
inn 

u Ottawa 
L'Universit6 canadienne 

Canada's university 



FACULTE DES ETUDES SUPERIEURES 
ET POSTOCTORALES u Ottawa 

L'Universite canadienrie 
Canada's university 

FACULTY OF GRADUATE AND 
POSDOCTORAL STUDIES 

Micheal E. Reimer 
AUTEUR DE LA THESE / AUTHOR OF THESIS 

Ph.D. (Physics) 
GRADE/DEGREE 

Department of Physics 
FACULTE, ECOLE, DEPARTEMENT/ FACULTY, SCHOOL, DEPARTMENT 

Electrostatic Gating of Deterministically Positioned InAs/InP Quantum Dots 

TITRE DE LA THESE / TITLE OF THESIS 

Robin Williams 
TIRWEFRIDIFEC™ 

CO-DIRECTEUR (CO-DIRECTRICE) DE LA THESE / THESIS CO-SUPERVISOR 

Paul Finnie Boguslaw Jarosz 

Athos Petrou (SUNY Buffalo) Nikolay Shtinkov 

Gary W. Slater 
Le Doyen de la Faculte des etudes superieures et postdoctorales / Dean of the Faculty of Graduate and Postdoctoral Studies 



Electrostatic Gating of Deterministically 

Positioned InAs/InP Quantum Dots 

Michael E. Reimer 

Thesis Submitted to the 

Faculty of Graduate and Postdoctoral Studies 

In partial fulfillment of requirements 

For the Doctor of Philosophy degree in Physics 

Department of Physics 

Faculty of Sciences 

University of Ottawa 

©Michael E. Reimer, Ottawa, Canada, 2009 



1*1 Library and Archives 
Canada 

Published Heritage 
Branch 

395 Wellington Street 
OttawaONK1A0N4 
Canada 

Bibliotheque et 
Archives Canada 

Direction du 
Patrimoine de I'edition 

395, rue Wellington 
Ottawa ON K1A 0N4 
Canada 

Your file Votre reference 
ISBN: 978-0-494-65573-3 
Our file Notre reference 
ISBN: 978-0-494-65573-3 

NOTICE: AVIS: 

The author has granted a non­
exclusive license allowing Library and 
Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell theses 
worldwide, for commercial or non­
commercial purposes, in microform, 
paper, electronic and/or any other 
formats. 

L'auteur a accorde une licence non exclusive 
permettant a la Bibliotheque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par telecommunication ou par I'lnternet, prefer, 
distribuer et vendre des theses partout dans le 
monde, a des fins commerciales ou autres, sur 
support microforme, papier, electronique et/ou 
autres formats. 

The author retains copyright 
ownership and moral rights in this 
thesis. Neither the thesis nor 
substantial extracts from it may be 
printed or otherwise reproduced 
without the author's permission. 

L'auteur conserve la propriete du droit d'auteur 
et des droits moraux qui protege cette these. Ni 
la these ni des extraits substantiels de celle-ci 
ne doivent etre imprimes ou autrement 
reproduits sans son autorisation. 

In compliance with the Canadian 
Privacy Act some supporting forms 
may have been removed from this 
thesis. 

While these forms may be included 
in the document page count, their 
removal does not represent any loss 
of content from the thesis. 

Conformement a la loi canadienne sur la 
protection de la vie privee, quelques 
formulaires secondaires ont ete enleves de 
cette these. 

Bien que ces formulaires aient inclus dans 
la pagination, il n'y aura aucun contenu 
manquant. 

• • I 

Canada 



/ dedicate this thesis to my lovely wife, Elissa Hines 

Reimer, who encouraged the successful completion of this 

thesis. 

"Most people say that is it is the intellect which makes a great 

scientist. They are wrong: it is character." 

- Albert Einstein 

11 



Table of Contents 

Table of Contents iii 

List of Figures vi 

Abstract ix 

Statement of Originality xi 

List of Publications xii 

Acknowledgements xiv 

1 Overview 1 
1.1 Organization of thesis 5 

2 Fundamental properties of quantum dots 8 
2.1 Three-dimensional confinement 10 

2.1.1 Band offsets and alignment 12 
2.1.2 Solutions of three-dimensional confining potential 14 

2.2 Two-dimensional harmonic oscillator 20 
2.3 Optical selection rules for single quantum dots 25 

2.3.1 Angular momentum of single particle electron and hole states 26 
2.3.2 Shell model of single quantum dots 30 

2.4 Few particle interactions 32 

3 Single dot growth and isolation 39 
3.1 Growth of self-assembled quantum dots 43 
3.2 Directed self-assembly 47 
3.3 Single dot isolation 54 

3.3.1 Ridge nanotemplate 55 

in 



3.3.2 Pyramidal nanotemplate 58 
3.4 Quantum dot size control on the nanotemplate 62 

4 Experimental methodology 65 
4.1 Photoluminescence spectroscopy 65 

4.1.1 Power dependent photoluminescence spectroscopy 68 
4.2 Electrostatic gating 71 

4.2.1 Sample schematic 72 
4.2.2 Current-volt age characteristics 74 

5 Theoretical model of single quantum dot in a lateral electric field 76 
5.1 Theoretical model 79 

5.1.1 Single particle states 79 
5.1.2 Many-body Hamiltonian 83 

5.2 Effect of lateral electric field 85 
5.2.1 Single particle electron-hole wavefunction overlap 86 

5.3 Neutral exciton in a lateral electric field 87 
5.3.1 Calculated photoluminescence spectra 87 
5.3.2 Exciton Stark shift 89 
5.3.3 Stark shift of forbidden s — p transition 93 

5.4 Biexciton in a lateral electric field 94 
5.5 Charged exciton complexes 97 

6 Single quantum dot in a lateral electric field 101 
6.1 Sample 102 
6.2 Application of a lateral electric field 105 

6.2.1 Single exciton Stark shift 108 
6.2.2 Allowing forbidden s-p transitions at finite bias 110 

6.3 Fine-structure splitting 112 
6.4 Electric field calibration 115 
6.5 Conclusion 116 

7 Generation of entangled photon pairs 118 
7.1 Biexciton-exciton radiative cascade 122 
7.2 Proposed entangled photon pair scheme 124 

7.2.1 Criteria for entangled photon pair generation 128 
7.3 Identification of exciton and biexciton in experiment 129 

7.3.1 Power dependent photoluminescence spectroscopy 129 
7.3.2 Polarization dependent spectroscopy 133 

IV 



7.4 Removal of biexciton binding energy 135 
7.4.1 Comparison with model calculations 137 

7.5 Control of biexciton binding energy via ridge nanotemplate 140 
7.5.1 Summary of previous work 142 
7.5.2 Ridge nanotemplate 144 

7.6 Conclusion 146 

8 Single electron charging and entangled photon generation in the 
same quantum dot 148 
8.1 Device 153 
8.2 Electrostatic modeling of gated pyramids 155 
8.3 Electric field in any crystal orientation - 3D model 159 

8.3.1 Vertical field - Growth direction 161 
8.3.2 Lateral field - In-plane direction 163 
8.3.3 Rotation of lateral electric field 165 
8.3.4 Dot misalignment 166 

8.4 Electron number control 168 
8.4.1 Excitonic dipole 170 
8.4.2 Fine-structure splitting of charged exciton complexes 176 

8.5 Combined vertical and lateral electric fields 177 
8.5.1 Applied vertical electric field 178 
8.5.2 Applied lateral electric field 179 
8.5.3 Determination of in-plane confinement potential for single dots 

in pyramid and ridge nanotemplates 184 
8.6 Conclusion 186 

9 Conclusion and future work 189 

Bibliography 194 

v 



List of Figures 

2.1 Three dimensional confinement of single quantum dot 12 

2.2 Band offsets of semiconductor heterointerface 13 

2.3 Types of band alignment for semiconductor heterointerface 14 

2.4 Solution of quantum box three-dimensional confining potential . . . . 16 

2.5 2D parabolic confining potential representing a single, self-assembled 

quantum dot 19 

2.6 Solutions of two-dimensional harmonic oscillator 21 

2.7 Band edge structure of direct gap semiconductor 29 

2.8 Optically allowed transitions for single quantum dot 32 

2.9 Few particle interactions of neutral and singly charged exciton . . . . 34 

2.10 Few particle interactions of doubly charged exciton 36 

2.11 Calculated photoluminescence spectra of X°, X~, and X2~ 37 

3.1 Isolating conventionally grown single quantum dots 42 

3.2 Self-assembled quantum dot growth 46 

3.3 InAs/InP self-assembled quantum dot growth on planar substrates . . 47 

3.4 Directed self-assembly of InAs/InP quantum dots 50 

3.5 Ridge nanotemplates constructed by directed self-assembly 52 

3.6 Pyramidal nanotemplates constructed by directed self-assembly . . . 53 

3.7 Quantum dot size control on pyramidal nanotemplate 54 

3.8 Quantum dot photoluminescence for series of ridge nanotemplates . . 57 

3.9 Quantum dot photoluminescence for series of pyramidal nanotemplates 60 

VI 



3.10 Quantum dot emission control via pyramidal nanotemplate 63 

4.1 Schematic view of micro-photoluminescence setup 66 

4.2 Photoluminescence spectroscopy measurement process 67 

4.3 State-shell filling spectroscopy of single quantum dot 69 

4.4 Electrical access to individual dot at cryogenic temperatures 72 

4.5 Schematic view of electric field setup 73 

4.6 Typical IV characteristics for gated ridges and pyramids 74 

5.1 Fundamental properties of single quantum dot in a lateral electric field 80 

5.2 Single particle electron-hole wavefunction overlap 87 

5.3 Calculated emission spectra of neutral exciton in a lateral electric field 88 

5.4 Spin configurations of neutral exciton 90 

5.5 Exciton Stark shift in a lateral electric field 91 

5.6 Biexciton-exciton crossing 96 

5.7 Charged exciton complexes in a lateral electric field 98 

6.1 Gated InAs/InP quantum dots using ridge nanotemplates 103 

6.2 Power dependence of a single quantum dot for a ridge nanotemplate . 105 

6.3 Single quantum dot in a lateral electric field 106 

6.4 Neutral exciton Stark shift 109 

6.5 Field activated forbidden transition I l l 

6.6 Fine-structure splitting of neutral exciton 113 

6.7 Field calibration in lateral electric field 116 

7.1 Present method for entangled photon pair generation utilizing the 

biexciton-exciton radiative cascade 123 

7.2 Proposed scheme for entangled photon pair generation 125 

7.3 Removal of timing information in entangled photon pair proposal . . 127 

7.4 State-shell filling spectroscopy of bound and unbound biexciton . . . 130 

vn 



7.5 Electric field dependence of single dot exhibiting a built-in charge sep­

aration 132 

7.6 Polarization dependence of biexciton-exciton radiative cascade . . . . 134 

7.7 Removal of biexciton binding energy 136 

7.8 Comparison of biexciton binding energy removal to model calculations 138 

7.9 Controlled tunability of biexciton binding energy on dot size for ridge 

nanotemplate 145 

8.1 Gated pyramid sample containing individual InAs/InP quantum dot . 154 

8.2 Two dimensional model of electric field 157 

8.3 Nextnano 3D model 160 

8.4 Vertical electric field in gated pyramid 3D model 162 

8.5 Lateral electric field in gated pyramid 3D model 164 

8.6 Applied in-plane electric field in any crystal orientation 165 

8.7 Modification of in-plane lateral electric field due to slight dot misalign­

ment 167 

8.8 Single electron charging in deterministically positioned InAs/InP quan­

tum dot 169 

8.9 Stark shift of single InAs/InP quantum dot in vertical electric field . 171 

8.10 Electron-hole wavefunction alignment at zero electric field 175 

8.11 Fine structure of charged excitonic complexes 176 

8.12 Combined vertical and lateral electric fields in gated pyramid 179 

8.13 In-plane electric field dependence for single dots on pyramids 182 

8.14 Reproducibility of in-plane electric field dependence for single dots on 

pyramid nanotemplates 184 

8.15 Parabolic versus square-like in-plane confinement potential of the quan­

tum dot 185 

viii 



Abstract 

Recent advances in nanofabrication technology have made it possible to develop novel 

quantum opto-electronic devices at the nanometre scale. This thesis demonstrates the 

ability to precisely position electrostatic gates around the periphery of a determinis-

tically positioned semiconductor quantum dot. This work also demonstrates the first 

published results of InAs/InP quantum dots subject to electric fields. The InAs/InP 

material system is particularly attractive for fiber-based quantum cryptography since 

the ground-state transition can be tuned to the telecommunications wavelength of 

1.55 /im. Together, this approach and material system offers a fully scalable route to 

sources of single photon and entangled photon pairs at telecom wavelengths or arrays 

of initialized single spins for applications in quantum information science. 

This thesis presents a detailed study of the electronic and optical properties re­

sulting from electrostatic gating of an individual InAs quantum dot embedded in an 

InP nanotemplate. The unique device geometry studied here is unprecedented and 

allows the application of a vertical and an in-plane lateral electric field on the same 

quantum dot. The results show that application of a vertical electric field along the 

growth direction precisely controls the charge state or number of electrostatically in­

duced electrons. Important information on the dot morphology is obtained, implying 

that the InAs dot composition is uniform. In contrast, application of an in-plane 

lateral electric field across a single quantum dot is shown to strongly modify electron-

hole wavefunction overlaps and Coulomb interactions of single excitons and biexcitons 

while allowing a new optically forbidden transition to appear at finite field involving 

an s-shell electron and p-shell hole. 

IX 



X 

Of particular significance to the scientific community is the finding that application 

of the lateral electric field resulted in a crossing of the exciton and biexciton optical 

transitions, and thus removal of the biexciton binding energy. Theoretical calculations 

are presented demonstrating that removal of the biexciton binding energy leads to 

the generation of entangled photon pairs without the need to enforce degeneracy of 

the two intermediate, single exciton states in the biexciton-exciton radiative cascade. 

The nanotemplate dimensions are also shown to directly control the biexciton binding 

energy. A new regime of the biexciton binding energy is studied in larger dots, 

demonstrating the possibility of entangled photon generation through an 'unbound' 

biexciton state without the requirement of post-growth tuning. 



Statement of Originality 

This thesis presents an original study of the optical and electronic properties of a 

single InAs/InP quantum dot subject to vertical and lateral electric fields. I performed 

optical spectroscopy for all the single, gated quantum dots as a function of electric 

field. I built the electric field setup and programmed the Labview software to facilitate 

the electric field measurements. In addition, I carried out all of the analysis that 

pertains to the obtained optical spectra including comparison to theory. I performed 

and analyzed the electrostatic modeling for the gated pyramids in order to estimate 

the feasibility of my project and to understand the voltages required in experiment 
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In collaboration with Dr. Jean Lapointe and Dr. Dan Dalacu at the IMS-NRC, a 

process was developed in this thesis to precisely position electrostatic gates around an 

InAs quantum dot embedded in an InP nanotemplate. I was responsible for designing 

the layout of the gated dots and preparing some of the samples for e-beam lithography 

and evaporation. 

All of the theoretical calculations in Chapter 5 for a single quantum dot in a lateral 

electric field were carried out by Dr. Marek Korkusifiski from the Quantum Theory 
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Chapter 1 

Overview 

The discrete energy level structure and capacity to spatially isolate individual elec­

trons and holes of semiconductor self-assembled quantum dots makes them a promis­

ing candidate for the basic element within quantum information processing sys­

tems [1]. Quantum dots can be embedded within the active area of a device, allowing 

precise control of the numbers of both electrons and holes [2-10], such that coherent 

spin manipulation can be performed [11-15]. In addition to coherent control of the 

spin state, the electronic coupling between individual dots can be manipulated [16-22] 

and the exciton-photon interaction can be tuned for single photon or entangled pho­

ton emission applications, making the long distance transfer of quantum information 

a possibility [23,24]. Since the aforementioned experiments were based on randomly 

grown self-assembled quantum dots, the device architecture was not scalable. To 

bring such experiments closer to large scale implementation, it is necessary to de­

velop routine ways to control the nucleation site of individual dots and embed them 

within active devices. 

This thesis addresses this issue of scalability by developing a process to electrically 

contact a single, deterministically positioned InAs quantum dot, where the nucleation 

1 



Chapter 1: Overview 2 

site is controlled directly by a nano-scale InP template (nanotemplate). To the best 

of my knowledge, this work is the first to electrostatically gate such a determinis-

tically positioned quantum dot. This work resulted in several publications in high 

quality journals and can be found in Refs. [8-10,25-28], to be described in more detail 

throughout this thesis. The experimental results and electrostatic gating simulations 

presented in this thesis are my own. The theoretical calculations in Chapter 5 for a 

single quantum dot in a lateral electric field was carried out by Dr. Marek Korkusihski 

from the Quantum Theory Group at the Institute for Microstructural Sciences, Na­

tional Research Council. Theoretical calculations were performed to understand the 

effects of the applied lateral electric field across a single quantum dot and observed 

crossing of the exciton and biexciton transitions, making the generation of entangled 

photon pairs a possibility [25,27]. 

Prior to the start of this work, the group of Dr. Robin L. Williams at the Institute 

for Microstructural Sciences, National Research Council, developed a unique prepa­

ration strategy to achieve the necessary control through a nanotemplate deposition 

technique where the nucleation site of individual InAs quantum dots embedded in 

an InP nanotemplate can be precisely controlled [29,30]. In contrast to the work of 

other groups [31-39], this technique provides an atomically smooth surface available 

for quantum dot growth without affecting its optical quality [25,40]. The benefit of 

knowing the quantum dot location with nanometres of precision is that electrostatic 

gates or photonic crystals can be precisely constructed around them [8]. In collabora­

tion with Dr. Jean Lapointe and Dr. Dan Dalacu at the Institute for Microstructural 

Sciences, National Research Council, a process was developed in this thesis to pre­

cisely position electrostatic gates around an InAs quantum dot embedded in the InP 



Chapter 1: Overview 3 

nanotemplate. The ability to functionalize a single quantum dot in this way pro­

vides a scalable route to sources of single photons and entangled photon pairs. The 

InAs/InP dots grown for this thesis have the added benefit of being tunable to the 

telecommunications band around 1.55/im making them excellent candidates for fibre 

based quantum information processing [41]. 

Since these InAs dots embedded in an InP nanotemplate are the first of its kind, 

this thesis presents a detailed study of the electronic and optical properties of a deter-

ministically positioned, gated, single quantum dot as a function of an applied electric 

field along the growth and in-plane directions of the quantum dot. A vertical electric 

field (growth direction) is shown to precisely control the number of electrostatically 

induced electrons. In contrast, an in-plane lateral electric field exhibits stronger con­

trol of the electron-hole wavefunctions and Coulomb interactions and introduces a 

new optical transition that appears at finite bias, which involves an s-shell electron 

and p-shell hole. The strong modification of Coulomb interactions of the confined 

exciton and biexciton results in their degeneracy and thus removal of the biexciton 

binding energy. Of particular significance resulting from this work is a new proposal 

for the generation of entangled photon pairs that circumvents the major problem in 

existing devices which the scientific community has been struggling to overcome -

the need to remove the intermediate exciton states in the biexciton-exciton radiative 

cascade [42-51]. Instead, the proposal discussed in this thesis relies on the removal 

of the biexciton binding energy and degeneracy of the cross colour transitions in the 

cascade and is possible by simply tuning a voltage without resorting to large external 

magnetic fields [44], spectral filtering [45], quantum dot size and composition engi­

neering through various growth techiques [43,46,51], or application of in-plane electric 
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fields [42,47-49] in which oscillator strengths of the optical transitions involved are 

significantly diminished, making the entangled photon source very inefficient. Addi­

tionally, these efforts have been limited to only randomly located quantum dots, a 

constraint which is addressed in this thesis. 

In addition to the pyramidal nanotemplate geometry providing an atomically 

smooth facet available for dot growth, the side-facets also allow integration of four 

top Schottky gates that can be precisely positioned around the single quantum dot. 

This unique device geometry promises the ability to apply a lateral electric field in 

any crystal orientation, which may be an important step in the next generation of 

devices for entangled photon pair generation. By adding a doped back contact to 

the same device, I show single electron charging experiments on the same quantum 

dot. In the past few years, electron number control has been shown to be an impor­

tant step for quantum information applications in which complete quantum control 

is required [11-15] to be discussed in more detail in the introduction of Chapter 8. 

