than
in terahertz quantum well based QCLs, where the threshold current density is
an order of magnitude larger (see for example Refs. [55,285-289]). It is also
important to note that gain is present in the region of positive differential resis-

tivity and therefore stable operation of the device structure should be feasible.
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A certain degree of electric field tunability is also predicted as for example in

the range of fields from 31 — 34kV/cm the transition energy changes by 10%.
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Figure 9.15: Energy distribution of population of the upper (full line) and
lower (dashed line) laser level of the prototype of a quantum dot cascade laser
structure at the field F' = 32kV/cm and temperatures of T'= 77K (left) and
T = 150K (right).

9.9 Conclusion

Transport through bound states in periodic arrays of closely stacked quan-
tum dots was analysed in this Chapter. An appropriate theoretical framework
based on nonequilibrium Green’s functions formalism was developed and ap-
plied to calculate the current — field characteristics. As expected, the current
exhibits a strong peak when the potential drop over a period is equal to the LO
phonon energy. The nature of charge transport at this resonance was analysed
in detail. It was found that at low temperatures the peak exhibits a dou-
blet structure with one peak originating from LO phonon scattering between
states of neighbouring periods and the other one from resonant tunnelling to a
phonon replica of the state of the neighbouring period. Therefore the doublet

structure can be considered to be a transport signature of polaron effects. The
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nonuniformities of the quantum dot ensemble act to suppress the weaker peaks,
while the main peak remains present. Finally, a structure with two quantum
dots per period was analysed and it was shown that it had promise to perform

as a quantum cascade laser.



Chapter 10

Conclusions and suggestions for future work

The main achievements of this thesis from the point of view of device applica-

tions can be summarised as follows:

development of a detailed theory of intraband quantum dot devices,

implementation of computer codes for the calculation of device charac-

teristics,

simulation of several existing device structures,

proposals for new types of devices and their simulation.

In order to achieve this, many fundamental physical questions related to quan-

tum dot properties had to be addressed such as:

e clectronic structure and symmetries of states, including the effects of
strain, spin-orbit coupling, piezoelectricity and external fields,

e polaron effects,

e optical absorption and selection rules,

e carrier relaxation and thermal excitation,

e transport of carriers through largely separated or closely stacked quan-

tum dots.

Therefore, many of the results presented in this thesis are of more general
interest than for intraband devices only. Throughout this concluding Chapter,
additional emphasis will therefore be put into underlying the broader nature

of the achievements presented.
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In Chapter 3, a method for the calculation of electronic structure of square
based pyramidal quantum dots based on materials with zincblende crystal
structure was developed. The method utilises the symmetry of the model to
block diagonalise the matrix obtained in the plane wave representation of the
eight-band k- p model. The method arose from the need to significantly speed
up the calculation, and therefore to have both a fast and accurate way to de-
termine the energy levels in quantum dots. Although the interest throughout
the thesis was mainly on the energy levels in the conduction band relevant
for intraband devices, and the method was developed with these applications
in mind, a calculation of hole levels in quantum dot superlattices was also
performed in Chapter 3. Interesting features in the hole spectrum were ob-
served, being a consequence in the change of strain and consequently the hole

character from light- to heavy-hole.

The same overall strategy was applied in Chapter 4 to calculate the elec-
tronic structure of hexagonally shaped III-nitride quantum dots. In this case,
however, a different basis set of plane waves adapted to a hexagonal, rather
than a square lattice, needed to be applied. A simulation of available ex-
perimental data on intraband absorption was also performed in this Chapter,
giving an insight into the origin of selection rules on intraband absorption in

these dots.

In Chapter 5, a theoretical model of an optically pumped quantum dot in-
traband laser was introduced and a proposal of an appropriate device based on
InAs/GaAs quantum dots emitting in the long wavelength mid-infrared part
of the spectrum is given. The model starts from a full calculation of single par-
ticle wavefunctions, which were subsequently used to evaluate the transition
rates between states, from which one can find the populations of energy levels
in the steady state, and finally the gain under the given pumping conditions.
The main result of this Chapter is that the proposed device should outper-
form the equivalent quantum well based device by two orders of magnitude.

From a broader perspective, these results confirm and illustrate the expected
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advantages of quantum dot intraband devices.