Since the gated pyramidal nanotemplate device geometry containing a single quan­

tum dot is very complex (4 top gates and 1 back gate) and different than that studied 

in literature, two- and three-dimensional calculations of the electrostatics is investi­

gated. The results of these calculations provide analytical data regarding the charging 

mechanism for precise single electron control and the voltages required on each gate 

for applied electric fields in any in-plane field direction on the same quantum dot. 

The ability to apply an in-plane field in any crystal orientation is shown to be an 

important step for entangled photon generation. Moreover, the results show that a 

built-in electric field is produced due to small misalignments of the top four Schot­

tky gates with respect to the prepositioned quantum dot (a common situation which 
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occurs in practice due to the resolution of the e-beam writer ~ 30 nm). 

1.1 Organization of thesis 

Each chapter begins with a detailed introduction, including an overview of the current 

literature and how the research in this thesis attempts to overcome current scientific 

problems in the field of quantum information science. Specifically for the experimental 

chapters, the introduction is followed by details of the device, presentation of main 

results and discussion, and ending with main conclusions. The only exceptions to 

this basic format is Chapter 2, which presents a basic overview of quantum dots and 

provides a scientific foundation for the results presented in this thesis aimed at new 

scientists in the field. 

This thesis is organized into chapters as follows. In Chapter 2, the fundamen­

tal electronic and optical properties of self-assembled quantum dots are presented. 

Optical selection rules are introduced for single quantum dots, which are shown to 

have analogies in atomic physics. Here, many people draw conclusions and call quan­

tum dots 'artificial atoms', although some significant differences are briefly discussed. 

The idea of few particle interactions is also introduced which directly influences the 

recombination energy of the exciton observed in experiment due to Coulomb interac­

tions and many-body effects. Additionally, the two-dimensional harmonic oscillator 

is described, which is used to approximate the quantum dots in-plane confinement 

potential for the theoretical calculations presented in Chapter 5. In Chapter 3, the 

most common growth method used for self-assembled dots is described (Stranski-

Krastanow growth mode). The Stranski-Krastanow growth mode is utilized for di­

rected self-assembled growth to precisely position the InAs quantum dot at the apex 
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of an InP nanotemplate by directing the dot material to known locations on the 

substrate. Thus, by appropriate control of the growth conditions, the top apex di­

mensions control the quantum dot lateral dot dimensions, while the amount of dot 

material supplied controls the dot height and therefore the emission energy. In this 

way, the dot emission can be controlled towards the telecommunications wavelength 

band around 1.55/^m. Additionally, the method of reaching the single dot regime 

and selecting single dots for electrostatic gating is described for the two types of 

device structures studied in this thesis: 1) gated ridges of 'stripe' geometry and 2) 

gated pyramids containing four Schottky gates around the periphery of the quan­

tum dot and a doped back gate for single charging experiments. In Chapter 4, the 

experimental methodology is described. 

Theoretical calculations are presented in Chapter 5 and are used to understand 

the effects of the applied lateral electric field for single dots on ridge nanotemplates 

to be presented in Chapter 6 and Chapter 7. The model described here utilizes an 

in-plane 2D parabolic potential to describe the quantum dot's confinement potential. 

The results of the calculations, which include Coulomb interactions and many-body 

effects, qualitatively explain the observed experimental results for an in-plane lateral 

electric field. Of particular significance is the finding that the exciton transition 

redshifts and the biexciton blueshifts as a function of lateral electric field. At a 

critical value of the electric field, the biexciton binding energy is removed and thus 

entangled photon pairs are generated. 

In Chapter 7, the current method for generating entangled photon pairs is pre­

sented that utilizes the biexciton-exciton-vacuum radiative cascade in semiconductor 
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quantum dots. Next, a new proposed scheme is introduced that circumvents the ma­

jor problem in existing devices; that is, enforcing the degeneracy of the intermediate 

exciton states. Instead, the new proposal relies on the removal of the biexciton bind­

ing energy which is demonstrated experimentally. Alternatively, the biexciton binding 

energy is shown to be controllably tuned via the ridge nanotemplate. For dots ex­

hibiting an unbound biexciton state, it is suggested that entangled photon pairs are 

possible without post-manipulation. This regime to obtain an unbound biexciton 

for large dots was not possible until this work. The mechanisms to obtain unbound 

biexcitons for large dots such as piezoelectric fields is discussed, which lead to the re­

moval of the fine-structure splitting of the intermediate states in the biexciton-exciton 

radiative cascade and therefore generation of entangled photon pairs. 

In Chapter 8, a deterministically positioned InAs quantum dot is presented on 

an InP pyramidal nanotemplate which demonstrates single electron charging and the 

possibility of generating entangled photon pairs on the same quantum dot. Two-

dimensional and three-dimensional calculations for solutions of the Poisson equation 

are also presented, which explain the current charging mechanism in this device since 

the InP pyramidal nanotemplate device geometry is unique and not planar as the 

single electron charging devices cited in literature. Moreover, the three dimensional 

calculations show that it is also possible to use metal-oxide-semiconductor devices 

for charging experiments. Counter-intuitively, single electron charging is shown to be 

more efficient for the metal-oxide-semiconductor device presented in this thesis com­

pared to the metal-semiconductor devices. Finally, in Chapter 9, the main conclusions 

are summarized along with a brief discussion of future work. 



Chapter 2 

Fundamental properties of 
quantum dots 

The density of electronic states of semiconductor nanostructures can be altered in 

useful ways by introducing one, two, or three directions of quantization. This quan­

tization is achieved by fabricating quantum well (2-dimensional), quantum wire (1-

dimensional), or quantum dot (O-dimensional) heterostructures that are nanometer in 

size [52]. Semiconductor quantum dots are very attractive O-dimensional systems due 

to their ^-function (discrete like) density of states, which allow the motion of electrons 

and holes to be quantized in all three spatial directions. Due to this quantization, the 

energy levels in a quantum dot form a discrete energy spectrum with well separated 

"shells", making them very attractive for optoelectronic devices and quantum infor­

mation science applications [1]. This appeal arises in semiconductor quantum dots 

since their optical and electronic properties can be modified in a controlled manner 

either by growth conditions, or external perturbations such as an electric field as 

demonstrated in this thesis. 

Since quantum dots exhibit well separated "shells", they are often referred to as 

artificial atoms [1]. Such analogies between quantum dots and atoms are often made; 

8 
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however, there are several fundamental differences between them. First, quantum 

dots are composed of thousands of atoms instead of only one. This leads to a much 

smaller energy level spacing for quantum dots compared to that of atoms. The energy 

level spacing for quantum dots is on the order of meV, whereas the energy level spac­

ing for atoms is on the order of eV. Second, the confining potential produced by the 

positive potential of the nucleus for an atom only confines electrons, whereas a semi­

conductor quantum dot has the ability to confine both electrons and holes. Third, 

the lateral confining potential of a quantum dot is weaker in the lateral direction as 

compared to the vertical growth direction and in most cases can be approximated 

by a two-dimensional (2D) parabolic potential. This is in contrast to the Coulomb 

potential produced by atoms which possesses a singularity at the nucleus. Fourth, 

the number of electrons (total confined charge) in a quantum dot can be precisely 

controlled by a vertical electric field applied along the growth direction advantageous 

for applications in quantum information science [2,5-9]. In contrast, the confinement 

potential produced in atoms by the nucleus is fixed and more difficult to manipulate; 

however, experimental schemes still exist to achieve long-distance quantum commu­

nication [53-57]. Finally, a single quantum dot is embedded in a host semiconductor 

matrix which is very stable for device applications, whereas atoms stored in a dipole 

trap have been reported to escape after about ten seconds [56]. 

The remainder of this chapter introduces the basic electronic and optical prop­

erties of semiconductor quantum dots. The fundamental quantum dot properties 

presented here are crucial in understanding the optoelectronic properties of single, 

gated quantum dots studied later in this thesis. For a more detailed introduction to 
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quantum dots, the following books are recommended: "Single Quantum Dots: Fun­

damentals, Application and New Concepts", edited by P. Michler [1], and "Quantum 

Dot Heterostructures", by D. Bimberg et al. [52]. 

This chapter is organized as follows: In Section 2.1, quantum effects resulting from 

the three-dimensional confinement potential of a single quantum dot is described. In 

Section 2.2, the two-dimensional harmonic oscillator is introduced in order to approx­

imate the much weaker lateral confinement potential of the quantum dot compared 

to that of the vertical growth direction. This lateral confinement potential is used in 

this thesis to model a single quantum dot in a lateral electric field. In Section 2.3, 

the optical selection rules of a single quantum dot is provided at zero electric field. 

Finally, in Section 2.4, few particle states in single quantum dots are introduced, 

which directly influences the recombination energy of single excitonic states following 

their optical selection rules. 

2.1 Three-dimensional confinement 

Typical dimensions of a quantum dot range from a few to tens of nanometres. At 

this length scale, the effects of quantum confinement become important since the 

wavefunction of a confined electron or hole has similar dimensions to that of the 

quantum dot confining potential. Therefore, to calculate the electronic properties of 

the quantum dot, these quantum effects should be taken into consideration. As an 

example, by considering the crystal momentum, the length scale at which quantum 

confinement effects are important can be estimated by the Heisenberg uncertainty 

relation, Ax Ap ~ H, where Ax and Ap are the uncertainties in length and momentum, 

respectively. By using the energy dispersion relation in terms of wavevector, k, for an 
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electron in an isotropic, parabolic band (E(k) = h2k2/2m*), the crystal momentum 

(p = hk) is p = V2m*E, and Ax becomes Ax ~ h/y/2m*E. By substituting typical 

values for the conduction band electrons into this equation (m* ~ O.lmo, E = ksT = 

25meV), a length scale Ax of 4nm is obtained at room temperature. Here, £;# is 

Boltzmann's constant, T is the temperature, and mo is the mass of the free electron. 

At room temperature, quantum confinement effects should start to become important 

on the nanometer scale. Thus, it is expected that decreasing the temperature results 

in an increased length scale to observe quantum effects (hundreds of nanometres). 

The bandgap engineering required to trap both electrons and holes simultaneously 

for optoelectronic applications can be met by fabricating self-assembled quantum dots. 

Self-assembled quantum dots can be fabricated by a strain driven epitaxial growth 

technique of III-V semiconductor materials [1] as described in Chapter 3.1. The three-

dimensional (3D) confining potential of a self-assembled quantum dot is produced 

by surrounding the dot material with a higher bandgap semiconductor, as shown 

schematically in Figure 2.1(a). For example, by embedding InAs (Eg = 0.36 eV) 

within InP (Eg = 1.27 eV), where Eg is the energy gap of the semiconductor at 300 K 

[58], a potential well is produced for the InAs/InP heterointerface. The energy band 

diagram profile for the InAs/InP heterointerface is shown schematically in Figure 

2.1(b) for one of the crystal directions of the "quantum box" from 2.1(a) (i.e., growth 

direction). Here, the wider bandgap material (InP) completely encloses the narrower 

bandgap material (InAs), which traps both electrons and holes in 3D. It should be 

noted that the valence band (VB) potential for holes is much more complicated than 

the one shown here and is discussed in more detail in Section 2.3: Optical selection 

rules for single quantum dots. 
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conduction 
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InP 

valence 
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Figure 2.1: (a) Quantum box representation of single quantum dot. (b) Energy 
band diagram of InAs/InP heterointerface for one of the crystal directions of the 
"quantum box" in (a). The smaller bandgap of InAs localizes electrons and holes for 
3D confinement. 

2.1.1 Band offsets and alignment 

The energy difference in the bandgap, Eg, of the two materials is not the only im­

portant parameter in forming a 3D confinement potential of the quantum dot. The 

band alignment and band offsets of the conduction and valence band edges of the two 

semiconductor materials of the heterointerface determines which layer the electrons 

and holes are confined, as well the strength of the confinement for each particle. If 

the narrower bandgap material is completely enclosed by the wider bandgap material 

as in the case of the InAs/InP heterointerface, then both electrons and holes will be 

trapped in the narrow bandgap InAs layer. This type of alignment for the band offset 

is called type-I alignment. 

The band offsets and alignment are determined by the electron affinity, %, of the 

two semiconductor materials, and their alignment with respect to the vacuum level. 

The electron affinity, characteristic of a material, is defined as the energy required to 

take an electron from the bottom of the conduction band to the vacuum level where 

it can escape from the crystal. Anderson's rule states that the vacuum level of these 

(a) "Quantum box" (b) 

InP InAs 
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Figure 2.2: Schematic representation of band offsets and alignment of semiconductor 
heterointerface using Anderson's rule. The two different semiconductor materials are 
labeled with subscripts A and B, respectively. 

two materials should line up on an absolute energy scale [59]. The alignment of the 

conduction and valence band edges utilizing Anderson's rule is summarized in Figure 

2.2. Here, a heterointerface made of two materials labeled A and B, with different 

energy gaps (i.e., E^ < E^) are considered. The difference in the corresponding 

electron affinities, XA and XB of the two materials corresponds to a band offset for the 

conduction and valance bands, denoted AEC and AEV, respectively. The convention is 

that both AEC and AEV are both positive for type-I band alignment. Other examples 

of type-I band alignment occur in the GaAs/AlGaAs and InAs/GaAs heterointerface. 

Different types of band alignments are summarized in Figure 2.3. For type-I 

alignment, electrons and holes are confined spatially within the same layer (i.e., within 

the potential well), advantageous for optoelectronic applications. However, for other 

types of alignment, electrons can be confined in one layer, while holes are confined in 

another. For example, in the InP/InAlAs heterointerface, the electrons are localized 

in the InP layer, while holes settle in the InAlAs layer. This type of alignment is 

known as type-II alignment or staggered band alignment. Finally type-Ill alignment 
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Figure 2.3: Types of band alignment for semiconductor heterointerface. CB: conduc­
tion band, VB: valence band. Type I: lower bandgap semiconductor is completely 
enclosed within larger bandgap semiconductor useful for optoelectronic applications 
(e.g. InAs/InP, InAs/GaAs). Type II: staggered band alignment (e.g. InP/InAlAs). 
Type-Ill: broken band alignment (e.g. InAs/GaSb). 

or broken gap alignment occurs when the bandgaps of the heterointerface do not 

overlap, such as in the InAs/GaSb interface. In this type of broken gap alignment, 

electrons from the valence band of the InAs flow to the conduction band states of 

GaSb until a built-in electric field is produced as to oppose this electron flow. 

2.1.2 Solutions of three-dimensional confining potential 

The electronic properties of a quantum dot are frequently estimated through modeling 

with a square well confining potential of finite height in three dimensions (3D), also 

known as a "quantum box". The solutions are obtained by solving the 3D Schrodinger 

equation. However, it is not possible to solve the Schrodinger equation exactly in real 

quantum dots since they have more complex geometries than a "quantum box" and 

are also highly strained. In some cases, there is a compositional profile of the dot 

material (as in InAs/GaAs self-assembled dots), thus adding to the complexity of 

the confining potential. In such cases, the Schrodinger equation must be solved by 

numerical techniques [60,61]. 

To simplify the problem of calculating the electronic properties of semiconductor 
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quantum dots, the effective mass approximation can be utilized. In this approxi­

mation, the more complex bandstructure of each constituent layer making up the 

nanostructure is ignored. Instead, the effective potential that is created by the band 

edge profile can be described by an effective mass. The effective mass takes into ac­

count the semiconductor bandstructure and is different for electrons and holes. This 

approach essentially describes how electrons and holes move under their band edge 

profiles as if they were free, but with a different dispersion relation. The free electron 

mass in the Schrodinger equation can now be replaced by the effective mass and the 

electrons and holes are treated as "quantum particles". This method makes it possi­

ble to apply elementary quantum mechanics and in most cases the one-dimensional 

(ID) Schrodinger equation can be utilized for calculating the single particle wavefunc-

tions and estimating the single particle energies for carriers moving in the localized 

potential of the quantum dot. Note that the calculated wavefunction in the effective 

mass approximation is known as an envelope wavefunction since it does not include 

the Bloch wavefunction which depends on the periodic potential of the semiconductor 

lattice. For the effective mass approximation to be valid, the Bloch wavefunctions in 

the two adjacent materials of the heterointerface must be similar [52]. 

To illustrate the discrete quantization of energy levels resulting from the 3D con­

finement potential of quantum dots, an analytic solution for a particle in a box with 

infinite barrier height is presented. Using a quantum dot with rectangular symmetry 

and sides of length Lx,Ly,Lz, along the three Cartesian coordinates (x, y, z), the 

Schrodinger equation is separable and the total energy is the sum of the eigenener-

gies along each of the three different axes. To determine the eigenenergies along one 

quantization direction for either the electron or hole, the Schrodinger equation can 
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Figure 2.4: Solutions to the ID Schrodinger equation of the "quantum box" potential 
along the x-direction of the "quantum box", which exhibits quantized energy lev­
els. For the "quantum box" in Figure 2.1(a), the y- and z- directions are quantized 
identically to x. 

be solved in one-dimension (ID). The time-independent Schrodinger equation in ID 

h2 d2 
is 

-i){x) + V(X)I/J{X) = Exi){x) (2.1) 
2m* dx2 

where m* is the effective mass, tp(x) is the wavefunction of the confined carrier (elec­

tron or hole), V(x) is the potential, and Ex is the eigenenergy. This problem is 

identical to a bound particle in a square well potential and the solutions are very 

familiar from elementary quantum mechanics (shown in Figure 2.4). Here, V(x) = 0 

inside the well, and V(x) = oo outside. The envelope wavefunctions in this case are: 

*<*> = n:sin (^Hr^ (2.2) 
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with eigenenergies given by 

Since the energy levels are quantized, the quantum number, n — 0,1, 2 . . . is intro­

duced, where n = 0 represents the ground state. The envelope wavefunctions and 

eigenenergies from Equation (2.2) and (2.3), respectively, for the ID step-like con­

finement potential are shown in Figure 2.4. In the calculation presented here, the 

following parameters were used: Lx = 10 nm, and m* = 0.055m0. These solutions 

illustrate the restriction of allowed energies that results from the boundary conditions 

of the confined carrier being constrained by the ID potential. If the potential were 

only in ID, the carrier would be free to move along the 2D plane for the allowed 

energies in the x-direction. However, in a quantum dot, the confinement potential 

in other crystal directions (y, z) also constrains the particle such that the carrier is 

'trapped' in 3D. Since the Schrodinger equation is separable for the "quantum box" 

potential in 3D, the ID Schrodinger equation can be applied along the y-, and z-

direction similarly to that of the solution along the the x-direction. Adding the sum 

of the eigenenergies along all three crystal directions provides the solution in 3D. 

Now, the single particle quantized energy levels in 3D are 

hW \ (n + l )2 (m + l)2 (I + l)2 

nml ~ 2m* 1 LI + Ll + LI 
v x y A S 

with quantum numbers n,m,l = 0,1, 2 . . . . The allowed energies resulting from the 

quantum dot's 3D confinement potential depends strongly on the size of the "quantum 

box" and the effective mass. For the special case when Lx = Ly = Lz, (i.e., a quan­

tum dot with high symmetry), the energy levels form shells of increasing degeneracy, 

where the shell separation increases with incrementing quantum number. Normally 

(2.4) 
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however, the quantum dot does not have high symmetry and the growth direction (z-

direction) is much smaller than the the lateral dimensions (i.e., Lz < Lx,Ly). From 

Equation (2.4), the energy scale introduced by the stronger, vertical confinement is 

larger than the contribution by the lateral confinement. Here, widely spaced energy 

levels are expected due to the vertical confinement and more closely spaced energy 

levels due to the lateral confinement. In other words, the many closely spaced quan­

tized levels resulting from the lateral confinement are integrated within each vertical 

subband. If the quantum dot height is made sufficiently small, as is the case for most 

quantum dot systems, then the bound states only contain the lowest vertical subband. 

Higher subbands are above the barrier, in the continuum of states resulting from the 

finite barrier height of the quantum dots confining potential. The band offsets for 

the conduction and valence bands in InAs/InP quantum dots including strain are 

AEC = 320 meV and AEV = 530 meV, respectively [61]. 