Chapter 6 was devoted to the simulation of intraband optical absorption
spectra of several existing QDIP structures. Apart from the selection rules
imposed by symmetry, additional approximate selection rules, being a conse-
quence of the flat dot shape were established. The main conclusion arising
from this Chapter from the methodological point of view, is that it has been
established that the widely used one-band effective mass method gives qual-
itatively good results, but that the 8-band k - p method should be used to
make quantitative predictions. It has been also shown theoretically that the
response of most QDIP structures is due to z—polarised radiation, although

many of these experiments are performed in normal-incidence geometry.

In Chapter 7, DWELL detectors were studied. It has been established that
contrary to the usual thought, the origin of change of the operating wavelength
cannot be due to well width variations only, but rather comes from the un-
intentional changes in dot dimensions due to changed growth conditions. It
is also shown that under certain circumstances, the intraband Stark shift can

be observed in these devices, yielding certain prospects for electrically tunable

QDIP devices.

A full model of carrier transport in QDIPs was developed in Chapter 8.
The model does not contain any fitting parameters and predicts the observable
quantities such as dark current and responsivity, starting from the information
about quantum dot geometry and the material system used. While modelling
of the absorption spectrum only, presented in Chapter 6, is extremely useful
in predicting the positions of peaks in the photocurrent spectrum, it cannot
predict their relative intensities. The full transport model is capable of doing
that, which has been demonstrated by the prediction of the appearance of an
additional peak in the photocurrent spectrum at higher biases in agreement

with the experimental results for the structure investigated.

With the theoretical framework developed for optically pumped lasers and

QDIPs, it remained to develop a theory of quantum dot cascade lasers, to
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include all types of intraband devices. Therefore, transport through quantum
dot superlattices with closely coupled quantum dots, was investigated in Chap-
ter 9. For the structure with only one quantum dot per period (not capable of
producing gain), a doublet structure of the main LO phonon resonance peak
was predicted, as a transport signature of polaron effects. Finally, a structure
with more quantum dots per period, capable of producing gain, and therefore
being a prototype of a quantum dot cascade laser, was also investigated.

The work presented in this thesis gives a comprehensive theory of quan-
tum dot intraband optoelectronic devices, but also opens many other research
directions in view of improving the existing models, applying them to differ-
ent devices, as well as calculation methodology development. Some of these

directions are presented in what follows.

e Investigation into the other material systems for optically
pumped lasers. The optically pumped laser was designed in Chap-
ter 5 in InAs/GaAs quantum dot material system, as the most explored
where self-assembled quantum dots are concerned. Other material sys-
tems should also be investigated as some of them may offer a larger
value of gain. Simpler pumping schemes than the one proposed can be
achieved with double or multiple quantum dots, which however increases

the growth complexity.

e The development of nonequilibrium Green’s functions theory of
the gain properties in steady state in optically pumped lasers.
The present model assumes a Gaussian shape of the gain linewidth as
a consequence of nonhomogeneities, which is an approach which should
be sufficient for quantum dot ensembles. However, one can also envisage
single dot experiments where the linewidth is determined by interactions

in the system, and where a detailed lineshape theory would be necessary.

e Absorption to continuous density of states. Within the current

approach the continuum of states (3D continuum and 2D continuum
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provided by the wetting layer and/or embedding quantum well) is ar-
tificially discretised by embedding the dot in a box, and it is checked
that the box is sufficiently large for the system where line broadening
due to nonuniformities of the dot ensemble is taken into account. How-
ever, such an approach is not feasible for single dots where one would
obtain a discrete spectrum due to discretisation, instead of a continuous
one. Therefore, the development of an appropriate method able to treat

absorption to continuous density of states is necessary.

e Simulation of different QDIP structures. A variety of QDIP struc-
tures based on different material systems was reported. The model de-
veloped in Chapter 8 enables in principle the treatment of any of these
structures. It would be interesting to simulate these, particularly recently

emerging structures operating at room temperature [68,74].

e Influence of rapid thermal annealing on QDIP performance.
Rapid thermal annealing is an experimental technique where interdiffu-
sion of Ga atoms into the InAs dot is caused, therefore changing the dot
potential profile and consequently the energy level structure. The pro-
cess of interdiffusion can be modelled by solving the diffusion equation
for the Ga content in the dot, and further either the absorption spectrum

calculation or the full transport simulation can be performed.

e Design and simulation of photovoltaic quantum dot infrared
photodetectors. For certain applications it is important to have ex-
tremely low dark current, while high responsivity is not essential. QDIPs
operating at zero bias, therefore called photovoltaic, fulfil this require-
ment. In order to maximise the responsivity they have to be designed in
such a way that the whole system is asymmetric, which can be achieved
either with multiple dots per period or by embedding the dots in asym-

metric wells.

e Intraband absorption in quantum dots doped with a single mag-
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netic ion. It has been mentioned in Sec. 1.1 that such quantum dots
are currently feasible. Signatures of electron spin — magnetic ion spin
interaction, as well as magnetic ion — magnetic ion interaction should be
visible in the intraband spectrum of such dots. Furthermore, from the
applied point view, these offer the prospect for magnetic field tunable

absorption.