Due to the fact that the confinement potential is stronger in the vertical direction 

than the lateral direction in quantum dot nanostructures, the confining potential can 

be approximated by a step-like quantum well potential in the growth direction as 

discussed previously, and a weaker 2D lateral confining potential. For certain types 

of dot shapes, such as a lens-shaped self-assembled quantum dot (Figure 2.5(a)), the 

in-plane confining potential can be approximated by a 2D parabolic potential [62-66] 

(Figure 2.5(b)). Such a confining potential arises due to the varying thickness of the 

dot layer as a function of dot radius [62]. The confinement is largest when the dot layer 

is the thickest (i.e., x = y = 0) and smallest when closest to the wetting layer. The 2D 

parabolic potential proves to be quite useful to represent the lateral confining potential 

of a single quantum dot since the single particle energies of such a dot can be obtained 
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Figure 2.5: (a) Schematic representation of lens-shaped InGaAs self-assembled quan­
tum dot [62]. (b) The confining potential, V, of a lens-shaped self-assembled quantum 
dot is represented by a 2D parabolic potential. The 2D parabolic potential in the 
plane of the quantum dot arises for certain dot shapes, such as a lens-shaped quantum 
dot. The single particle energies can be obtained by solutions of the 2D harmonic 
oscillator in the effective mass approximation. 

analytically from the solutions of the 2D harmonic oscillator. Moreover, the solutions 

of the 2D confining potential qualitatively portray the essential physics of a single 

quantum dot including optical selection rules and energy shell separation, as well as 

providing a simple picture for understanding interactions of external perturbations 

within the single quantum dot, such as an applied magnetic field [65,66] or applied 

lateral electric field as demonstrated in this thesis. 

Detailed calculations have been performed for more sophisticated confining poten­

tials that take into account the various shapes and sizes of quantum dots, including 

strain. However, these calculations are very complicated, require large computational 

effort [67] and do not always allow one to understand the physical picture. The 2D 

parabolic potential is much simpler to calculate and is not far from the true potential 

of a single quantum dot as revealed by the demonstration of state-filling spectroscopy 

in a single quantum dot [64] and the Fock-Darwin spectra observed in a magnetic 
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field [65,66]. In these experimental studies, the assumption of a 2D harmonic oscilla­

tor potential was used to describe the observed shell-structure and evolution of shells 

with magnetic field for both ensembles of quantum dots and that of a single quantum 

dot. More recently, the calculated energy level spacing for InAs/InP quantum dots 

using an atomistic pseudopotential method was found to be nearly equal, which is 

in rough agreement with the effective mass approximation utilizing a 2D harmonic 

oscillator confining potential [61]. 

2.2 Two-dimensional harmonic oscillator 

As discussed in the previous section, the solutions of the 2D harmonic oscillator 

prove to be a very good approximation for the weaker lateral confining potential of 

the quantum dot [62-66]. For a semiconductor quantum dot in which the height 

is much smaller than the lateral dimensions, the lateral confining potential can be 

decoupled from the vertical confinement. This is the case for the single quantum dots 

studied in this thesis, as the ratio of the quantum dot height to lateral dimensions is 

typically 1:10 [68]. In addition, typical quantum dot heights fabricated in this thesis 

(~3-5 nm), only contain one vertical subband for the depth of the well in the growth 

direction. In such circumstances, the much weaker lateral confining potential can be 

represented by a 2D parabolic potential of which the solutions to the single particle 

energies can be obtained analytically by the 2D harmonic oscillator. 

The 2D parabolic potential representing the quantum dot in the x-y plane (lateral 

direction) is given by 

V(x,y) = ±m;wl(x2 + y2) (2.5) 
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Figure 2.6: Parabolic potential, V(x), of ID harmonic oscillator. The energy levels 
and wavefunctions of the ID harmonic oscillator for the lowest four levels is plotted. 
In 2D, this potential is rotationally symmetric about the z-axis (growth direction) 
and is found to be a good approximation to represent the confinement potential of a 
single quantum dot. 

where (x,y) is the position of the particle subject to the confining potential, m^ is 

the effective mass of the particle, and hwp is the characteristic harmonic oscillator 

energy, where j3 = e, h identifies the carrier type (e for electron and h for hole). This 

parabolic potential for ID (x-direction) is shown in Figure 2.6. For the case of the 2D 

parabolic potential given in Equation 2.5, this ID potential is rotationally symmetric 

about the z-axis. 
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Next, the unperturbed single particle Hamiltonian of the confined carrier is 

Hf,= P 
2m\ 

+ V(x,y) (2.6) 

Here, p2/2m*0 is the kinetic energy of the carrier, and p is the momentum (p = 

-ih A. _i_ JL 
dx dy 

). The single particle Hamiltonian is separable in the x-, and y- depen­

dent parts for the 2D parabolic potential which gives 

Hp = Hp{x) + Hp{y) (2.7) 

Now, the time-independent Schrodinger equation can be solved for two uncoupled 

harmonic oscillators. In ID, Equation (2.1) becomes 

h2 d2 1 
- 2 ^ r ^ V > ( z ) + -m}wlx2i,(x) = ExP(x) (2.8) 

Next, the physical quantities of position and energy can be eliminated by introducing 

an effective length scale, x0, and energy scale, E0, such that the Schrodinger equation 

is dimensionless. Here, the derivation is similar to that presented in Ref. [69]. First, 

Equation (2.8) can be rearranged to obtain 

d2 

dx2 - H ^ p l z< </>(z) = -^-ip(x) (2.9) 

By inspection of the left hand side (LHS) of Equation (2.9), the dimensions of length 

can be eliminated by setting 

_ x 
X = , XQ 

XQ 

h 

m }wp 

(2.10) 

Carrying this out gives 

d2 

dx fc2 + x2 2E _ 
(2.11) 
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Similarly, the dimensions of energy can be eliminated by setting 

E = —, E0 = hwp (2.12) 

Finally, a dimensionless Schrodinger equation is obtained with pure numbers x and 

~E: 
d2 — 

-^ii(x) + (2E-x2)i){x) = Q (2.13) 

The solutions to the differential Equation (2.13) is well known and can be found in 

many quantum mechanics text books. Without going into detail, the allowed energy 

levels of the ID harmonic oscillator are: 

En = hwJn+^) (2.14) 

with quantum numbers n = 0,1,. . . , and corresponding normalized wavefunctions 

fcW = 7 P s ( i ) 1 / 4 f f " W e x p ( i J ) (2'15) 
Here, the wavefunctions of the quantum harmonic oscillator contain the Hermite poly­

nomials, Hn[x) for a given quantum number, n. The first few Hermite polynomials 

are 

H0(x) = l, H2{x) = *(j-) -2 

H1(x)=2-, H3(x) = 8(-) - 1 2 
x0 \x0J i (2-16) 

The Hermite polynomials are multiplied by a Gaussian (last term in Equation 2.15) 

which allows the boundary conditions to be satisfied at x = ±oo. The solutions of the 

lowest four wavefunctions of the ID harmonic oscillator are plotted in Figure 2.6. In 

contrast to the particle in a box with infinite boundary conditions, the wavefunctions 
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penetrate into the barrier before they decay. In addition, the energy levels are equally 

spaced for the quantum harmonic oscillator, whereas for the case of the particle in a 

box, they increase with larger quantum number, n. The potential, V(x), shown in 

Figure 2.6 with corresponding solutions of eigenstates and eigenenergies uses a value 

of hwe that is characteristic of electrons for the InAs/InP quantum dots studied in this 

thesis (hwe = 12meV, m* = 0.055m0). The fundamental result of the 2D harmonic 

oscillator is that the Hamiltonian is separable in the x- and y directions, such that the 

solutions are obtained analytically. This proves to be very useful when understanding 

the effects of an applied lateral electric field studied later in Chapter's 5, 6, and 7. 

By including the solutions in the y-direction, the single particle harmonic oscillator 

energies in 2D are 

4m = hwp(n + m + l) (2.17) 

with quantum numbers, n,m = 0,1,2 Similar to the ID case, the energy level 

separation of the harmonic oscillator states does not change with increasing quantum 

numbers. However, the energy of the ground state in the 2D case is twice that of 

the ID case. In addition, the number of degenerate harmonic oscillator states in 2D 

increase for incrementing quantum numbers n and m (i.e., for equal values of n + m). 

Here, the confinement potentials in the x- and y- directions of the harmonic oscillator 

are assumed to be identical (i.e., the 2D parabolic potential is rotationally symmetric 

about the z-axis). The energy eigenstates of the 2D harmonic oscillator represents 

'shells' analogous to that of an atom and forms the basis of the shell model for single 

quantum dots. The shell model provides an excellent framework for describing the 

fundamental physics in these nanostructures such as the optical selection rules of 

single quantum dots, as well as external perturbations applied to them [63]. The 
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shell model is used in describing the optical selection rules in the next section, as well 

as describing the gated InAs/InP quantum dots studied in this thesis. 

2.3 Optical selection rules for single quantum dots 

Thus far, I have treated holes in a single quantum dot as 'quantum particles' similar 

to electrons, but with opposite charge. The holes move in a quantum dot confin­

ing potential defined by their own effective mass m*h. Such an assumption is made 

in the effective mass approximation and is valid for dots in which there is minimal 

heavy-hole/light-hole mixing. This creates "clean" optical selection rules to describe 

the optical transitions observed in single quantum dots. These "clean" optical selec­

tion rules are used to explain the observed optical transitions throughout this thesis 

at zero electric field and as a basis when these optical transitions are manipulated 

with an external vertical or lateral electric field. However, this heavy-hole/light-hole 

mixing cannot be neglected in all cases and is found to become important for tall 

dots [70] or spherical dots [60] as determined by atomistic pseudopotential calcula­

tions. Once mixing of hole states becomes important in the valence band, the optical 

selection rules are modified in quantum dots and include very complex hole-hole in­

teractions [63, 71]. In the case of strained InAs/InP quantum dots studied in this 

thesis, the splitting of the heavy and light holes is expected to remove these compli­

cations of hole-hole interactions and justifies the use of the one-band effective mass 

approximation [63]. First, there is an expected heavy-hole/light-hole splitting due to 

the different confinement energies for heavy and light holes (see Figure 2.7). Second, 

the strain of InAs/InP quantum dots further splits the heavy and light hole. In fact, 

the predominant character for lens-shaped InAs dots embedded in host materials of 
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GaAs or InP is heavy-hole like due to compressive strain as determined by atomistic 

pseudopotential calculations [60,61]. In these calculations, the heavy-hole/light-hole 

splitting for InAs/InP quantum dots was determined to be smaller than InAs/GaAs 

quantum dots (120meV compared to 180meV). Outside of the quantum dot, the 

heavy-hole light hole splitting changes sign (i.e., ground state is dominated by light-

hole) [60]. As it turns out, the valence band ground state for flat self-assembled 

InGaAs/GaAs quantum dots was found to contain at least 95% heavy hole char­

acter [72]. Although InAs/GaAs quantum dots has a different host material than 

InAs/InP quantum dots, a large heavy-hole/light-hole splitting is expected as stated 

above (MOO meV) [61], thus validating the use of the one-band effective mass ap­

proximation in this thesis by assuming heavy holes only and no mixing with light 

holes. 

2.3.1 Angular momentum of single particle electron and hole 

states 

To determine the optically allowed transitions of a single quantum dot, the spin-orbit 

interaction should be included, which scales with the atomic number of the atom. 

Such an interaction describes the coupling of the electron spin to the orbital angular 

momentum and is necessary to understand how the single particle electron states in 

the conduction band and the hole states in the valence band of a quantum dot, couple 

to the light field. 

In a bulk 3D semiconductor, the conduction and valence bands are constructed 

from the bonding of neighbouring atoms. For example, in silicon there are four 

valence electrons, two in a filled s orbital and two in a partially filled p orbital, which 
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can accommodate a total of six electrons. Each of the four neighbouring Si atoms 

contributes one valence electron to completely fill this outer shell, forming bonds 

which make the crystal lattice more stable. These orbitals of neighbouring atoms 

overlap and hybridize into sp3 orbitals. The bonding combinations of the sp3 orbitals 

form the valence band and the anti-bonding combinations form the conduction band. 

The valence band is completely filled since each of the four neighbouring Si atoms 

contributes one valence electron necessary to bond the crystal lattice. The splitting 

between these two bands is the forbidden energy gap, where no states are allowed. 

Now, by thermal or optical excitation with an energy greater than the energy gap, 

an electron can be excited to the empty conduction band, leaving behind a missing 

electron in the valence band; also known as a hole. This excitation process is only 

allowed by conserving energy and momentum (i.e., for the same wavevector, k). 

To understand the optical selection rules in single quantum dots, it is important to 

understand the nature of the wavefunction. In both InP, InAs, and GaAs for example, 

the bottom of the conduction band has s-like wavefunctions and the valence band has 

p-like wavefunctions. This simple picture does not work as well in the conduction 

band as the electrons spread out further in the crystal and retain less of their atomic 

character. Analogous to atomic physics, s-states have zero orbital angular momentum 

(i.e., I = 0), while p-states correspond to I = 1. After including the spin, s = | 

for an electron, the total angular momentum of the conduction band ground state 

is j — I + s = | , and j = I — s = — ̂ . Similarly for the p-like valence band 

wavefunctions, they correspond to / = 1 with allowed eigenstates of lz = {—1,0,1}. 

When including the spin of the hole, there is a total of six possible hole states for 

the ground state. For example, when / = 1 and s = | , the eigenvalues of j can take 
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on two possible values: j = I + s = | and j = I — s = | . The eigenvalues of j z 

now have a possibility of 2j + 1 states with values j,j — 1 , . . . , — j . When j — | , 

the possible values of j z are {§> | 5 —15 ~ §}, and when j = | , the possible values of 

j z are {§,— | } . The spin-orbit interaction in the valence band splits the j = 3/2 

states from the j = 1/2 states. This splitting is referred to as the spin-orbit splitting 

where the states with j = 1/2 are the split-off hole bands and are typically 380 meV 

below the j = 3/2 states for bulk InAs [59] and therefore can be ignored. In bulk, the 

j = 3/2 states are degenerate where j z = ± | is defined as the light-hole band and 

j z = ± | as the heavy-hole band. This simplified picture of the band edge structure is 

summarized in Figure 2.7 for a direct gap semiconductor using typical values of bulk 

InAs, with corresponding dispersion relations (E = h2k2/2m*) of their respective 

bands for electrons and holes in the effective mass approximation. As mentioned 

previously, the confinement and strain of the quantum dot splits the degeneracy of 

heavy-hole and light-hole states. For the InAs/InP quantum dots studied in this 

thesis, this splitting is large enough (MOOmeV) [61] such that the light-hole band 

can be neglected. Therefore, the optically allowed transition for the quantum dot 

ground state occurs when the j z = ± | single particle electron states recombine with 

the j z = ± | heavy-hole single particle hole states. 

To couple to the light field, the total angular momentum between the conversion of 

spin to light must be conserved. Since photons carry one unit of angular momentum 

(either +1 or —1), optically allowed transitions in a quantum dot must occur between 

energy levels where the difference in total angular momentum between the initial and 

final state is |AJ) = |±1). In addition, these optically allowed transitions must have 

total spin of zero (i.e., an electron with spin up recombines with hole of spin down 



Chapter 2: Fundamental properties of quantum dots 29 

electrons 

heavy holes: 
=3/2; jz=±3/2 

light holes: 
j=3/2;jz=±1/2 

split-off holes: 
j=1/2;jz=+1/2 

Figure 2.7: Simplified view of band edge structure of a direct gap semiconductor. The 
dispersion relations in the effective mass approximation for electrons, heavy holes, 
light holes, and split-off holes are shown. The spin-orbit splitting is represented by 
A, and Eg corresponds to the energy of the bandgap. Optical transitions occur when 
an electron in the conduction band recombines with a hole in the valence band with 
same wavevector, k. 

and vice versa). In strongly confined systems (e.g., quantum dot), an electron binds 

together with a hole to form an exciton. The exciton energy is lowered compared to 

the single particle energy of electron and hole by their mutual Coulomb attraction 

(see Section 2.4 for more details). By considering the heavy-hole and electron single 

particle states of the quantum dot ground state, there are four possible excitonic 

transitions; they are 

\AJ) = ± (2.18) 

which yield two optically bright exciton states with |AJ) = |±1) and two optically 

dark exciton states with |AJ) = |±2). For example, when a | —1/2} (|+l/2)) electron 

recombines with a |+3/2) (|—3/2)) heavy-hole, the angular momentum is +1 (-1). By 

the conservation of angular momentum, a photon is emitted with angular momentum 
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±1 , where light with angular momentum of +1 (-1) has right circular polarization 

(left circular polarization). 

2.3.2 Shell model of single quantum dots 

To extend the optical selection rules to the excited states of a single quantum dot, 

the shell model is utilized. The shell model of single quantum dots has demonstrated 

to be a very good approximation when describing their electronic properties and 

optical selection rules [63]. As discussed previously, this is the case when the lateral 

confining potential of the quantum dot is much weaker than the vertical confinement, 

as is the case for the single quantum dots studied in this thesis. For the dot heights 

considered in this thesis (~3-5nm), only one vertical subband is occupied due to the 

strong vertical confinement. The weaker 2D confining potential is represented by the 

2D harmonic oscillator, which can be solved exactly (see Section 2.2). The resulting 

eigenstates of the 2D harmonic oscillator represent the s-, p-, and d-shell, respectively 

for a single quantum dot that only contains one vertical subband from the stronger 

vertical confinement. For a symmetric dot, the single particle energies for electrons 

and holes correspond to the single particle energies of the 2D harmonic oscillator 

as in Equation (2.17). However, for asymmetric dots the single particle energies for 

electrons (or holes) correspond to two harmonic oscillators with different oscillator 

energies, hw%, and hw^ [63]: 

EL = h*4 (n + 0 + ftt«J (m + 0 (2.19) 

Note that the single particle energies for holes are described analogous to that of elec­

trons, but with their own characteristic harmonic oscillator energy in Equation (2.19). 
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In addition, these single particle energies exclude the energy offset which includes the 

energy gap of the dot material and the shift created by the vertical confinement. 

In this model, the optically allowed transitions from electrons in the conduction 

band and holes in the valence band are given for vanishing angular momentum, I, con­

servation of the total spin, s (i.e., opposite spin for electron and hole), and for states 

within the same shell of the quantum dot. These allowed transitions, represented 

as arrows are summarized in Figure 2.8. The angular momentum for a particular 

electron state is given by: 

rmn = m-n (2.20) 

In contrast, the angular momentum for the hole state which can be treated as a 

positively charged particle in this model has angular momentum opposite to that of 

the electron: 

tn = n-m (2.21) 

Now, the optically allowed transitions of a single quantum dot shown in Figure 2.8 

can be described with shells analogously to that of atoms. For example, the lowest 

eigenstate is with both n = m = 0 ((n,m) = (0,0)) and is the ground state of the 

system, which can therefore be referred to as the s-shell. When introducing spin, a, to 

Equation (2.19), the s-shell is doubly degenerate due to the Pauli exclusion principle 

that requires two electrons (or holes) of opposite spin. The second degenerate shell 

is the p-shell and consists of the eigenstates (n, m) = (0,1), and (n, m) = (1,0), with 

angular momentum ±1 . The third shell, called the d-shell, consists of the eigenstates 

(n,m) = (0,2), (1,1), (0,2). Each of these eigenstates for the p-, and (i-shell are 

also spin-degenerate. Thus, the total degeneracy is 2n*, where n*, is the shell index 

n* = 1, 2,3 for the s-, p-, and d- shell, respectively. Note, that this degeneracy for the 
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Figure 2.8: Shell model for single quantum dots represented by a 2D parabolic po­
tential in the xy-plane and a step-like potential along the growth direction. The 
arrows represent the optically allowed transitions with vanishing angular momentum 
in the shell model and occurs from electrons in the conduction band and holes in the 
valence band within the same quantum dot shell (note that total spin must also be 
conserved). 

s-, p-, and d-shells is broken if the dot shape is asymmetric (i.e., hw^. ^ hw!j}) as is the 

case for most real quantum dot systems and the quantum dots studied throughout 

this thesis. 

2.4 Few particle interactions 

Optical transitions in single quantum dots are subject to Coulomb interactions of 

strongly confined carriers, which modify the observed emission energy. Depending 

on the number of confined electrons or holes, the quantum dot is either electrically 

neutral or charged. Each optical transition involving a neutral or charged exciton 

has a unique optical signature in emission energy and number of observed spectral 

lines [5,7,63,64]. It is these optical signatures of few particle interactions that allow 
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the observed single excitonic transitions to be identified in this thesis. This section 

excludes any fine-structure splitting arising in an asymmetric shaped dot which breaks 

the degeneracy of single excitonic states with opposite spin configuration [64]. The 

resolution of the fine-structure splitting for the ground state exciton is ~ 10 —100//eV 

for InGaAs/GaAs dots [64,73] and ~ 100 - 200 /xeV for the InAs/InP quantum dots 

studied in this thesis. Details of the fine-structure splitting are discussed within the 

data analysis. 