Designs of quantum dot cascade lasers. In Chapter 9 it has been
demonstrated that quantum dot cascade lasers are feasible. Following
the technological advances in quantum dot engineering, an interest will
arise in the optimisation of quantum dot cascade laser designs. The
theory developed in Chapter 9 can be used to evaluate the quality of

such designs.

Transport in structures with combined quantum wells and
quantum dots. An alternative approach to quantum dot cascade lasers
is to combine injectors consisting of quantum wells with the core of the
active region consisting of quantum dots. It is a challenging task to de-

velop a computationally tractable theory of transport in such structures.

Application of symmetry to other multiband Hamiltonians and

in other basis than plane waves.
Symmetry based calculations of polaron spectrum.

Development of the plane wave methodology for treating single
quantum dots. It has been pointed out in Sec. 3.4 that the plane wave
method actually calculates the electronic structure of a 3D quantum dot
superlattice and that a very large box is needed if one wants to treat
truly single quantum dots, due to the slow strain decay away from the
dot. A way has to been found to renormalise the Fourier transform of
strain calculated on larger box to the strain on a smaller box that will

be used for electronic structure calculations.
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Hamiltonian matrix elements in plane wave

basis

All the elements in the Hamiltonian matrix in the plane wave basis are Fourier
transforms of a linear combination of the elements of the form E; = f(r)e;;,
Ey = f(r)eijki, B3 = f(r)z*y?, By = f(r)z®y°k; and Es = f(r)z*y°kk;,

where k; (i € {1,2,3}) is the differential operator k; = —iz>-, e;; are the

o,

components of the strain tensor and f(r) is of the form

fr) = f9Pxap(r) + (1 = xqn(r)),

where f@P is the value of a material parameter in the quantum dot and f¥ its
value in the matrix, yop(r) is the quantum dot characteristic function equal
to 1 inside the dot and 0 outside the dot. Their Fourier transforms (3.8) are
within the recipe for ordering of differential and multiplication operators (2.55)

thus given by

Biak) = B a8~ BEAPY vanla— k- aeyla),
Es(q.k) = %(kl + @) {(2‘7;)3]0]‘/[6@']‘((1 —k)—
- <2‘;T2>6Af Y xoplg—k - q/)ez‘j(Q')] :
(2m)?

2oy

3
ThanG -,

E3(q7 k) = fMJ:vo‘yﬁ (q - k)

v
Eiq,k) = %(ki+%) [fMJxayﬁ(q_k)_
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B k) = 3+ k) | P epla— 1) - GEANGY @)

where Af = fM — f@P ¢,.(q) are Fourier transforms of the strain components

given by
1
(2m)?

/V Er exp (—iq - 1) ey (r).

6¢j(‘1) =

Xglgﬁ(q) is Fourier transform of the quantum dot characteristic functions

xyP 1 « :
XQg (q) = (271-)3 /QD d3'r'l‘ yﬁeXp (—Zq- 'I"),

where the integration goes only over the volume of the quantum dot and
1 (L2 Lo /2
Jzayﬁ(q — k) = 5kz’qu_ / i(gy—ky)y deL_ i(qz—kz)x ad:L’
y J-L, /2 L, /2

where a and [ are non-negative integers from the set

(o, B) € {(0,0);(1,0);(2,0);(0,1); (1,1); (0,2)}.

The center of the pyramid base is taken as the origin of the coordinate system
(Fig. 3.1). The analytical formulae from which e;;(q) are derived in a crystal
with zinblende symmetry are given by (2.93). After integration, the character-

istic functions can all be expressed as a linear combination of integrals of the

b/2
O
0

where m € {0,1,2,3} and can therefore be evaluated analytically. All the

type

integrals J,a,s(q — k) are evaluated analytically, as well.
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Hamiltonian matrix elements in cylindrical

basis

In order to calculate the Hamiltonian matrix elements in a cylindrical basis,

one needs to evaluate expressions of the form

U, = /V by (1, 2, 0) Tibpry (1, 2, @) rdr dz de.
The one-band Hamiltonian contains the terms of the form
T, = F(rz2),
T, = (k‘i+k§)F(r, 2),
Ty = k2F(r, z),

and therefore after performing the integration one can see that the Hamiltonian

matrix elements will only have terms of the form
Ry
Ul = 5mm/ / dr Tfnmfn/m/ﬂfl’ (T)7
0