Few particle interactions are first illustrated for the neutral exciton, X°, in Figure 

2.9(a) with a single electron-hole pair occupying the quantum dot s-shell of opposite 

spin. Since the electron and hole are oppositely charged, Coulomb interactions attract 

and bind the pair together to form an exciton. Following the optical selection rules 

of single quantum dots using the shell model, the electron-hole pair with opposite 

spin and vanishing angular momentum recombine to emit a photon with polarization 

based on their spin configuration. After the photon is emitted, the quantum dot is 

empty. Therefore, the single exciton energy can be determined by optical experiments. 

The energy of the emitted photon is lower in comparison to recombination of a non-

interacting electron-hole pair. The magnitude of reduction is determined by the 

exciton binding energy, which is considerably enhanced in quantum dots due to the 

stronger Coulomb interactions of electron and hole resulting from 3D confinement. 

The exciton binding energy is calculated using the single particle wavefunctions \m, n) 

from the 2D harmonic oscillator and Coulomb attraction of the electron and hole, Veh, 

treated as a perturbation. The single exciton energy is therefore the single particle 

energies of the electron, Ee, and hole, E^, and their mutual Coulomb attraction: 

Exo = Ee + Eh- Veh (2.22) 
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Initial state Final state 

Figure 2.9: Few particle interactions of single excitonic states, X° and X~. The 
initial state of the quantum dot is shown in the left panel and the final state is shown 
in the right panel. 

The electron-hole interaction element, Veh, in the quantum dot s-shell corresponds 

to [63] 

Veh = (00,001^100,00) = -*- f ^ ^ A ^ M ^ M ^ (2.23) 
4nee0J \ri - r2\ 

for an electron at position f*i, and hole at position r*2. The recombination energy 

of the neutral exciton is modified by the presence of an additional electron in the 

quantum dot. This configuration with two electrons and one hole in the quantum dot 

s-shell is known as the singly charged exciton, X~, and is shown in Figure 2.9(b). 

Here, the additional electron populates the quantum dot s-shell with opposite spin 

due to the Pauli exclusion principle. To calculate the energy required to bind an 

additional electron to the quantum dot, the Coulomb repulsion of the two electrons 

and exchange interaction of electron and hole is taken into account. This interplay of 
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the Coulomb interactions determines whether X~ is above or below X°. Typically, 

the magnitude of the re-normalization energy for X~ in InAs/InP quantum dots is 

~ 4 — 5meV below X°. Such charged exciton species are prepared experimentally 

in this thesis by a vertical electric field as described in Chapter 8. Similar to the 

neutral exciton, there is only one final state and therefore only one line is expected 

in the optical spectrum. In contrast to X°, the final state of X~ is a single confined 

electron. The transition energy of X~ is given by, 

Ex- =EX + Vee - Veh (2.24) 

where Ex° is the transition energy of X° and Vee is the electron-electron Coulomb 

repulsion and Veh is the electron-hole Coulomb attraction (exchange interaction). In 

this expression, it is the electron-electron and electron-hole Coulomb interaction terms 

that differentiate the transition energy of X~ from that of X°. Calculation details 

for the Coulomb matrix elements can be found in the work of P. Hawrylak [63]. An 

additional term that is neglected in Equation (2.22) and (2.24) is the correlation 

energy. The correlation energy is a small perturbation of the exciton energy that 

further redshifts the transition energy. See Chapter 5 for more details. 

Thus far, there is only one line expected in the optical spectrum for X~ and X° 

since there is only one possible final state. The doubly charged exciton, X2~ is used to 

demonstrate that the number of spectral lines in the optical spectrum increases with 

the number of possible final states. X2" contains three electrons and one hole. Since 

the quantum dot s-shell can only accommodate two electrons of opposite spin, the 

third electron populates the p-shell as shown in Figure 2.10. After X2' decay, there 

are four possible spin configurations of the remaining electrons in the final state with 

one electron in the s-shell and one in the p-shell. The final spin configuration can 
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Final state 

Initial state 

Figure 2.10: Few particle interactions of X2~. There are two expected lines in the 
optical spectrum for X2~ due to the spin singlet (X2~) and triplet {X2~) energy 
splitting in the final state. Only one of the three possible spin configurations is 
shown for the triplet state (see Equation 2.25). 

either be in a singlet state, X2 , or one of three triplet states, Xf , with corresponding 

wavefunctions, IS"), and \T), respectively: 

1 
\S) = ^=(TT - IT) 

(2.25) 

Neglecting Coulomb interactions, the energy of the singlet and triplet spin configura­

tions are degenerate. Taking Coulomb interactions into account, the energy levels of 

the singlet and triplet state are shifted to higher energy due to Coulomb repulsion of 

the two electrons. Finally, considering the exchange interaction of the two electrons, 

the triplet state is shifted to lower energy from the singlet state. The magnitude of 

the singlet-triplet state splitting is 2K, where K is the exchange interaction energy of 
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Figure 2.11: Calculated PL spectra of X°, X~, and X2~. The number of spectral 
lines expected in the optical spectrum increases with the number of possible final 
states [74]. 

the two electrons [4,5]. Since there is an energy splitting of the singlet and triplet few 

particle states from X2~ decay, two optical transitions are expected in the observed 

optical spectrum [4,5]. 

To illustrate few particle effects on the resulting optical spectrum for single exci-

tonic states, the calculated photoluminescence (PL) spectrum of X°, X~, and X2~ 

is depicted in Figure 2.11 [74]. The calculated PL spectra are based on model cal­

culations assuming a quantum well like potential in the growth direction and 2D 

parabolic potential in the plane of the quantum dot. The calculations performed by 

U. Hohenester and E. Molinari [74] follows the approach presented in [63, 75] with 

an assumption that the confinement energy for electrons is twice that for holes (i.e., 
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hjje = 2huh)- Such model calculations reproduce qualitatively important character­

istics of self-assembled quantum dots (i.e., measured inter-level spacing of the s- and 

p-shell and few particle interactions). As discussed previously, the X~ transition is 

renormalized by Coulomb interactions and found to be ~ 2 — 3 meV below that of the 

X° transition, with both of the optical transitions comprising of only one observed 

spectral line. As expected, the calculated optical spectrum for X2' is found to have 

two spectral lines, the strongest of the two is slightly red shifted with respect to the 

X° line. Since the PL is the difference in energy of the initial and final states, the 

singlet state is at lower emission energy than the triplet state, but with reduced am­

plitude [74]. The reduced amplitude of the singlet state is attributed to the number 

of possible spin configurations in the final state, which is only one compared to the 

triplet state, which has three. Note that the renormalization energies of the single 

excitonic states presented here are strongly dependent on the spatial extent of the 

electron and hole wavefunctions which modify whether the charged exciton states 

are either above or below the neutral exciton. In contrast, the energy splitting of 

the singlet and triplet states is relatively constant for the range of electron and hole 

wavefunctions studied. In that work, the spatial extent of the wavefunction, Le, 

for the electron to that of the hole, Lh, varied from Le : Lh of 1 : 2 to 2 : 1 [4]. 

The spatial extent of the wavefunction, also known as characteristic length of the 

parabolic confinement for electrons and holes, is defined by Le = (h/mlwe)~'~ and 

Lh = (h/mhwh) ) respectively [69]. The calculations presented here are confirmed 

by experimental investigation for InGaAs quantum dots embedded in GaAs [4,5] and 

are in excellent qualitative agreement for the charge tunable InAs/InP quantum dots 

presented in this thesis (see Chapter 8). 



Chapter 3 

Single dot growth and isolation 

Over a decade ago, experimental techniques were developed to isolate and probe a 

single quantum dot [76-81]. Probing individual quantum dots made studying their 

underlying electronic structure, as discussed in the previous chapter, a possibility. The 

spectral resolution of these experiments enabled the study of few particle interactions 

between carriers (electrons and holes) confined in the quantum dot as well as the 

demonstration of atom-like spectra from individual quantum dots [80,81]. A clear 

signature of this atom-like behavior of individual quantum dots is the observation of 

sharp optical emission lines, resulting from the recombination of single electron-hole 

pairs that become spatially isolated in three dimensions due to the confining potential 

of the quantum dot. For high quality dots, the linewidths of the optical transitions 

are limited by the exciton recombination lifetime (~ 1 /ieV) [82]. 

More recently, the ability to isolate a single quantum dot has enabled the study of 

quantum devices for application in quantum cryptography and quantum information 

processing systems [1]. To date, such devices have relied upon randomly nucleated 

quantum dots. Examples of device utilization include precisely controlling the number 

of both electrons and holes confined within the quantum dot, thus modifying the 

39 
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total charge [2,5,7,8]; performing coherent manipulation of a single electron spin on 

timescales ranging from nanoseconds down to picoseconds before the electron spin 

is lost due to decoherence [11-13,15] and; tuning the optical transitions of a single 

quantum dot for single photon or entangled photon applications making the long 

distance transfer of quantum information a possibility [24]. 

Until recently, there were a limited number of experimental techniques for isolating 

and probing a single quantum dot to allow study of the aforementioned device appli­

cations. These experimental techniques included: high spatial resolution cathodolu-

minescence [76]; near field optics [79] and; micro-photoluminescence (/x-PL) [80,81]. 

Cathodoluminescence can probe an area below 50 nm, much less than optical tech­

niques can achieve due to the diffraction limited laser spot (~ 1/mi). These single 

dot spectroscopy techniques are useful to probe single quantum dots formed by quan­

tum well interface fluctuations [77] since the dot density is sufficiently low. However, 

for self-assembled quantum dots formed by the Stranski-Krastanow growth mode, 

the surface density is typically higher (10 — 100 /xm"2) and the limit of single dot 

spectroscopy is more difficult to achieve. 

Present day technology now makes isolating single dots for optical spectroscopy 

relatively simple. The most common method being utilized around the world to 

study single dots is to combine both optical spectroscopy and post-growth processing 

techniques. With these optical methods, the resolution required to probe a single 

quantum dot can be achieved by etching sub-micron mesas [80,83] or by processing 

sub-micron nano-apertures with metallic shadow masks [8,81]. These techniques are 

summarized in Figure 3.1 along with a pair of scanning electron microscope images 
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of samples fabricated for single dot spectroscopy. In Figure 3.1(a), the necessary iso­

lation is achieved by etching a pillar such that only a single quantum dot remains. 

In this isolation technique, the 1 jim. laser spot only excites the single quantum dot 

since the surrounding material has been removed. In Figure 3.1(b), a nano-aperture is 

used to isolate a single quantum dot. The nano-aperture is fabricated by evaporating 

an opaque metal film {e.g., gold) onto the sample surface containing self-assembled 

quantum dots, after which a sub-micron hole is made with e-beam lithography, fol­

lowed by etching. After processing, the 1 fim laser spot only excites quantum dots 

below the nano-aperture. If the dot density is sufficiently low {i.e., less than one dot 

per aperture), then it is possible to isolate a single quantum dot. 

Although the fundamental physics of single dots can be studied with these meth­

ods, a major disadvantage is that the count rate of the single dot emission is signif­

icantly reduced by current processing methods. In the case of the metallic shadow 

mask, dot emission is reflected from the metallic surface and can only be collected 

through the nano-aperture. With etched mesas, the optical quality of the dot emis­

sion is degraded due to interactions with surface states of the etched pillars. To 

enhance the count rate and minimize non-radiative recombination pathways of single 

self-assembled quantum dots, it is possible to fabricate samples in which the average 

distance between neighbouring quantum dots is larger than the optical spatial reso­

lution [82]. However, such dot growth is a completely random process, as is the case 

for both mesa and nano-apertures and is not favourable for device applications. In 

addition, only a very small percentage (a few percent) of nano-apertures or mesas 

contain a single quantum dot. In order to significantly increase the yield and bring 

such experiments closer to large scale implementation within devices, it is necessary 
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Figure 3.1: Current techniques for isolating conventionally grown single quantum dots 
for investigation: (a) sub-micron mesa (b) sub-micron nano-aperture. 

to remove the random nature of the nucleation, so that individual quantum dots can 

be placed at known locations on the sample. 

This chapter introduces a unique method, pioneered and developed at the Insti­

tute for Microstructural Sciences of the National Research Council, which overcomes 

the random nature of the nucleation process for self-assembled quantum dots and 

therefore achieves single quantum dot isolation without recourse to post-processing. 

The necessary control is achieved by utilizing a nanotemplate deposition technique, 

where the nucleation site of individual InAs/InP quantum dots can be precisely con­

trolled. The advantage of knowing the exact location of each quantum dot is that 

control structures can be constructed around individual dots. In this thesis, the nan­

otemplate deposition technique is used to facilitate the construction of electrostatic 

gates around individual dots, so that vertical and lateral electric fields can be applied. 

Two types of gated nanotemplate structures are studied, ridge nanotemplates and 
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pyramidal nanotemplates. Under the appropriate growth conditions, each ridge nan-

otemplate contains a linear array of individual dots, whilst each pyramidal nanotem-

plate contains a single quantum dot. Post processing is required to isolate a single 

quantum dot on a ridge, in a similar manner to nano-apertures utilizing a metal­

lic mask, whereas on the pyramidal nanotemplate no post processing is required to 

isolate a single dot. 

The remainder of this chapter is organized as follows. Section 3.1 introduces the 

standard, randomly driven growth process for conventionally grown, self-assembled 

quantum dots (Stranski-Krastanow mode). Section 3.2 discusses how the random 

nature of the nucleation site is removed by the nanotemplate deposition technique. 

Additional details about this dot growth are provided in the work of J. Lefebvre 

et al. [30]. In Section 3.3, the process of reaching the single dot regime on the 

nanotemplate is described, as well as the method of selecting individual quantum dots 

for electrostatic gating for both the ridge and pyramidal nanotemplates in this thesis. 

Finally, controlling the size and shape of the quantum dot utilizing the pyramidal 

nanotemplate technique is discussed in Section 3.4. 

3.1 Growth of self-assembled quantum dots 

It is important to understand self-assembled dot growth by strained layer epitaxy [52] 

in order to better describe the growth of deterministically positioned dots on the 

nanotemplate. Growth on the nanotemplate takes advantage of strained layer epitaxy. 

However, the nanotemplate removes the random nature of the nucleation process 

for quantum dot growth by directing the dot material to desired locations on the 
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semiconductor substrate. In semiconductor crystal growth both equilibrium and non-

equilibrium, i.e., kinetic and thermodynamic contributions are important. The kinetic 

component is concerned with the ability of atoms to move about on the crystal surface. 

In contrast, the thermodynamic component accounts for how these moving atoms on 

the crystal surface incorporate into the crystal structure. For example, each exposed 

crystallographic plane has a different surface energy associated with it due to the 

number and orientation of incomplete bonds. Atoms moving on the crystal surface 

during growth will tend to redistribute and incorporate into the crystal structure to 

minimize the total energy. This dynamic reordering of the crystal surface depends 

strongly on the type of epitaxy used, molecular beam epitaxy (MBE) or chemical 

beam epitaxy (CBE) for example, and also on the specific growth parameters used 

(i.e., temperature, pressure, deposition rate, etc.). 

The growth of self-assembled quantum dots on the semiconductor surface is a 

strain driven process. Strain is produced when attempting to grow a semiconductor 

material with a different lattice constant than that of the substrate (e.g., for InAs on 

InP, the lattice mismatch is 3 %). That is, new material adjusts its lattice constant 

to fit the lattice constant of the underlying substrate. As the thickness, d, of the 

semiconductor overlayer increases, the strain between the two layers also increases. 

For growth on zincblende or diamond crystal structures on the (001) surface, the 

strain energy, Estrain, builds up as Estrain = e2d [84]. With increasing thickness of 

the strained layer, dislocations will occur if the lattice mismatch, e, is too large [84]. 

However, under certain growth conditions, the 2D growth transitions to 3D growth 

and small 3D islands or dots are formed to minimize the strain preventing dislocations 

from occurring. This process is a tradeoff between the reduction in elastic energy and 
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increase in the surface energy due to 3D island growth and occurs when the energy 

cost to form the dots is the most favorable (i.e., the reduction in elastic energy is larger 

than the increase in surface energy due to 3D island formation). The elastic energy 

is reduced in 3D island growth since the lattice constant of the material can relax 

somewhat and no dislocations form. In comparison, surface energy is proportional 

to growth surface area and increases when 2D growth switches to 3D growth. This 

transition from the original 2D growth (quantum well, known as the 2D wetting 

layer) to self-assembled quantum dot growth is known as the Stranski-Krastanow 

(SK) growth mode [85]. 

The process of strained layer epitaxy is summarized in Figure 3.2. Figure 3.2(a) 

gives a schematic view of the SK growth mode and Figure 3.2(b) depicts the cor­

responding total energy, Etotai, as a function of the growth time, tgrowth- The main 

components of the total energy consist of surface and elastic energy. Initiating growth 

with a semiconductor material that is lattice mismatched with the underlying sub­

strate produces strain as the atoms attempt to match the lattice constant of the sub­

strate. In this example, the lattice constant of the material being grown is larger than 

the substrate and leads to compressive strain. InAs on GaAs (e ~ 7 %), and InAs 

on InP (e ~ 3 %) are two examples of lattice mismatched materials for self-assembled 

quantum dot growth by strained layer epitaxy. This growth begins in two-dimensions 

as individual atomic layers are deposited and atoms redistribute about the surface to 

minimize the surface energy. This 2D growth is also known as the 2D wetting layer 

(WL). As each atomic layer is deposited (usually only a few atomic layers), the strain 

builds up in the semiconductor nanostructure, and the total energy increases with 

growth time. At a certain point, if another atomic layer were deposited, dislocations 
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Figure 3.2: (a) Schematic view of single atoms in a single self-assembled quantum 
dot produced by the Stranski-Krastanow growth mode. In practice, a single quantum 
dot contains thousands of single atoms, (b) Total energy as a function of growth 
time, tgrowth- The favourable configuration to minimize the total energy for lattice 
mismatched materials during epitaxial growth is the formation of 3D islands, which 
are known as self-assembled quantum dots. 

would occur. Before this happens, however, the 2D WL growth makes a transition 

to 3D island growth and the lattice constant partially relaxes. This process marks 

an abrupt transition in the total energy as the elastic energy decreases. In addition, 

there is an increase in the surface energy due to 3D growth, which is the most favor­

able configuration as the increase in surface energy is less than the reduced elastic 

energy. The 3D islands are defect free and are known as self-assembled quantum 

dots. In practice, the quantum dot is capped with the substrate material for optical 

investigation. 

An SEM micrograph of an uncapped sample of InAs self-assembled quantum dots 

grown by strained layer epitaxy on an InP substrate is shown in Figure 3.3(a). These 

dots were grown by chemical beam epitaxy. The dots that are formed present a 

major disadvantage for further investigation in that both the nucleation site and 

size of the quantum dot are completely random. These InAs quantum dots grown 

on InP (InAs/InP) are interesting, however, in that they can be tuned to emit in 

the telecommunications band around 1.55 t̂m (~ 800meV). Figure 3.3(b) shows a 
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Figure 3.3: (a) Plan view SEM micrograph of InAs/InP quantum dots on a planar 
substrate grown by chemical beam epitaxy. The areal dot density is ~100^m~2. (b) 
Typical PL from capped InAs/InP quantum dots on a planar substrate. The desired 
wavelength of 1.55 /im (~ 800 meV) can be reached with this material system. 

typical photoluminescence (PL) emission spectrum from InAs/InP quantum dots such 

as that shown in Figure 3.3(a). The observed PL spectrum is broad, reflecting the 

inhomogeneous broadening of the dot ensemble (i.e., each quantum dot with different 

shape and size emitting at a different wavelength). On top of the inhomogeneous 

broadened PL signal are multiple peaks that correspond to single monolayer variations 

in the quantum dot height [83,86]. Each peak represents a family of dots with the 

same quantum dot height. As the quantum dot height increases, the ground state 

emission of the dot redshifts (i.e., moves to lower energy) allowing tuning in the 

vicinity of 1.55//m, the desired wavelength for fiber based telecommunications. 