Re d nmd n'm/ nmJn'm/’
U, = 5mm//0 dr <’r g’r J;T +mm’%) Fi_u(r),

Re o\ ?
U3 - 5mm’/ drrfnmfn’m’ <_> ll,F’l—l’(r)7
0 H

t

where

LopEZ
Fip(r) = E/deze R ).
— i1t

The explicit form of the functions F(r, z) is

Fy(r, z) = Papxqp(r) + Pexs(r) + PowXxqw(T),
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and when the external bias is also included additional terms appear, which are

of the form
Fy(r,z) = |e| Fz.

Pqp, Ps and Py are the values of the material parameter P in the dot, barrier
and well respectively and xqp, xg and xqw are functions equal to 1 inside
and 0 outside the dot, barrier and quantum well (without the dot) region, re-
spectively. The quantum well term clearly exists only in the case of quantum
dots-in-a-well structures. The integral F;_;(r) can then be performed analyti-
cally for each of the quantum dot shapes with cylindrical symmetry. However,
in the more general case when the indium composition varies smoothly (for
example when the effects of segregation or intermixing occur), F,(r, z) is not
piecewise constant, and the integration in F;_y (r) has to be performed numer-
ically. This approach was chosen and numerical integration was performed to
keep the simulation general enough such that the effects of a smooth variation
of indium composition can be included as well.

In addition to the terms of type T}, Ts, T3, the elements of the kinetic part

of the 8-band Hamiltonian contain the terms

T, = kF(r,z),
Ts = kiF(r,2),
Ts = kkeF(r, 2),

T, = kiF(r,z),

where ky = k, £ ik,. After the integration one finds that the corresponding

terms in the Hamiltonian matrix are of the form

s
— 2+
Uy Ht( + 1)U,
i

Ry
U = ——5m7m¢1/ drrFy_p(r) x
2 0

dfn/m/ / fn’m’ dfnm fnm
X |:fnm( dr imT) _fn’m’ ( dr :FmT):| )
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™ Re
= —q— / drrEF_,
U(; ZHtém’m ;1A rrii_ (T‘) X
SR PR (LA LT W (o gy 1
dr r dr r

Ry
U, = 5mi1,m’$1/ dTTFlfl/('f’)X
0
« (dfnm :menm) (dfn/m/ j:m/fn/m/) '

dr r dr r

The strain part of the Hamiltonian has terms of the type

Ty = F(r 2)e;,
Tg = F(T,Z)Gijk?;':,

T10 = F(T,Z)Gijkfz,

where e;; are the strain tensor components. After performing the integration

over , one gets

R: 1 Ht/2 i 27 (11
U8 = / dr Tfnmfn/m/_/ dz 6711715( - )Zéij<r7 Z),
0 Hy J_m,

where

. 1 °n —i(m—m’
eij(r,z) = %/0 dpe "% (r, 2, ),

and therefore the term Ug becomes of the same form as U;. In a similar manner,

the terms Uy and U;y are of the same form as Us and Uy.
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Material parameters

Material parameters used in this work are summarised in this Appendix.

Table C.1: Material parameters of GaAs relevant for calculations of interaction

with phonons [2]

Parameter GaAs

Acoustic deformation potential [eV] D 6.8

Longitudinal sound velocity [km/s] v, 5.2
Density of the material [g/cm?] p 5.32
LO phonon energy [meV] Vs 36
Static dielectric constant g 13.10

High frequency dielectric constant €00 10.9




210

Table C.2: Material parameters of InAs, GaAs and InGaAs relevant for band-

structure calculations [3]

Parameter InAs GaAs  boving
Lattice constant [A] a  6.0583 5.65325
Energy gap [eV] E, 0417 1519 0.477
Spin-orbit splitting [eV] Ay 0.39 0.341 0.15
Effective mass at I" point [my)] m*  0.026  0.067  0.0091
Luttinger parameters ~E 20.0 6.98
85 2,06
vE 92 203
Kkl 1.20 7.68
Interband matrix element [eV] Ep 21.5 28.8 -1.48
Chemical valence band offset [eV] VBO -0.59  -0.80 -0.38
Deformation potentials [eV] ac -5.08  -7.17 2.61
a,  -1.00  -1.16
b -1.8 -2.0
d -3.6 -4.8
Elastic stiffness constants [GPa] Cyp 8329 1221
Ciy 4526 566
Cu 3959 600
Piezoelectric constant [C/m?] ey 0.160  0.045
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Table C.3: Material parameters of GaN and AIN relevant for bandstructure

calculations (part 1) [4]

Parameter GaN  AIN
Lattice constant [A] a 3189 3.112
c 5185 4.982

Energy gap [eV] E, 3510 6.25
Crystal field splitting [eV] A, 0.010 -0.169
Spin-orbit splitting [eV] Agy  0.017 0.019
Effective mass at I' point [mo] ml 020  0.32
m*  0.20 0.30

Luttinger parameters Ay -7.21  -3.86
A, -044 -0.25

Az 6.68 3.58

A, =346  -1.32

As  -340  -1.47

As  -4.90 -1.64

Conduction band offset [eV]

1.89
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Table C.4: Materials parameters of GaN and AIN relevant for bandstructure

calculations (part 2) [4]

Parameter GaN  AIN
Hydrostatic deformation potential [eV] a)  -4.9 -3.4
a; -11.3  -11.8
Deformation potentials [eV] D, 37 -17.1
Dy 4.5 7.9
Dy 8.2 8.8
Dy 4.1 -3.9
Dy -40  -34
Ds 55  -3.4
Elastic stiffness constants [GPa) Cy; 390 396
Cyp 145 137
Cy3 106 108
Cs3 398 373
Cy 105 116
Piezoelectric constants [C'/m?] e15  0.326 0418
g3 -0.527 -0.484
e33  0.895 1.561
Spontaneous polarisation [C/m?| P,, -0.034 -0.090
Static dielectric constant Er 9.6
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Computational issues

All computational codes for the calculations presented in this thesis were de-
veloped by the author of the thesis, except for the usage of standard numerical
packages such as LAPACK [198] and Numerical recipes [174]. The codes were
developed for single processor machines in the Fortran 77 programming lan-
guage. Since the emphasis in the thesis was on the results of the calculation
and their interpretation, a few words about the codes will be given in this
Appendix.

In Chapters 3 and 5, the code developed for symmetry based 8-band k - p
calculations of electronic structure of square based pyramidal quantum dots
based on materials with zincblende crystal structure was used. The main
part of the code calculates the energy levels and wavefunctions, and additional
programs calculate the absorption cross sections, the transition rates due to
interaction with phonons, and solve the rate equations. Most of the compu-
tational time is spent on diagonlisation of the main Hamiltonian matrix. For
the size of matrices typically necessary for energy level precision better than
10meV, the execution time is of the order of tens of minutes. It is the method-
ology developed in Chapter 3 that significantly reduced the computational time
and memory requirements. Otherwise, within the straightforward plane wave
approach, large parallel machines would be necessary for the calculation.

In Chapter 4, the code developed for symmetry based 4-band k - p calcu-
lations of electronic structure of hexagonal quantum dots based on materials

with wurtzite crystal structure was used. Additional program calculates the
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absorption matrix elements using the output of the previous one. Typical
execution times of this code are again of the order of 10 minutes.

In Chapters 6, 7, 8, the code developed for one band and 8-band k- p calcu-
lations of cylindrically symmetric quantum dots was used. The code consists
of programs for finite element strain distribution calculation, the calculation
of energy levels and wavefunctions, absorption cross sections, carrier transi-
tions rates, solution of rate equations, and finally current calculation. Due to
the reduction of the problem from 3D to 2D, execution times of the electronic
structure calculation are of the order of a few minutes only. The finite-element
calculation takes about the same time. However, application of the code to
QDIPs is very computationally demanding, due to the large number of tran-
sition rates that need to be determined. Therefore, the typical execution time
necessary to calculate the current at the given value of the field is of the or-
der of a week. The calculation was therefore performed on a multiprocessor
computer cluster grinch.

The previous code was extended in Chapter 9 to calculate Wannier states
of a quantum dot superlattice and to solve the self-consistent equations for
Green’s functions and self-energies. Since the calculation was performed with
only a small number of states involved, it can be done quite efficiently. For
example, with only one state per period involved and in the nearest neigh-
bour approximation, one iteration of the self-consistent procedure takes a few
seconds only. However, scaling with the number of states is not favourable.

The code developed for polaron spectrum calculations was also used in

Chapter 9.
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