3.2 Directed self-assembly 

The directed self-assembly growth technique on the nanotemplate utilizes the Stranski-

Krastanow growth mode as described in the previous section. However, in order to 

control the quantum dot nucleation site and parameters that affect the electronic 

structure such as the quantum dot size, it is preferable to direct the dot material to 
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desired locations on the substrate. Such control over the quantum dot position and 

electronic structure is crucial for scalability in any device application that employs 

quantum dots. Attempts to control the quantum dots size and nucleation site thus 

far have relied on some form of patterning prior to dot growth [31-39]. In most of 

these growth methods, the quantum dot is typically grown close to the etched regions 

of the patterned substrate, which therefore affects the optical quality of the dot emis­

sion [39]. The dot emission is broader and weaker than conventionally grown dots 

due to the presence of non-radiative pathways from defects at the growth interface 

and a fluctuating charge background when these defects trap additional carriers [39]. 

In contrast to these conventional growth methods, the nanotemplate deposition tech­

nique is unique in that the nanotemplate provides a clean, defect free surface for dot 

nucleation and therefore does not affect the optical quality of the dot as confirmed 

by both theoretical [40] and experimental investigations [8,29]. 

The nanotemplate takes advantage of the facet-dependent surface migration of 

adatoms by directing the dot material to desired locations on the substrate [30,68]. 

The deposited dot material therefore migrates off the facets with longer migration 

lengths and incorporates into facets with shorter ones. To produce the desired facets, 

it is necessary to select a pattern that produces edges in alignment with certain crystal 

directions. The size of the pattern then controls the dot lateral size, while the amount 

of deposited material controls the dot height [30]. 

The directed self-assembly process for InAs dots on InP for a ridge nanotemplate 

of 'stripe' geometry is illustrated schematically in Figure 3.4. In the first step, Fig­

ure 3.4(a), an oxide covered (SiC^), (OOl)-oriented InP wafer is patterned by e-beam 

lithography and then wet etched to produce openings in the oxide that are aligned 
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with the [100] crystallographic direction and which expose the underlying substrate. 

Critical to nanotemplate fabrication is that the growth is selective and the deposited 

material only grows on the exposed areas of the underlying InP substrate and not 

on the Si02 mask. The selective growth is achieved by chemical beam epitaxy with 

trimethyl-indium and cracked AsH3 and PH3 sources. Growth begins when deposited 

InP material incorporates into exposed areas of the InP substrate and proceeds by 

migrating off the {110} side-facets and further incorporating into the top (001) sur­

face. Such integration occurs since the higher index facets are known to have a longer 

migration length than the top (001) surface [30]. The result is high-quality, atomi-

cally clean {110} crystallographic side-facets and top (001) surface that can be used 

for InAs quantum dot growth. As growth proceeds, the top (001) diminishes un­

til reaching the desired dimensions of width, w, for dot growth as shown in Figure 

3.4(b). Immediately following the growth of the InP nanotemplate, InAs material is 

deposited for dot formation on top of the nanotemplate. The dot material migrates 

onto the top (001) surface in the same fashion as the InP and now dot nucleation 

proceeds according to the Stranski-Krastanow growth mode as described in the pre­

vious section (shown in Figure 3.4(c)), although now there is a smaller area available 

for growth on the nanotemplate. This method of directed self-assembly achieves the 

desired result since dot material is directed to known locations on the substrate as 

determined by the patterning. Typically, a sub-critical amount of InAs is required in 

comparison with conventionally grown dots on planar substrates, since the dot ma­

terial is deposited on the top (001) surface of the nanotemplate in addition to being 

collected from the {110} sidewalls. Finally, the dots are capped with InP for optical 

characterization, as shown in Figure 3.4(d). 
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Figure 3.4: Schematic view of directed self-assembly process for InAs quantum dots 
on ridge nanotemplates: (a) patterned substrate with openings in the SiC>2 mask, 
(b) InP ridge nanotemplate with atomically smooth (001) top surface available for 
quantum dot growth, (c) InAs self-assembled quantum dots on the nanotemplate. 
(d) capped dots for optical characterization. 

Structural characterization of uncapped quantum dots is performed to obtain 

the optimum growth conditions to reach the single dot regime on the nanotemplate. 

This step must be completed before optical characterization of InAs/InP quantum 

dots is carried out to select individual dots for electrostatic gating. For structural 

characterization, an InP substrate is patterned with varying starting base widths, w0. 

The sample is then subjected to the directed self-assembly process. By selecting an 

appropriate base width in combination with the deposition of a sufficient amount of 

dot material, it is possible to achieve a single row of quantum dots at the apex of 

ridge nanotemplates. Once the optimal growth conditions necessary to obtain single 

quantum dots have been determined, a new wafer with identical growth conditions is 
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fabricated and then capped for optical characterization. Capping the quantum dot 

modifies its size and shape and directly affects its electronic structure and the optical 

properties of the dot emission. Optical spectroscopy is necessary to ascertain the 

single dot regime since the capping process modifies the dot size (see Section 3.3). 

SEM images of real nanotemplate structures of ridge geometry with varying base 

widths, w0, produced under identical growth conditions are shown in Figure 3.5. Since 

the ridge nanotemplates are subject to identical growth conditions, larger starting 

base widths will result in a wider area available for quantum dot growth. If the ridge 

is sufficiently wide, dots are randomly distributed on top of the ridge in a similar 

manner to conventionally grown dots on planar substrates, as shown in Figure 3.5(a). 

As the top (001) surface, w, of the nanotemplate narrows, the dot growth is affected 

in two ways. First, the top width of the nanotemplate confines the area for growth. 

When the lateral dimensions are significantly reduced, the quantum dots will order 

on the top apex as to minimize the strain. The randomly distributed flat dots as 

shown in Figure 3.5(a) will transition to a double ordered dot array as shown in 

Figure 3.5(b). By reducing the ridge base width further, the lateral dimensions of the 

ridge (001) apex can only support a single row of quantum dots as shown in Figure 

3.5(c). The lateral dimensions of the dots shown in Figure 3.5(c) are approximately 

30-40 nm. Second, the amount of dot material (InAs) deposited on the top (001) 

surface is enhanced as the ratio of WQ/W increases. This corresponds to an increase 

in the quantum dot height as inferred by the enhanced contrast of the SEM images 

from Figures 3.5(a)-(c). 

The geometry of the ridge nanotemplate can be modified to square-based tem­

plates by varying the oxide patterning. Square based openings in the oxide aligned 
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Figure 3.5: Plan view SEM images of uncapped ridge nanotemplates with varying 
base widths: (a) w0 = 390 nm, (b) w0 = 335 nm, and (c) w0 = 325 nm. The top 
(001) surface lateral dimensions reduces with decreasing ridge base width until only 
a single row of quantum dots is obtained. The top widths are: (a) WQ = 190 nm, (b) 
w0 = 90 nm, and (c) w0 — 50 nm, respectively. 

along [100] and [010] crystallographic directions produce a pyramid geometry with 

four dominant sidewalls comprised of {110} planes. Figure 3.6(a) shows the four 

dominant sidewalls that are produced for such a square-based nanotemplate, while 

in Figure 3.6(b), a side-view SEM image portrays the pyramid geometry that results 

from the square-based nanotemplate. The pyramid geometry is a direct result of the 

deposited material migrating off the four dominant {110} sidewalls onto the top (001) 

apex. Similarly to ridges, the starting base width of the pyramidal nanotemplate is 

modified incrementally until the single dot regime is reached. SEM images of pyra­

midal or square-based nanotemplates with varying base widths are shown in Figure 

3.6(c)-(e). In larger square based pyramidal templates, the apex contains multiple 

uot Clusters ^Figure 3.6^cyy. n.s the the top 0̂01y apex is reduced, omy a icw uots 

(i.e., four) are observed (Figure 3.6(d)). The apex is further reduced until its lateral 

dimensions support only a single quantum dot. A pyramidal nanotemplate, which 

has reached the single quantum dot regime, is shown in Figure 3.6(e). In contrast to 
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Figure 3.6: Upper panel SEM images of completed square-based pyramidal nanotem-
plates oriented along the [100] and [010] crystallographic directions: (a) plan view 
and (b) cross-section. Lower panel plan view SEM images of uncapped pyramidal 
nanotemplates with varying base width: (c) w0 = 390 nm, (d) w0 = 370 nm, and (e) 
w0 = 358 nm. The single dot regime is obtained for the pyramidal nanotemplate in 
(e). 

ridges, no further processing is required to isolate this single quantum dot for opti­

cal studies or device applications since the spacing of nanotemplates are completely 

selective and determined by the design layout. 

The dot growth on pyramidal nanotemplates proceeds similarly to ridges, although 

the pyramid geometry provides an additional degree of lateral spatial confinement and 

control. Small increments in the square based opening (~ 2nm steps), enables control 

of the lateral dot dimensions, as evidenced from both structural studies shown here 

in Figure 3.7 and confirmed by optical characterization described in the following 
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Figure 3.7: Quantum dot size control on pyramidal nanotemplates applying small 
decrements in the base width dimensions of the pyramid. The corresponding base 
width of the pyramids are shown in the inset of the SEM image. 

section. A clear reduction in the quantum dot size is evident in the corresponding 

SEM images as the pyramid base width decreases. 

3.3 Single dot isolation 

This section describes the process of selecting individual dots on both ridge and 

pyramidal nanotemplates that are used for electrostatic gating in this thesis. Optical 

spectroscopy was chosen as the experimental method to select individual dots on 

the nanotemplate. Details of the optical spectroscopy methodology are provided 

in Chapter 4 in which the dots are studied in emission (i.e., photoluminescence). 

The optical emission from individual dots provides important information such as 

emission energies and energy level spacings of the underlying electronic structure [63]. 

Moreover, the optical signature from an individual nanotemplate structure ascertains 

whether there is emission from only a single quantum dot or more than one. A clear 

indication of reaching the single dot regime on the nanotemplate is the observation of a 

single, sharp emission line under low excitation powers. The observed single emission 

peak results from recombination of a single exciton (bound electron-hole pair) which 

has populated the quantum dot s-shell during the excitation process. The linewidth 
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of the optical transition from a single dot is limited by the recombination lifetime 

of the exciton. Typical recombination lifetimes for the excitonic ground state of 

approximately 1 ns are observed [82], which corresponds to a linewidth in the order of 

1 /ieV. Observed lifetimes that are limited only by radiative recombination pathways 

is referred to as intrinsic broadening [1]. 

Optical spectroscopy is performed on capped dots with similar growth conditions 

to that as the uncapped samples, which have been determined to contain single dots. 

These optical measurements are necessary since the capping process is known to 

modify the shape and size of the dot for InAs/InP quantum dots due to As/P exchange 

processes [87]. Therefore, it is expected that the base width of the nanotemplate 

required to obtain single dots on capped samples will be different to that of uncapped 

samples. The selected dots are then sent for further processing to precisely position 

electrostatic gates around individual dots. 

3.3.1 Ridge nanotemplate 

Photoluminescence (PL) from ridge nanotemplates of varying base widths, grown 

under identical growth conditions, is shown in Figure 3.8(a). Large base widths 

(350 nm), which are expected to have many dots, exhibit broad PL emission cen­

tred about 1450 nm. This broad emission is caused by an ensemble of dots on top 

of the ridge with dissimilar shape and size resulting in different wavelength emis­

sions. Decreasing the base width of the ridge shifts the dot emission towards the 

telecommunications wavelength of 1550 nm. The PL red shift with decreasing base 

width is expected due to an increase in quantum dot height. The quantum dot height 

increases since more dot material is available for growth on the top (001) apex of 

the ridge as the top width is reduced. In addition to the PL red shift, there is an 
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observed narrowing of the PL emission and strong reduction in the PL intensity since 

the number of dots probed is reduced with the decreasing ridge width. The narrowing 

of the quantum dot PL is also attributed to the dot uniformity as the dot material 

redistributes about the ridge apex to minimize the strain. This leads to ordered ar­

rays of dots with similar lateral dimensions limited by the top width, and which emit 

at similar wavelengths. Further reduction in the ridge base width results in the loss 

of quantum dot emission (data not shown). At this point, the ridge is complete and 

the top apex is unable to accommodate any dots. PL from completed nanotemplates 

is discussed in further detail in the following section. 

In order to isolate a single dot on a ridge structure, as shown in the lower panel 

of Figure 3.8(a), further processing is required. However, in contrast to the nano-

apertures discussed previously, dot placement on ridge nanotemplates is deterministic 

and electrostatic gates can be precisely positioned around them. The metallic mask 

is created by depositing two Schottky gates, defined by e-beam lithography, on top of 

the ridge. Typical gate spacings fabricated for this thesis are of the order of 300 nm 

(see SEM image in the lower panel of Figure 3.8(b)). The metallic gates serve two 

purposes. First, the narrow gap allows the isolation of a single dot if the dot density 

on top of the ridge is sufficiently low. Second, by producing a potential difference 

between the two top Schottky gates, a lateral electric field may be applied along the 

ridge direction. 

Figure 3.8(b) demonstrates the PL of gated ridges taken from the same sample as 

the ungated ridges (i.e., ridges subject to identical growth conditions, but different 

location on the same wafer). The effect of the gates on the PL spectra is evident. 

Ungated ridges exhibit broad emission consisting of many peaks (Figure 3.8(a)), while 
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Figure 3.8: Upper panel: Quantum dot PL for series of ridge nanotemplates with 
varying base width for (a) ungated ridges, and (b) gated ridges. Note that the optical 
spectra is presented with an offset for clarity of presentation. Lower panel: Plan view 
SEM images of measured ridges corresponding to upper panel. The images shown 
here were selected with arbitrary ridge base width. The ungated ridges are capped 
for optical measurements. 
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gated ridges manifest as discrete emission peaks with reduced number (Figure 3.8(b)). 

The difference in the observed emissions results from a reduction in the number of 

dots probed in the narrow gap of the gated ridge as compared to the ungated ridge 

with identical base width. The reduction in dots probed also corresponds to an order 

in magnitude reduction in the PL intensity. In both gated and ungated ridges, the PL 

emission red shifts to higher wavelength with decreasing ridge base width. Note that 

the optical spectra presented here are offset along the y-axis with increasing ridge 

base width for clarity of presentation and is not due to an increasing background. 

Study of smaller gated ridges (244 nm), in which only a single row of dots can 

be supported, reveals two sharp emission lines. Each emission peak corresponds to 

an individual dot and can be spectrally isolated with a higher resolution spectrome­

ter. Single dot isolation is confirmed by performing state-filling spectroscopy on the 

observed individual emission peaks [8]. The optical signature of single quantum dot 

emission is the observation of multi-exciton states (two or more electron hole-pairs) 

with increasing pumping power [29,40,63,80]. Such PL emission observed in Figure 

3.8(b) is typical of the gated ridges studied in this thesis and is suitable for studying 

individual quantum dots as a function of lateral electric field. 

3.3.2 Pyramidal nanotemplate 

Pyramidal nanotemplates have an advantage over ridges since no further processing 

is required to isolate a single quantum dot. For device applications, the additional 

lateral constraint added to the pyramid apex provides the ability to control the shape 

and size of the dot and therefore the emission energy. The single dot isolation tech­

nique presented here is unprecedented since control of the quantum dot nucleation 

site is deterministic and defined by the location of the nanotemplate. In addition, the 
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high optical quality of the dot is maintained while emitting in the telecommunications 

band of 1.55 [im. The yield of quantum dot emission for pyramidal nanotemplates 

is a significant improvement over random-based methods. Approximately 80% of 

the pyramids studied in this thesis exhibit single excitonic emission, of which about 

20 % were suitable for further study in electric fields due to insufficient yield of the 

processed electrical gates. 

The excellent optical quality of dots on pyramid nanotemplates is demonstrated 

by the high signal to noise ratios obtained for a single excitonic emission in Figure 

3.9(a). The reproducibility of single dot isolation for square-based templates is evi­

dent in Figure 3.9(a), as eleven dots emitting in the wavelength range from 1500 nm 

to 1600 nm are shown. Typical count rates for the single dots shown here are approx­

imately 1000 counts per second for the excitonic ground state. This data is compared 

with other gated individual dots in III-V materials in which count rates of 1000 counts 

per minute are possible for the quantum dot ground state [7]. Count rates for gated 

pyramids containing individual quantum dots are unaffected if the gates are suffi­

ciently spaced. The PL emission of the single dots shown here are representative of 

those selected for electrostatic gating. 

To select individual dots on pyramid nanotemplates, it is important to identify 

single pyramids which exhibit only a single excitonic emission. Single dots are iden­

tified by measuring the PL of a series of pyramids with varying base widths of the 

template (opening in the oxide). Similar to ridges, the PL red shifts with decreasing 

pyramid base width corresponding to an increase in quantum dot height. In contrast 

however, no further processing is required to observe sharp emission lines in the PL 

due to individual dots. 
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Figure 3.9: (a) Typical PL of selected individual InAs/InP quantum dots for elec­
trostatic gating. Count rates for a single quantum dot shown here under low power 
excitation conditions (1//W) range from approximately 200 counts per second to ap­
proximately 1000 counts per second, (b) Quantum dot PL for series of pyramid 
nanotemplates. Single dots are ascertained by the observation of a single, resolution 
limited peak in PL, immediately before the pyramid completes where no PL is ob­
served. PL spectra are offset along the y-axis for clarity of presentation, (c) Plan view 
SEM image of uncapped pyramid nanotemplate containing an individual InAs/InP 
quantum dot. The sample is capped for PL measurements. 
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PL from pyramid nanotemplates as a function of decreasing base width is shown 

in Figure 3.9(b). Beginning with the largest base width of the pyramid nanotemplate 

(500 nm), multiple dot clusters are expected due to the previously studied uncapped 

dots characterized by structural analysis. Here, a series of sharp emission lines (~10) 

are observed and are attributed to single exciton emission lines from individual dots 

of the nanotemplate. For small decrements in the pyramid base width, the number of 

observed emission lines is reduced, corresponding to a smaller number of individual 

dots on the nanotemplate. In pyramid base widths of 475 nm and 469 nm, pairs of 

emission lines are observed, which is attributed to pairs of dots on the nanotemplate. 

Decreasing the pyramid base width further results in the observation of a single, 

resolution limited peak (0.25 meV linewidth), a clear optical signature of isolating a 

single quantum dot. In the data presented here, single dot emission is observed for 

nanotemplates with base widths of 468 nm and 461 nm, respectively. 

After single dot isolation has been achieved, a small decrease in the pyramid base 

width to 456 nm results in no observed PL emission. Here, the pyramid apex closes 

and the deposited dot material incorporates into the larger surface area of the {110} 

sidewalls as a thin wetting layer. Thus, the PL emission is not detected over the 

wavelength range of the InGaAs detector. For pyramid base widths smaller than 

456 nm, wetting layer emission appears once again. The reappearance of the wetting 

layer emission in the detector range may be due to the incorporation of deposited dot 

material into the {111} sidewalls as overgrowth of the pyramid occurs (overgrowth 

not shown here). 
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3.4 Quantum dot size control on the nanotemplate 

Square-based pyramidal nanotemplates allow the possibility to control the size of the 

quantum dot in addition to controlling its nucleation site. The height of the dot is 

controlled by the amount of material deposited while the lateral dot dimensions are 

determined by the apex of the nanotemplate. Lateral size control of quantum dots 

on pyramidal nanotemplates is demonstrated by studying very small increments in 

the pyramid base width (~2nm) in which the single dot regime has been reached. 

Following the procedure for selecting individual dots on pyramid-based nanotemplates 

as described in the previous section, the best dot was selected out of a series of ten 

pyramid repeats with nominally identical base widths as determined by the oxide 

patterning. 

Results of the PL from selected dots as a function of small increments in the 

pyramid base width are shown in Figure 3.10(a). The observed PL emission shifts to 

higher energy for decreasing pyramid base width, in contrast to the red shift (lower 

energy) obtained previously. The observed red shift was due to large decrements in 

the pyramid base width corresponding to an increase in quantum dot height. Here, 

the corresponding shift to higher energy with decreasing pyramid base width can be 

explained by a decrease in the lateral dimensions of the dot as the top apex is re­

duced. This effect of the lateral dot dimensions that influence the lateral confining 

potential and therefore the dot emission energy is shown schematically in the inset of 

3.10(b). Figure 3.10(b) exhibits the extracted peak positions of the observed single 

exciton emission from Figure 3.10(a) as a function of the pyramid base width. A 

correlated dependence of dot emission energy with decreasing base width is obtained 
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Figure 3.10: (a) PL of individual InAs/InP quantum dots as a function of small incre­
ments in the pyramid base width. The PL is tuned through the telecommunications 
wavelength of 1.55 /j,m (dotted line at 800 meV). PL spectra are offset along the y-axis 
for clarity of presentation, (b) Extracted peak positions of single exciton emission 
from (a) as a function of the pyramid base width. Small increments in the pyramid 
base width leads to a corresponding shift of the observed PL to lower energy. In this 
case, the correlated shift of the PL with pyramid base width is attributed to control 
of the lateral size of the dot. The effect of lateral dot dimensions on the emission 
energy is shown in the inset (represented schematically by a quantum well). 

suggesting that it is possible to control the lateral dimensions of the dot with appro­

priate choice of patterning in the oxide. For this particular sample, it was possible to 

tune the emission energy over a wide energy range from 760 meV to 860 meV for only 

a 20 nm change in the pyramid's base width dimensions. Of particular importance 

for fibre based applications is the ability to tune the quantum dot emission through 

the telecommunications wavelength of 1.55//m (800 meV). The telecommunications 

wavelength of 1.55 jum is achieved for a pyramid base width of approximately 487 nm. 

Control of the lateral dot dimensions that affect the dot emission energy is confirmed 
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by structural analysis for small decrements in the pyramid base width as shown previ­

ously in Figure 3.7 (samples constructed under similar growth conditions as the ones 

presented here). Here, SEM images show that small decrements in the pyramid base 

width correspond to a decrease in lateral dot dimensions. 



Chapter 4 

Experimental methodology 

This thesis utilized micro-photoluminescence (micro-PL) as the main optical spec­

troscopy method used to characterize the gated, single InAs/InP quantum dots. 

Micro-PL provides important information on the electronic structure and optical 

properties of a single quantum dot. Comparison to theoretical calculations in an 

applied electric field and varying excitation power and polarization provides the abil­

ity to identify all of the observed spectral lines in PL since each exciton complex 

corresponds to a unique optical spectrum (i.e., Stark shift, fine-structure, life time, 

power and polarization dependence etc.). As an example, identification of spectral 

lines in a micro-PL experiment is crucial for the practical implementation of entan­

gled photon pairs based on the biexciton-exciton radiative cascade [27] (see Chapter 

7) or identification of charge states in an applied vertical electric field (see Chapter 

8). 

4.1 Photoluminescence spectroscopy 

A schematic view of the micro-PL setup utilized in this thesis is shown in Figure 4.1. A 

series of mirrors (Ml, M2, MC) are used to direct the laser light to the sample residing 

65 
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Figure 4.1: Schematic view of micro-photoluminescence setup used for characteriza­
tion of gated, single quantum dots in this thesis (see text for details). Taken from [88]. 

in a continuous flow He-cryostat. The setup used a cold MC (MC) mirror to reflect 

visible light and transmit photons in the infrared. To excite only a single quantum 

dot, a high numerical aperture (NA) microscope objective (labeled LI in Figure 4.1) 

focuses the laser light onto the sample. The current setup is designed such that the 

laser spot approaches the diffraction limit of the Helium-Neon laser (~ 1 fim.) ensuring 

only a single quantum dot is subject to light illumination. The emitted photons from 

the quantum dot are collected through the same microscope objective and directed 

towards a single grating spectrometer for analysis of the emission spectrum. Along 

the optical path to the spectrometer is a long wave-pass (LWP) filter used to filter 

out the excitation laser from detection. The lens in front of the spectrometer (L2) is 

utilized to increase collection efficiency of the optical setup through NA matching of 

the spectrometer. 

Detection of the emitted photons is achieved using a liquid Nitrogen cooled InGaAs 

diode array after spectral dispersion in a 0.25 m single grating spectrometer with a 600 

grooves/mm grating that provides a spectral resolution of approximately 0.25 meV. 
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f 
Excitation 

Figure 4.2: Schematic view of photoluminescence spectroscopy measurement process. 

With this current setup, fine-structure splittings of ~ 40/zeV could be resolved by 

polarization dependent spectroscopy when using a Lorentzian line fitting procedure 

as presented in the work of Geradot et al. [47]. The polarization of the emitted 

photons was analyzed by rotating a half-wave plate in front of a fixed Glan Thompson 

polarizer at the input of the spectrometer [42]. When better spectral resolution than 

0.25 meV was required, a double grating spectrometer providing ~ 50/xeV resolution 

was utilized. Unless otherwise stated, all measurements in this thesis were performed 

at a temperature of 4.2 K using non-resonant, above bandgap excitation (633 nm) and 

the PL was collected for an integration time of 10 s with the InGaAs detector. Note 

that for clarity of presentation throughout the thesis, optical spectra are presented 

with a constant offset along the vertical axis as in Figure 4.3 or as a contour plot. 

The excitation source used in the measurements of this thesis is non-resonant, 

above bandgap excitation (633nm). Electron-hole pairs are generated in the bulk 

InP surrounding the quantum dot (see Figure 4.2). The excited electron-hole pairs 

quickly relax (picosecond timescale) to the lowest energy of the system where they 

bind together to form an exciton due to their mutual Coulomb attraction. After 
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approximately ~ 1 ns, the exciton recombines radiatively emitting a photon at lower 

energy than that of the excitation photon. Thus, PL probes the ground state emission 

of the quantum dot. In order to probe higher energy level states in the dot, power-

dependent PL spectroscopy is utilized [80]. Here, higher excitation power leads to an 

increasing number of electron-hole pairs (excitons) confined in the quantum dot. The 

excitons recombine in a cascade process with each photon emitting a unique energy 

spectrum due to strong Coulomb interactions of the confined carriers in the quantum 

dot. 

4.1.1 Power dependent photoluminescence spectroscopy 

Power dependent PL spectroscopy using non-resonant excitation provides information 

about average number of excitons in the dot [80, 89-91] while polarization of the 

emission is used to confirm assigned excitonic transitions [44, 45, 89-91]. Typical 

single dot PL as a function of increasing excitation power at zero electric field for 

an InAs/InP dot on a nanotemplate is shown in the left panel of Figure 4.3. At low 

excitation power, only a single emission peak is observed attributed to recombination 

of a single exciton X involving a single electron-hole pair in the quantum dot s-shell. 

Increasing the excitation power modifies the average exciton occupancy of the dot. 

The biexciton (XX) corresponds to recombination of an exciton in the quantum dot 

s-shell in the presence of an additional electron-hole pair. Finally, p-shell emission 

is observed when the s-shell is completely filled. Recombination from the p-shell 

corresponds to on average of three or four excitons confined in the quantum dot. 

Concomitant with observation of p-shell emission are satellite peaks about the X and 

XX line due to s-shell recombination perturbed by the presence of excitons occupying 

higher lying states in the the p-shell [92]. 
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Figure 4.3: Left panel: Typical state-shell filling spectroscopy of single quantum dot 
on a ridge nanotemplate at zero electric field. Right panel: Fit to the data using 
Equation 4.1 (solid lines). Evidence of exciton and biexciton are inferred from the 
resulting linear and superlinear power dependence of integrated intensity on excitation 
power. The saturation of the observed emission peaks are well reproduced within the 
random capture model. 

The assignments of X and XX transitions in Figure 4.3 are determined within 

the random capture model by fitting the integrated intensity of the emission peaks as 

a function of excitation power, N, which is then proportional to P(fi, N) as described 

in Equation 4.1. This fit of the data is carried out in the right panel of Figure 4.3 on a 

log-log plot. Excellent fits are obtained when assuming an average exciton occupation 

in the dot of /J, = 1 (black line) and n = 2 (blue line) corresponding to X, and XX, 

respectively. Thus on a log-log scale the dependence of the integrated intensity on 

excitation power is expected to be linear for the X line while quadratic for the XX 

line. Moreover, the saturation of both X and XX observed in experiment is well 

described by the exponential decay term in Equation 4.1 for increasing power, N. 

Due to the random nature of the excitation and capture process into the dot under 

non-resonant excitation, the probability P(fi) to have a configuration with fi excitons 
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is given by a Poisson distribution [92,93]: 

P^.m^tn, (4.1, 

where N is the average exciton occupation in the quantum dot. Experimentally, 

N corresponds to the applied excitation power (i.e., Power oc N). With increasing 

excitation power, the probability that the number of excitons captured in the dot also 

increases. From Equation 4.1, the maximum probability to have exactly one exciton 

(fi = 1) corresponds to on average, an occupation number of N = 1. In addition, 

however, for identical excitation power (N = 1), there is also finite probability of 

finding two excitons (fi = 2) of almost 20 % and an even smaller probability (less than 

1 %) to obtain three excitons (fj, = 3). This statistical nature of the quantum dot 

occupation using non-resonant excitation makes it possible to identify the exciton and 

biexciton transitions since more than one excitonic state can be observed in emission 

at a given excitation power. The excitons consequently recombine in a cascade process 

and emit a unique optical spectrum dependent on the dot occupancy [63]. Thus, in 

experiment, the average number of excitons occupied in the dot is probed by power 

dependent PL spectroscopy using above bandgap, non-resonant excitation. Here, the 

integrated intensity of the observed emission peak is proportional to P(/x, JV) [93]. 

Within this simple model, also known as the random capture model, the intensity 

of the exciton (X) and the biexciton (XX) peak is proportional to P(1,N) and 

P(2, N), respectively which allows these optical transitions (X and XX) to be readily 

determined [93,94]. 

This dependence on integrated intensity as a function of increasing excitation 

power is consistent with solutions of the coupled rate equations which takes into 

account the formation rate of exciton and biexciton and their relative lifetimes [92]. 
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The rate equation model predicts a linear and and quadratic dependence for X and 

XX, respectively, when the ratio of the exciton lifetime, T\, to biexciton lifetime, r2, is 

Ti/r2 = 2- Although the scientific community commonly accepts the value of T1/V2 = 

2, deviations from the accepted value of 2 have been calculated and measured [94,95]. 

One possibility for deviation from the accepted value of 2 occurs for increasing dot 

diameter [94,95]. As an example, in the InGaAs/GaAs quantum dot material system, 

a dot diameter of 30-40 nm corresponds to an expected superlinear dependence for the 

XX of somewhere between 1.6 and 1.8. Such a dependence for the XX peak is usually 

measured for the experimentally investigated InAs/InP quantum dots studied in this 

thesis with similar lateral dot dimensions. In certain cases, however, a quadratic 

dependence of XX is measured which implies a smaller dot diameter; a parameter 

which is directly controlled by the top apex of the pyramidal nanotemplate (see 

Chapter 3). Further details of the rate equations based on a four level exciton-

biexciton model are found in Refs. [96,97]. 

4.2 Electrostatic gating 

To apply electric fields at cryogenic temperatures, a He continuous-flow cryostat was 

modified for electrical access. The left panel of Figure 4.4 shows the design of the cold 

finger for easy loading and un-loading of samples. To form devices for application of 

electric field at low temperature, the sample consisting of individual, gated InAs/InP 

dots was processed further by attaching the sample to a standard 8-pin ceramic 

carrier. Electrically conductive, silver epoxy (Epotek H31) was used to attach the 

sample to the ceramic carrier while the contacts were bonded ultrasonically with low-

impedance gold wire. The back contact is electrically isolated from the cold finger 
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Figure 4.4: Left panel: Electrical access to individual dot on cold finger used to reach 
4.2 K in a He continuous-flow cryostat. The spacing between holes in the optical table 
is one inch. Right panel: IOTECH voltage source with four outputs. A Keithley 6517 
high resistance electrometer was used to monitor the leakage current during device 
operation. 

via the ceramic package. 

Additionally, a Labview data acquisition program was designed and written to 

control the voltage sources for this thesis facilitating the electric field measurements. 

The voltage sources used in the present experiments is shown in the right panel of 

Figure 4.4. 

4.2.1 Sample schematic 

Two types of gated, individual dots were studied in this thesis: (1) dots in ridges 

and (2) dots in pyramids. The design of a gated ridge and pyramid comprising of 

an individual InAs/InP quantum dot (QD) is shown in Figure 4.5. In the case of 

a gated ridge (Figure 4.5(a)), pairs of metallic Schottky gates deposited across the 

InP nanotemplate with narrow (300 nm) gaps allow an in-plane electric field to be 

applied along the stripe direction of the ridge and serve to isolate the luminescence 

from individual quantum dots if the dot density is made sufficiently low (see Chapter 

3). Figure 4.5(c) shows a sample schematic of a gated ridge with an applied bias, V, 



Chapter 4: Experimental methodology 73 

Figure 4.5: (a) SEM image of gated ridge comprising of buried individual quantum 
dots, (b) SEM image of gated pyramid containing buried individual InAs/InP quan­
tum dot. (c) Schematic view of applied lateral electric field for gated ridges, (d) 
Schematic view of gated pyramid enabling application of electric field in any crystal 
orientation. A thin layer of SiC-2 is present to prevent electrical shorts between the 
four top Schottky contacts and n-doped InP substrate. 

across the two Schottky contacts enabling the application of a lateral electric field. 

In the case of a gated pyramid (Figure 4.5(b)), four top Schottky gates are precisely 

positioned around the periphery of a single quantum dot. This geometry allows an 

in-plane electric field to be applied across the quantum dot, or in conjunction with an 

ohmic back gate, an applied electric field along the growth direction for single electron 

charging experiments (Chapter 8). A schematic view of the gated pyramid is shown 

in Figure 4.5(d) depicting the position of the single quantum dot with respect to the 

surrounding gates. Note that the exact position of the quantum dot with respect to 

the electrodes in the case of gated ridges is not known. 
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4.2.2 Current-volt age characteristics 

To ensure application of electric fields, devices were selected with very low leakage 

currents for the voltage ranges utilized in the experiments. Typical current-voltage 

(IV) characteristics are shown for gated ridges (lateral field) in Figure 4.6(a) and gated 

pyramids (vertical field) in Figure 4.6(c). Magnification of the dark current is shown 

in Figure 4.6(b) for the gated ridge, exhibiting very low leakage currents ~ 10pA. If 

the gated ridge is illuminated, the IV characteristics are typical of two reverse biased 

Schottky barriers. The IV characteristics for the gated pyramids in Figure 4.6(c) 

e 
o 
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Figure 4.6: Typical IV characteristics for (a) gated ridges - lateral field and (c) gated 
pyramids - vertical field, (b) Magnification of the dark current for the gated ridge, 
exhibiting very low leakage currents ~ 10 pA. In experiment, the voltages applied are 
limited to the low current regime to ensure application of an electric field. 
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are typical of n-i Schottky diodes used for single electron charging experiments in 

Chapter 8. 

Electric field screening is evident in these experiments for higher excitation powers 

(Figure 4.6(a)). Here, a higher excitation power leads to a larger leakage current which 

screens the applied electric field. Thus, for the electric field measurements presented 

in thesis, the incident pump intensity was chosen to excite only the ground state 

transition from the single quantum dot at zero applied electric field such that only 

a single excitonic emission was observed and leakage current was minimized. More 

specifically, the single quantum dot emission was maximized, while observing only a 

single emission peak. This ensured that electric field screening was minimized for the 

present samples investigated. 



Chapter 5 

Theoretical model of single 
quantum dot in a lateral electric 
field 

A theoretical model describing the effects of a lateral electric field on the optical 

properties of a single quantum dot is presented. The model accounts for new effects 

observed in a lateral electric field for the site-selected dots studied in this thesis. These 

same effects were not observed in previous work on randomly nucleated quantum 

dots [42,47-49]. The objective of previous work was to facilitate the generation of 

entangled photon pairs [42,47-49], by removing the fine-structure splitting using an 

in-plane electric field. This fine-structure splitting, also known as the anisotropic 

exchange splitting (AES), arises in anisotropic dots and is manifested as a removal 

of the degeneracy of the two optically bright exciton states in the quantum dot s-

shell [64]. The intermediate exciton states in the biexciton-exciton cascade therefore 

emit at slightly different energies allowing one to distinguish the decay pathway and 

consequently destroying the photon entanglement (see Section 7.1 for definition of 

biexciton-exciton radiative cascade). 

The theoretical model presented here describes the expected reduction of the AES 

76 
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under applied lateral field, as observed in previous work and also in this thesis (dis­

cussed in detail in Chapter 6 and 7). Unfortunately, the oscillator strengths of many 

of the optical transitions are significantly reduced at the electric fields required to re­

move the AES. For scalability, an alternative scheme for the generation of entangled 

photon pairs is needed that utilizes a method that does not necessitate the removal 

of the fine-structure splitting. I show here that removal of the fine-structure split­

ting is no longer required if the biexciton binding energy can be tuned to zero. This 

unbinding of the biexciton is shown to occur for a single quantum dot subject to a 

lateral electric field. 

In this chapter, full configuration interaction calculations are presented in the 

effective mass approximation that reveal how the biexciton is unbound through the 

manipulation of the electron-hole Coulomb interaction. This manipulation of the 

electron-hole Coulomb interaction also manifests itself as a compensation of the single 

exciton Stark shift. The compensation of the single exciton Stark shift does not 

occur if the field is applied along the growth direction. In addition to manipulation 

of Coulomb interactions, the electric field breaks the rotational symmetry of the 

dot and modifies electron-hole wavefunction overlaps of the optical transitions. This 

modification of electron-hole overlaps accounts for the appearance of a new, field-

activated optical transition observed in experiment that is identified as a radiative 

recombination of the neutral exciton in an excited state involving an s-sheii electron 

and p-shell hole (s — p). The ability to electrically switch between the ground state 

and forbidden, s—p transition is expected to support applications in advanced single 

photon sources or electron-spin resonance techniques [26]. 

The calculations discussed in this chapter were performed by M. Korkusihski from 
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the Quantum Theory Group at the Institute for Microstructural Sciences, National 

Research Council. The calculations are compared with results from gated InAs/InP 

dots under applied lateral electric field in Chapter 6 and are found to be in excel­

lent qualitative agreement. The single quantum dot is modeled as a two-dimensional 

parabolic potential using the effective mass approximation to obtain single particle 

states in the harmonic oscillator basis. Coulomb interactions and correlation effects 

are included that perturb the single particle energies, which are then calculated using 

the full configuration interaction method. In order to directly compare with exper­

iment, emission spectra are calculated from the resulting energies and states using 

Fermi's golden rule. 

The chapter is organized as follows: In Section 5.1, the theoretical model is de­

scribed. The model presented here is distinguished from that developed by Ritter et 

al. [98], which only considered single excitons in the ground state. Section 5.2 de­

scribes the principle effects of a lateral electric field applied to a single quantum dot. 

In Section 5.3, calculated emission spectra from the neutral exciton are presented. 

Compensation of the single exciton Stark shift is briefly discussed in Section 5.3.2 

and the much larger Stark shift of the field-activated optical transition is presented in 

5.3.3. In Section 5.4, the removal of the biexciton binding energy in a lateral field is 

discussed. Finally, in Section 5.5, the calculated emission spectra from singly charged 

excitons are compared to that from the neutral exciton in order to exclude the pres­

ence of charged exciton species in the measured optical data presented in Chapter 

6. 
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5.1 Theoretical model 

5.1.1 Single particle states 

In a single quantum dot where the vertical confinement is much stronger than the 

lateral confinement, the in-plane potential can be approximated by an isotropic two-

dimensional (2D) harmonic oscillator potential in the effective mass approximation 

(see Chapter 2). In this theoretical model, the two-dimensional potential acts in 

the x-y plane and the electric field, F = Fx, is directed along the x axis [27]. The 

profile of the confinement along the electric field direction is shown schematically 

in Figure 5.1(a) with the upper and lower parabola representing the electron and 

hole potentials, respectively [27]. The single particle Hamiltonian of an electron with 

effective mass, m*, and charge (—e) in such a displaced harmonic oscillator potential 

takes the form 

He = ~ + \™>\ (X2 + y2) - eFx, (5.1) 

where huje is the shell energy level spacing for electrons (characteristic harmonic 

oscillator energy) [27]. The first term of Equation 5.1 is the kinetic energy and 

second term is the 2D parabolic potential. Since the Hamiltonian is separable in the 

x— and y—dependent parts, the effect on the single particle states for an electric field 

applied along the x axis can easily be determined. First, rearranging Equation 5.1 in 

the x— and y—dependent parts gives 

TI f , l * 2 

He = 2 ^ + 2™^ 

Completing squares gives 

He = ~ H -mlio; x2 r x + - ^ — ' — - j1—^TT + V • (5-3) 
2m* 2 e e [\ m*eujl m*we

2)2 (m*^2)2J \ 

2eF 
x m*eL02' x )+y* (5.2) 
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Figure 5.1: Fundamental properties of single quantum dot in a lateral electric field 
[27]. (a) Schematic picture of the system, (b) Energies of the single-particle states of 
an electron as a function of the field. 

Simplifying Equation 5.3 provides the effect of the electric field along the x-axis on 

the single particle states 

Pz 
*, ,2 

2m* 2 e ' x — 
eF 

m*eujl 
+ yz 

2m*cjg 
(5.4) 

The electric field shifts the origin of the potential for electrons by 

m*c<;2' 
(5.5) 

The last term of Equation 5.4 produces a Stark shift, /3e, and reduces the single 

particle energies for electrons by 

(eF)2 

Pe = (5.6) 
2m*w| 

Similarly for holes, but with effective mass rajjj, and opposite charge to that of the 

electron (+e), the single particle Hamiltonian for holes takes the form 

,2 X 

Hh 
P 

2m*h 2 
+ -m*hu;l(x2+y2)+eFx. (5.7) 
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Applying similar algebra to the single particle Hamiltonian for holes as for electrons, 

the resulting Hamiltonian gives 

U P2 , l * 5 
Hh = h -mhuih 

h 2m* 2 h h 

, * , ,2 x + —T^ + 2/ S - (5-8) 
Comparing Equation 5.8 to 5.4, the opposite charge of the hole has the effect of 

shifting the origin of the hole confinement potential in the opposite direction to that 

of the electron: 
eF 

Ax, = r - j . (5.9) 
mh"h 

The separation of the electron and hole confinement potentials is therefore Ax = 

Axe — Axh, which leads to separation of carriers and modification of the electron and 

hole wavefunction overlap. Comparing the last term in Equation 5.8 to that in 5.4, 

we have the same sign, leading to a Stark shift that lowers the emission energy. The 

Stark shift for holes is 
(eF) 2 

*-s^T (510) 

the difference from (3e being the effective mass and harmonic oscillator energy. 

The solutions of the single particle Hamiltonian for the electron in Equation 5.4 are 

displaced harmonic oscillator states with eigenstates \ne,me,ae), and corresponding 

single particle energies 

Ee(ne,me) = hioe(ne + me + 1) -/3e. (5.11) 

Here, ne, me = 0 , 1 , . . . are the harmonic oscillator quantum numbers, and ae = ±1/2 

(or | , | ) is the electron spin. Due to the separability of the Hamiltonian in Equa­

tion 5.4, the wave functions are simple products of one-dimensional harmonic oscil­

lator states, (r\ne,me) = 4>ne(x — Xo)(f)me(y) [27]. The single-particle eigenenergies, 
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Ee(ne, me), are represented by bars within the upper parabola in Figure 5.1(a). Sim­

ilarly for holes, the solutions of the single particle Hamiltonian in Equation 5.8 are 

displaced harmonic oscillator eigenstates \rih,mh,crh), labeled by the heavy-hole spin 

<jh = ±3/2 (or ft, 1J-), and corresponding single-particle energies 

Eh(nh,mh) = hwh(nh + mh + l)-ph. (5.12) 

The single particle energies for holes are represented by bars within the lower parabola 

in Figure 5.1(a). Note that in assuming a 2D parabolic potential, the single particle 

spectra shell spacing (s, p, d) does not change as a function of the field. As a 

consequence, the shell structure does not change by the symmetry breaking introduced 

by the field, a rather counterintuitive result [27]. The electric field dependence of the 

single particle energies for electrons is plotted in Figure 5.1(b). The dependence of 

the single particle energies for holes is qualitatively similar to that of electrons, but 

with smaller energy level spacing between shells. 

In the treatment for holes, the valence subband mixing effect is neglected, and only 

heavy holes are assumed as described in Chapter 2. To account for strain in the effec­

tive mass approximation, the values for hcue, and hujh are selected appropriately. The 

value of the effective mass accounts for the effects of strain and the presence of the het-

erointerface (i.e., the quantum dot is surrounded by a higher bandgap material). This 

t re* 11-I J-» /-irw-» j-n +• V» *-\-v \-\/~\ r>r»Tr>r \ i i f n n V~\T r /-*r\mr\ n o v m rv +• r» r» Q T T Q ^ f n m m C J Q O T T I A H Q 'i 'O f n o f /~\T O TT"i/~iY*0 VCLlLLt; ^OiXl C l l U C l U^> V/WXXXL/LXLV^tJ. L^V V^WHl jJCtJ. J-L-Lg, Ui.X^ ^ I I V V U I V V / XXXCtbo i l l U U . ^ 1 vKj U i i d U VA tX iJ.J.\Ji ^ 

advanced calculation such as an atomistic model or by comparing with experiment, 

which accounts for strain automatically. In these model calculations, the confinement 

energy (energy level spacing) for electron and holes and ratio were selected for their 

similarity to the experimentally investigated dots in this thesis but were modified 

slightly to simplify the Coulomb matrix element calculations (i.e., m*euje = m*hLOh}. 
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The electronic effective mass was calculated by comparing the calculated electronic 

spectra for InAs quantum dots embedded in GaAs to that of a more advanced cal­

culation that used the strain-dependent eight-band k • p Hamiltonian [99,100]. The 

electronic effective mass was used as a fitting parameter, and was found to be between 

that of InAs and GaAs, as expected [100]. Although the surrounding material (InP) 

for InAs quantum dots studied in this thesis is different than GaAs, this system is 

also strained. Therefore, to qualitatively describe the effects of the applied lateral 

field in this thesis, a similar effective mass was selected as the InAs/GaAs quantum 

dot material system. It should be noted that this value of the electronic effective 

mass is also between InAs (m* = 0.023m0) and InP (m* = 0.08ra0). 

In the calculations presented here, the following system parameters are assumed: 

fajje = 12 meV; m* = 0.055m0; ftiOh = 6 meV and; m*h = 0.1 lm0 with m0 being the 

mass of a free electron [26]. 

5.1.2 Many-body Hamiltonian 

In the previous section, the single particle energies for electrons and holes were de­

termined in the presence of the quantum dot confining potential and applied in-plane 

electric field. In reality, electrons and holes are strongly interacting, charged particles 

and the single particle energies are renormalised by these interactions. In addition, 

an electron or hole can scatter to a higher lying exciton configuration and this further 

perturbs the exciton energy. 

The strongly interacting electrons and holes confined within the quantum dot are 
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accounted for in the many-body Hamiltonian 

H = ^2£iclci + ^2£ih)hi + 2 S^]\Vee\kl)c\c)ckci 
i j ijkl 

+ \ YJWV^WWMI - ^3\Veh\M)cWMi' (5-13) 
ijkl ijkl 

where the composite indices i = nmo (likewise j , k, I) enumerate the electron and 

hole orbitals; a denotes the carrier spin (±1/2 for electrons, ±3/2 for holes) and; 

Cj,cj {hi,h\) denote the annihilation and creation operators for electrons (holes). In 

this Hamiltonian, the first two terms account for the single-particle properties and the 

following three terms describe the electron-electron, hole-hole, and direct electron-hole 

Coulomb interactions, respectively. The matrix elements scaling these interactions 

are obtained by direct integration in the harmonic-oscillator basis, which can be 

determined analytically [27]. 

Eigenenergies and eigenstates of the Hamiltonian (5.13) are calculated within a 

configuration interaction approach. This involves creating all possible configurations 

of Ne electrons and N^ holes on the three lowest single-particle shells (s, p, d), form­

ing the Hamiltonian matrix in the basis of these configurations for each value of the 

electric field and diagonalizing it numerically [27]. In the shell model of quantum 

dots, there are six single particle states for electrons and six for holes (see Figure 

5.1). In this finite basis of the parabolic quantum dot, there are a total of 36 possible 

configurations (6 x 6) that can be created for an exciton and approximately 1000 pos­

sible configurations for the biexciton (two excitons). In the configuration interaction 

approach, all possible configurations mix via the Coulomb interaction which therefore 

perturbs the single particle energy by a correlation correction term. 

To compare directly with photoluminescence experiments, the emission spectrum, 
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I(UJ), is calculated using Fermi's golden rule: 

I{") = Y, \V'N* -1>N»- l\P~\i,Ne,Nh)\
2S(Ei-Ef - M - (5-14) 

/ 

The radiative recombination takes place from the initial state \Ne,Nh,i) of Ne elec­

trons and Nh holes. The summation extends over all final states \Ne — 1, Nh — 1, f) 

of Ne — 1 electrons and Nh — 1 holes. The energy of the emitted photon equals the 

energy difference between the initial and final states. The amplitude of the outgoing 

radiation is determined from the dipole matrix element involving the interband po­

larization operator P~. The P~ operator removes a single electron-hole pair from the 

system, where P~ = 'Y^^o-ijCihj, and a^ = e(i\j)h is the overlap integral controlling 

the optical selection rules for the emission (i.e., overlap between harmonic oscillator 

states). The effects of the electric field are captured both in the PL peak position 

corresponding to the difference between the energies of the initial and final states, 

and the PL peak amplitudes, governed by the overlaps between the single-particle 

states. 

5.2 Effect of lateral electric field 

In the simple model utilizing a 2D parabolic potential in the x,y direction and step­

like potential along the growth direction (z), as described previously, the effect of the 

increasing applied lateral electric field is twofold. First, it separates the electron and 

hole parabolic potentials leading to a modification between electron-hole (e-h) wave-

function overlaps. Generally, e-h wavefunction overlaps exist between states belonging 

to the same shells at zero electric field, while overlaps between states originating from 

different shells appear at finite field. Secondly, the single particle energies are tending 
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towards lower energy due to the quantum confined stark effect leaving the energy 

level spacing for electrons and holes unaffected (see Figure 5.1). 

5.2.1 Single particle electron-hole wavefunction overlap 

The separation of electron and hole parabolic potentials leads to a modification of the 

optical selection rules in the quantum dot. At zero electric field, angular momentum 

is conserved so that allowed optical transitions correspond to states belonging to the 

same shells. For example, |00)e -»• |00)fc (s-s), |10)e -> |10)/, (px-px), |01>e -»• |01)h 

(Py — Py)i etc- A lateral electric field applied along the x-direction has the effect of 

removing rotational symmetry of the confining potential so that angular momentum 

is no longer conserved in the band to band recombination process. Therefore, as 

the electron and hole are spatially separated with increasing field, the electron-hole 

overlap of the s — s transition gradually decreases, while transitions between states 

that are forbidden at zero electric field become allowed due to the symmetry breaking 

of the field. The single-particle calculation of the e-h wavefunction overlaps for the 

s orbital electron, |00}e, with the s (|00)^,), px (|10)^), and dxx (|20)h) orbital holes 

are summarized in Figure 5.2. Since the electric field is applied along the x-direction, 

the e-h overlaps of the s electrons with the py (jOl)^.), dxy (|11)), and dyy (|02)) 

orbital holes are expected to be zero due to the orthogonality of the wave-functions 

along x- and y- directions. In contrast, the s — s transition e-h overlap gradually 

reduces to zero, whilst the s — px, and s — dxx transition e-h overlaps slowly rise to a 

maximum and then quench with increasing electric field. Note that these calculations 

only account for the single particle e-h wavefunction overlaps and do not consider the 

time-dependent dynamics to populate the states experimentally (see Chapter 6). As 

an example, a previous recombination event may leave the system in an excited state 
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Figure 5.2: Calculated single particle electron-hole wavefunction overlaps of s electron 
orbital with s hole (s — s), p hole (s — px), and d hole (s — dxx) as a function of lateral 
electric field depicted in red, blue, and black, respectively. 

which can then be observed experimentally. 

5.3 Neutral exciton in a lateral electric field 

5.3.1 Calculated photoluminescence spectra 

The strength of the PL transitions (PL amplitudes) and the PL peak positions as 

a function of lateral electric field for the neutral exciton are calculated to compare 

theory with experiment. The PL amplitudes are extracted utilizing Fermi's golden 

rule (see Equation 5.14) and the peak positions are calculated in the configuration 

interaction approach (see Section 5.1). The neutral exciton in the ground state in­

volves recombination of an s-shell electron and s-sheli hole (s — s) and the first excited 

state that appears at finite bias in experiment is formed by placing an electron on the 

s-shell orbital and the hole on one of the p-shell orbitals (s — p). These results include 

the calculated single particle overlaps presented in Figure 5.2 as well as Coulomb 

interaction and correlation effects. In the following calculaton, the initial state is 
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Figure 5.3: (Upper panel) Calculated emission spectra from the excitonic ground state 
(s — s, red circles) and first excited states (s—px, blue squares and s—py, black line) as 
a function of the electric field. The size of the symbols represent the PL amplitudes. 
The PL amplitudes of s — px and s — py optical transitions are multiplied by a factor 
of 10. Note that the PL amplitude of s — py remains zero for an applied electric 
field along the cc-axis. (Lower panel) Dominant configuration which contributes to 
the many-body wavefunction for the calculated emission spectra in the upper panel. 

assumed to be populated by only a single exciton, which has the possibility to scatter 

to higher lying states via the Coulomb interaction and perturb the exciton energy. 

The main contribution of the wavefunction is determined by diagonalizing the Hamil-

tonian in the configuration interaction method. The dominant component in the full 

exciton wavefunction for the s — s optical transition is with both the electron and 

hole occupying the s-shell orbital, while the main contribution to the wavefunction 

for the s-px transition involves an s-shell electron, and p-shell hole. 

The results of the calculation for the s — s (red circles) and s — px (blue squares) 

optical transitions as a function of applied lateral electric field along the x-direction 

are shown in the upper panel of Figure 5.3. Note that the PL amplitude of s — py 
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(black line) remains zero for an applied electric field along the x-axis. The dominant 

contribution to the many-body wavefunction for the s — s and s — px transition is 

shown schematically in the lower panel of Figure 5.3. As discussed previously for 

the calculated overlaps, the strength of the transition shifts from the s — s to the 

s — px transition; however, in the case of the configuration interaction calculations, 

the amplitude of the s — s transition decreases more gradually at fields of less than 

9 kV/cm and rapidly for fields in excess of 9 kV/cm. Moreover, the electric field range 

in which the s—px retains PL amplitude is decreased. The overlap between the s-shell 

states using the shell model notation is [27] 

e(00|00)fe = exp[-(Ax)2/8^], (5.15) 

while the overlap between the s-shell electron and p-shell hole states is 

e(00|01)ft = 0 (5.16) 

for s — py and 

e<00|10), = ^-Axexp[-(Ax)2 /842] (5.17) 

for s — px. Here, le is the electronic oscillator length. The dependence on the electric 

field enters via Ax = XQ — XQ, so that as the electric field grows, the first of these 

elements (Equation 5.15), s — s decreases monotonically, while the last one (Equation 

5.17), s — px, increases and then quenches [27]. 

5.3.2 Exciton Stark shift 

The lowest-energy configuration of the neutral exciton, X°, involves a single electron-

hole pair occupying the quantum dot s-shell as discussed in Chapter 2. This is the 

s — s transition discussed in Section 5.3.1. There are four possible configurations for 



Chapter 5: Theory of single quantum dot in a lateral electric field 90 

Figure 5.4: Possible spin configurations for bright exciton states. By conservation of 
angular momentum, a left or right circular polarization photon is emitted depending 
on the spin configuration of the exciton. See Chapter 2.3 for more details. 

X° including spin with two possible bright excitonic states. The two possible bright 

excitonic states are shown in Figure 5.4. The optically active state is 

\X°,a+) = 4Qih^\0) (5.18) 

and the remaining state is 

\X°,a-)=40^m\0). (5.19) 

In the absence of the electron-hole exchange, these configurations have the same 

energy, 

Exo = Ee(0,0) + Eh(0,0) - V0
eh - AE™rr, (5.20) 

which is a sum of the energies of the s-shell electron and hole and their Coulomb 

attraction. The last term, AE%3rr, is the correlation correction term arising as a result 

of mixing the configuration \X°) with higher lying exciton configurations. Since the 

final state of the neutral exciton is the vacuum, the calculated exciton energy can be 

determined directly from optical experiments. 

As determined in Equation 5.6 and 5.10, the single-particle energies of the electron 

and hole, Ee(0, 0) and Eh(0,0), exhibit a Stark red shift quadratic in F. The sum 

of these two energies as a function of the field, F, is plotted in Figure 5.5(a) with 
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Figure 5.5: (a) Calculated exciton Stark shift without (blue dotted line) and with 
Coulomb electron-hole interactions (black solid line) [26]. (b) Fundamental Coulomb 
matrix element VQ£, V^h, and V§h calculated as a function of the electric field [26]. 

the dotted blue line. The quadratic dependence on the electric field to lower ener­

gies is normally what one would expect for single quantum dots studied in vertical 

electric fields [3,101]. Considering vertical and lateral confinement energies typical 

of self-assembled quantum dots, the single particle Stark shift is expected to be sig­

nificantly larger in a lateral electric field compared to that of a vertical electric field. 

This is due to a much weaker lateral confinement compared to that for vertical con­

finement. This confinement energy, w, appears in the denominator as a quadratic 

term when calculating the single particle Stark shift. Therefore, smaller w results in 

a larger Stark shift, j3. For example, the ratio of vertical to lateral confinement for 

the InAs/InP quantum dots studied in this thesis is approximately 10:1. Estimating 

th le single particle Stark shift in vertical and lateral electric fields for confinement 

energies typical of InAs/InP quantum dots, the Stark shift in a vertical electric field 

(P = 2.1 /xeVcm2/kV2) is two orders of magnitude smaller than what is expected in 

a lateral electric field (/5 = 144 /ieVcm2/kV2). 

In reality, the Stark shift in a lateral electric field differs from that expected within 
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a single particle picture as a result of the Coulomb interaction between electron and 

hole. The calculated exciton energy including electron-hole Coulomb interaction is 

shown in Figure 5.5(a) with the solid black line. Here, the exciton energy is reduced by 

the exciton binding energy and the Stark shift is strongly compensated compared to 

the single particle picture. To understand this reduction of the Stark shift in a lateral 

electric field, the Coulomb matrix elements are calculated in the harmonic oscillator 

basis. The fundamental electron-hole Coulomb matrix element at zero electric field 

is [27] 

V0
eh = (00,00|Fe7l|00,00} = yfirtTe, (5.21) 

where Oe = 2A66Rydberg (i.e., hcje = 12meV). 

In Figure 5.5(b), the fundamental matrix element VQH as a function of the field 

is plotted together with the fundamental electron-electron (VQ£) and hole-hole (V^h) 

elements. The electron-electron and hole-hole elements are independent of the field, 

since the symmetry or spatial extent of the harmonic orbitals do not change and the 

relative distances between carriers of the same type remain constant. In contrast, the 

electron-hole element VQH decreases exponentially with the increase of the field due to 

the spatial separation of the charges. Since this element enters the exciton energy with 

a negative sign, it partially compensates the single-particle red shift. The calculated 

polarizability /? of this exciton is 30 /xeVcm2/kV2; however, this result is sensitive 

to the confinement energies of the system. Small changes in the lateral confinement 

potential of less than 10 % reduces @ further by a factor of five (ftwe = 14meV, 

fkJh = 4meV). Such changes in the Stark shift are a direct result of the interplay 

between single-particle effects and Coulomb interactions. It should be noted that 

a quadratic fit was used to obtain the Stark shift quoted here. The quadratic fit 
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was made over the electric field range in which the exciton state retains its oscillator 

strength (see Section 5.3.1). The exponential decrease of the electron-hole Coulomb 

interaction modifies the quadratic dependence of the single particle Stark shift. Only 

when VQH approaches zero does the Stark shift revert back to its quadratic form. At 

the electric field where VQH approaches zero, the PL amplitude of the ground state 

exciton is negligible. The calculated (3 is still larger than that obtained experimentally 

(P = 0.31 fieV cm2/kV2) in the next chapter, but this fundamental result qualitatively 

explains the strong reduction of the Stark shift as compared to the single particle 

picture. 

The above argument does not apply in vertical electric fields. Due to the small 

QD height (several nm) the electrons and holes cannot be efficiently separated, which 

results in a much weaker dependence of VQ11 on the field. As a result, the Stark shift 

is dominated by the single-particle effect, and the measured Stark shifts are expected 

to be similar to that of the single particle calculation. 

5.3.3 Stark shift of forbidden s — p transition 

The first excited state of the neutral exciton involving an s-shell electron and p-shell 

hole is well approximated by the configuration, 

\XS~P) = 4 A I ° > - (5-22) 

This configuration is absent at zero electric field, but becomes allowed at finite field. 

The results of the emission spectra in a lateral electric field reveal that the Stark shift 

of \XS~P) is larger than the |X°) exciton (see Figure 5.3). By applying a quadratic 

fit to \XS~P) over the electric field range in which the e-h overlap is retained, a Stark 

shift P = 130//eVcm2/kV2 is obtained. The value of P is very close to the single 
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particle Stark shift, which is a direct result of the e-h Coulomb interaction term that 

is significantly smaller at finite fields than at zero electric field. In addition, the 

Coulomb matrix element for \XS"P) is slightly smaller than \X°), thus providing less 

compensation to the single particle Stark shift. 

The transition energy of the forbidden transition, \XS~P), is given by 

Es_p = E& + E^ - 0 . 7 5 ^ . (5.23) 

The term Ee indicates the energy of an electron in the s-shell, whereas E£ indicates 

the energy of a hole in the p-shell. Both of the single particle terms exhibit a quadratic 

Stark shift to lower energies similar to that of \X°). In contrast, the factor scaling the 

matrix elements of the electron-hole Coulomb interaction, Veh, does not compensate 

the Stark shift as strongly as for \X°) implying a stronger Stark shift for \XS~P), as 

observed experimentally in Chapter 6. 

5.4 Biexciton in a lateral electric field 

A biexciton, XX, is formed when an electron-hole pair is captured by the quantum 

dot in the presence of an additional exciton. The lowest energy configuration of XX, 

\XX) = CQ"O|CQ"OJ_/Î *./IOO |̂0), is formed when all carriers are placed in the quantum 

dot s-shell. This configuration is shown schematically in Figure 5.6. The energy of 

this configuration, 

EXX = 2Ee(0,0) + 2Eh(0,0) + VQ
ee + VQ

hh - WQ
eh - AE^r, (5.24) 
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contains two single particle electrons and holes (1st two terms), electron-electron and 

hole-hole repulsion, and four times the electron-hole attraction. Here, the electron-

hole Coulomb term arises since there are two electron-hole pairs building the biexci-

ton, and interactions between the electron and hole of the same spin. The last term 

is the correlation energy of XX and is a small correction to the XX energy due to 

higher lying configurations. Substituting the X° energy from Equation 5.20 into the 

XX energy above, Equation 5.24 simplifies to 

Exx = 2EX + (V0
ee + V0

hh - 2V0
eh) + (2Ec°rr - E™r). (5.25) 

Since the final state of the biexciton is the exciton, the energy of the emitted photon 

is the difference between the initial biexciton state and final exciton state: 

Exx -E°X = EX + (yo
ee + VQ

hh - 2V0
eh) - (E^r - E^r) • (5.26) 

The absence of Coulomb interactions and correlation effects leads to the appearance 

of the XX and X° emission peaks at the same energy (zero XX binding energy). 

By including all interaction terms and at zero electric field (second term), the repul­

sion between carriers of the same type is balanced by electron-hole attraction and 

the binding energy of XX is zero. It is the third term, comparing the correlation 

corrections of the biexciton to those of the exciton, which determines whether the 

binding energy of XX is negative or positive. This correlation correction term is 

usually negative resulting in biexcitonic emission peaks that appear at lower energies 

than those of single excitons. 

Figure 5.6 shows the calculated emission spectra of the biexciton and exciton as 

a function of lateral electric field for a bound biexciton (XX emission energy below 

X°). With increasing electric field, the photon emitted by the exciton redshifts while 
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Figure 5.6: Calculated emission spectra of exciton, X°, and biexciton, XX, as a func­
tion of lateral electric field. For a critical value of the electric field, F = 6.5kV/cm, 
the emission energies of XX and X° cross and the binding energy of XX is removed. 
Of particular importance is that this crossing envisions the possibility for production 
of entangled photon pairs. The lowest energy for XX and X° is shown in the right 
panel. Note the other spin configuration for X° is also possible. 

the photon emitted from the biexciton blueshifts. In these model calculations, at 

6.5 kV/cm, the Coulomb interaction terms cancel the correlation corrections, resulting 

in a degeneracy of the biexciton and exciton emission. This crossing of the exciton and 

biexciton emission lines allows pairs of entangled photon pairs to be produced when 

the biexciton binding energy has been removed [25,27]. The possibility to generate 

entangled photons pairs by removing the biexciton binding energy in a lateral electric 

field is discussed in Chapter 7. 

The blueshift of the biexciton photon is understood through manipulation of the 

Coulomb interaction terms in Equation 5.26. The Stark shift of the exciton (first 

term) is almost unchanged because of the competing single particle and electron-

hole Coulomb interaction. However, as the electrons and holes are separated via the 

electric field, the electron-hole attraction decreases driving the biexciton PL peak 

positions towards higher energies. The biexciton blueshifts until the electron-hole 
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Coulomb attraction is turned off after which the biexciton quadratically redshifts. 

5.5 Charged exciton complexes 

To preclude the presence of charged exciton species appearing under applied bias in 

experiment (Chapter 6), it is necessary to compare calculated charge neutral emission 

spectra with that of charged emission spectra in a lateral electric field. Additional 

configuration interaction calculations have been performed corresponding to recombi­

nation events from both singlet and triplet singly charged excitons in a lateral electric 

field involving X+ and X~. Here, only a detailed discussion of the positively charged 

exciton is discussed since the behaviour of the emission spectra of X~ is qualitatively 

the same. 

The results of the calculation for the positively charged exciton, X+, is given in 

Figure 5.7(a). The calculated energies and Stark shift of X+ is compared to that of 

the neutral exciton for the ground state (s — s) and the forbidden transition (s — p) 

presented in Section 5.7. The neutral exciton species are replotted in Figure 5.7(a) 

with open symbols for direct comparison. The positively charged exciton dominant 

configuration is shown in Figure 5.7(b)-(e). There are two possible spin configurations 

for X+: holes forming a spin-triplet \X£) or holes forming a spin-singlet \X§). The 

\X£) complex ground state is well approximated by the lowest-energy configuration 

W > = 4O|4OT^ITI°)- (5-27) 

This configuration is shown schematically in Figure 5.7(b) and (c). Radiative recom­

bination from this state can occur in two ways: (i) the s-shell electron recombines 

with the s-shell hole as shown in Figure 5.7(b) or; (ii) the s-shell electron recombines 

with the p-shell hole as shown in Figure 5.7(c). As a result, two emission lines are 
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Figure 5.7: (a) Comparison of neutral exciton and positively charged exciton in a lat­
eral electric field. Calculated emission spectra of the neutral exciton for the ground 
s — s exciton state (open red circles) and excited s — p state (open blue squares) 
compared to the positively charged exciton complex in the hole triplet (green trian­
gles) and hole singlet (brown diamonds) configuration. The size of the symbols is 
proportional to the calculated emission amplitude. The PL amplitudes of the neutral 
s — p transition is multiplied by a factor of 5 while the excited Xg± configuration in 
(e) is multiplied by 10. Panels (b) and (c) show the ground state configuration of 
the triplet charged exciton XT- Panels (d) and (e) show the ground and first excited 
configuration of the singlet charged exciton, X + S, and X + Si, respectively. The 
carriers undergoing radiative recombination are marked with an oval. 
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expected with case (ii) realized only at finite fields. In Figure 5.7(a), the calculated 

emission lines (green triangles) are found on either side of the s — s emission line 

(open red circles). Note that the lower line arising from case (i) corresponds to en­

ergies lower than s — s, the extra binding energy is due to additional correlations 

brought about by the presence of the extra hole. The field dependence of \Xf) for 

both emission lines exhibits a slightly smaller Stark shift than s — s. 

In the case of \X£) two configurations are considered. In one of them both holes 

occupy the s-shell, 

\xso) = COO|^OOT^OO|I0)' (5.28) 

as shown schematically in Figure 5.7(d). In this case, the radiative recombination 

involves only the carriers from the s-shell. In the second configuration the holes 

occupy the s- and ^-shells, 

\*si) = (i^Wul0) + i^MoJ 0 ) ) /^ ' (5-29) 

as shown in Figure 5.7(e). Here the emission can occur as a result of recombination of 

the s-shell electron and either s-shell or p-shell hole. The three emission lines corre­

sponding to the \X£) complex are shown in Figure 5.7(a) with brown diamonds. The 

highest-energy \Xg) emission line appears to be a good candidate for the additional 

emission maximum seen in the experiment. However, its Stark shift is comparable to 

that of the neutral s — s exciton in the |X°) configuration (open red circles), whilst 

the Stark shift of the neutral, excited s — p configuration (open blue squares) is much 

larger. The smaller Stark shift of the \Xg) line than s — p is due to the fact that the 

suppression of the electron-hole interactions is larger as the electron interacts with 

two holes instead of only one. This same argument can be applied to all other charged 

complexes presented in Figure 5.7(a). 
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The magnitude of the Stark shifts is understood within the same formalism pre­

sented previously in Section 5.3 for the compensated Stark shift of \X°) in the ground 

state (s — s). The transition energy of X+ is given by, 

Ex+ = Exo + Vhh-Veh) (5.30) 

where Exo is the transition energy of the uncharged exciton; V^h is the hole-hole 

Coulomb repulsion and Veh is the electron-hole Coulomb attraction. In this expres­

sion, it is the hole-hole and electron-hole Coulomb interaction terms that differentiate 

the Stark shift of the charged exciton from that of the uncharged exciton. The h-h 

repulsion is independent of the lateral electric field since the shell separation does 

not change and the separation of holes remains constant for a 2D harmonic oscillator 

parabolic potential. In contrast, the strong modification of the e-h attraction due to 

the field-induced separation of electrons and holes provides the mechanism to further 

reduce the Stark shift of X+. Similar arguments are also valid for X~. 

Comparable analysis has been performed for the negatively charged exciton X~ 

composed of a single hole and two electrons (not shown in Figure 5.7(a)). The po­

sition and behavior of the emission peaks resulting from the recombination of the 

s-shell hole and the s-shell electron are very similar to the respective X+ peaks. In 

contrast, the recombination of the s-shell hole and the p-shell electron results in the 

emission of a higher-energy photon compared to that in the X+ complex because of 

the larger electron confinement energy. The field dependence of the X~ peaks being 

qualitatively the same as that of the X+ maxima and combined with the additional 

energy argument allows the presence of the negatively charged exciton to be excluded 

in the measured spectra in Chapter 6. 



Chapter 6 

Single quantum dot in a lateral 
electric field 

Experimental optical emission data from excitonic complexes within a deterministi-

cally positioned InAs/InP single quantum dot subject to an in-plane electric field are 

investigated, where control over the dot nucleation site allows one to precisely position 

electrostatic gates with respect to the dot. Previous work in this area [42,47-49,102] 

has used randomly nucleated quantum dots. The experimental results presented here 

are compared to the theoretical calculations presented in the previous chapter and 

excellent qualitative agreement is found. As seen in previous work on randomly nucle­

ated quantum dots [42,47-49], a reduction in the fine-structure splitting is observed 

under applied lateral field. In addition, the excitonic Stark shift of the ground state 

is strongly compensated and a new optically allowed transition appears under applied 

bias for both directions of the field. Compared to model calculations, the additional 

maximum is identified as a recombination event of a neutral exciton in an excited 

state rather than a signature of charged excitons. 

This chapter is organized as follows: Section 6.1 introduces the samples (InAs 

101 
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dots on InP ridge templates) used in the present experiments and discusses the opti­

mum experimental conditions utilized for the electric field measurements. In Section 

6.2, experimental optical data are presented for a single prepositioned quantum dot 

as a function of applied lateral field (labeled QD1). The experimentally observed 

compensation of the Stark shift for the ground state is discussed in Section 6.2.1 

and the observation of a new, field-activated optical transition is presented in Section 

6.2.2. In Section 6.3, another dot subject to a lateral electric field is presented which 

exhibits a fine-structure splitting (labeled QD2). In Section 6.4, the electric field is 

calibrated by comparing experiment with theoretical calculations presented in the 

previous chapter. Finally, in Section 6.5, the main conclusions are summarized. 

6.1 Sample 

Figure 6.1 shows a schematic view of the sample used in the present experiments. InAs 

dots are nucleated at the apex of a "stripe geometry" InP nanotemplate and subse­

quently capped with InP. These templates, produced in situ during crystal growth, 

allow one to control the surface migration of deposited InAs, so that the nucleation 

site of the dots can be selected a priori [30]. Pairs of metallic Schottky gates, de­

posited across the InP nanotemplate, with narrow (300 nm) gaps, allow in-plane 

electric fields to be applied along the stripe (x-) direction and serve to isolate the 

luminescence from individual quantum dots if the dot density is made sufficiently low 

(see Chapter 3 for more details on single dot isolation). The inset of Figure 6.1 shows 

typical photoluminescence (PL) data at low excitation powers (~ 0.01 W/cm2) from 

such a structure. The observed emission peak indicates that the single dot regime on 

the ridge nanotemplate has been reached. 
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Figure 6.1: Schematic view of the device showing two metallic gates on top of an 
SEM micrograph of an uncapped, "stripe geometry" InP ridge. A linear array of 
InAs quantum dots is seen at the apex of the ridge in the gap (300nm) separating the 
gates. In real devices, the quantum dots are capped with InP prior to gate deposition 
and the dot density is chosen to be lower than that shown here, so that individual 
dots can be isolated. Shown in the inset is a typical PL spectrum at 4.2 K with a 
power of approximately 0.01 W/cm2. The emission line at 978.5 meV is resolution 
limited (~ 0.25 meV) [26]. 

Single dot isolation is confirmed on the ridge nanotemplate by performing micro-

PL state-shell filling spectroscopy from a single quantum dot obtained from a gap such 

as that shown in Figure 6.1 (data obtained at zero electric field). The optical data 

for this particular dot (labeled QD1) verify that this is indeed an isolated quantum 

dot where typical state-shell filling spectroscopy is observed [29,80]. Such behaviour 

is typical of ridge templates and has been observed in more than 40 dots ranging with 

emission wavelength from 1260nm to 1580nm. Shown in Figure 6.2(a) are PL data 

from QD1 as a function of increasing pumping power. At the lowest excitation power 

in Figure 6.2(a) (also shown in the inset of Figure 6.1), a single, resolution limited line 

is observed at 978.5 meV. The power dependence of the observed emission peak at 

978.5 meV identifies the optical transition as a radiative recombination of the neutral 
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exciton (X°) ground state, involving a single electron-hole pair from the quantum-dot 

s-shell (see Figure 6.2). The narrow linewidth of X° indicates that the dot is of very 

high optical quality and that the template controlling the dot nucleation site does 

not degrade its optical emission. Such an observation is also confirmed by atomistic 

calculations of the electronic and optical properties of an InAs quantum dot on an 

InP patterned substrate [40]. 

Confirmation of the assignment for X° is determined by the linear dependence of 

the integrated intensity with increasing excitation power shown in Figure 6.2(b). This 

assignment is corroborated by the observation of an anisotropic exchange splitting in 

the ground state transitions from some dots as is discussed in Section 6.3. Increasing 

the excitation power modifies the average exciton occupancy of the dot and emission is 

observed from states involving the p-shell. The p-shell transitions for QD1 presented 

in Figure 6.2(a) begin around 990 meV. The satellite peaks a few meV around X° 

arise from recombination of s-shell exciton states perturbed by the presence of excitons 

occupying higher lying p-shell states [92]. 

The saturation of the integrated intensity for X° in Figure 6.2(b) is attributed 

to the statistical nature of capturing electrons and holes into the quantum dot using 

non-resonant optical excitation [92] (see Section 4.1.1). Neglecting the relative life­

times of exciton states occupied, the excitation power at which saturation is achieved 

corresponds to an average of a single exciton occupancy [92]. Thus, for the elec­

tric field measurements presented in this chapter, the incident pump intensity was 

chosen to excite only the ground state transition from QD1 at zero applied electric 

field such that only a single excitonic emission is observed. More specifically, the 

single quantum dot emission was maximized while observing only a single emission 
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Figure 6.2: (a) Power dependence PL spectra at 4.2 K of a single QD isolated in the 
gap from a sample such as that shown in Figure 6.1. The spectra is offset along the 
y-axis for clarity, (b) Integrated intensity of X° exhibiting linear power dependence. 
Note that the linear dependence is on a log-log scale since the probability to have an 
average occupation of exactly one exciton is governed by a Poisson distribution. 

peak. This ensured that electric field screening was minimized for the present samples 

investigated. 

6.2 Application of a lateral electric field 

Single-dot photoluminescence under applied lateral field is shown for QD1 in the main 

panel of Figure 6.3, which is typical for such a deterministically positioned quantum 

dot. At 0 V bias, only the single X° emission line at 978.5 meV is observed. The X° 

transition is seen to retain its oscillator strength under applied field until biases of 

approximately ±2.0 V, at which point it quickly quenches. As the X° transition loses 

oscillator strength, a second transition appears at approximately 5 meV higher energy, 

which is itself quenched at higher bias. A schematic illustration for interpretation of 

the effects of the applied lateral electric field is shown in the inset of Figure 6.3. 
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Figure 6.3: Typical photoluminescence spectra as a function of the lateral electric 
field at T = 4.2 K for both bias directions. A schematic view of the allowed transition 
(s — s) at 0 V and forbidden transition (s — px) at ± 2.2 V are shown in the inset. 
The electron wavefunctions are shown in blue and hole wavefunctions in red [26]. 

Here, the addition of a linearly varying potential has the effect of misaligning the 

centers of the electron and hole narabolic confining potentials and of reducing the 

energy gap, i.e., producing a Stark shift. At 0 V bias, the wavefunction overlap for 

an s-shell electron and an s-shell hole is maximal as shown in the central inset of 

Figure 6.3. With increasing lateral field, this wavefunction overlap decreases as the 

electron and hole are separated, while the excited state overlap, corresponding to an 

s-shell electron and p-shell hole, increases (top and bottom insets of 6.3). This newly 
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allowed transition, an s-shell electron recombining with a p-shell hole, is associated 

with the transition observed at 984 meV in Figure 6.3. Since the measured Stark 

shift of the ground state X° in Figure 6.3 is surprisingly small and not immediately 

apparent within the spectral resolution, the additional maximum is used to confirm 

the application of a lateral electric field. 

The behavior illustrated in Figure 6.3 is typical of single InAs quantum dots nucle­

ated on ridge nanotemplates and has been observed on eight separate quantum dots 

nucleated on templates with a variety of widths. Over the eight dots measured, the 

average separation between the neutral exciton and the additional finite-bias emis­

sion peak is (4.8 ±0.6) meV while the average separation of emission peaks originating 

from the s- and p-shells is (13 ± 3) meV. This result provides a direct probe of the 

energy level spacing for electrons (hwe) and holes (hwh) in the same PL experiment. 

Taking the mean energies obtained in experiment, the separation of the the s — s 

and s — p optical transition provides an estimation of the hole energy level spacing 

(hwh = 4.8 meV). Since the s- and p- shell separation is hwe + hwh = 13meV, the 

electron energy level spacing is determined to be hwe — 8.2 meV. Thus, the ratio 

of the electron and hole confinement energies is hwe : hwh = 1.7 ± 0.3 : 1. The 

ratio of electron and hole confinement energies measured here are very close to the 

assumption made in the effective mass approximation calculations presented in the 

previous chapter, where a ratio of confinement energies for electrons and holes of 2:1 

was selected. 

In addition to the small Stark shift and peak appearing under finite bias in Figure 

6.3, the optical response is symmetric about 0 V bias. The insensitivity of the data to 

electric field direction is expected within the present interpretation. Such insensitivity 
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is unlikely if the peak appearing under applied bias is a result of additional charges 

being added to the system [103] since the existence of any charge traps break the 

system's symmetry. However, such a symmetric behaviour is not observed in all cases 

since some of the Schottky gates are leaky in one bias direction. In such cases, the 

applied bias has no observed effect on the optical spectra. 

6.2.1 Single exciton Stark shift 

In Figure 6.4, the peak positions of X° (s — s) as a function of the lateral electric 

field for both bias directions (open circles) at higher spectral resolution is shown. 

The experimental data are compared with estimates computed using confinement 

energies typical of InAs/InP quantum dots (solid blue line). In these estimates, the 

single-particle Stark shifts of the electron and hole energies is included, but Coulomb 

interactions are neglected. Data are given for an electric field range of ±10 kV/cm in 

which the X° (s — s) transition retains its finite oscillator strength. The electric field 

is calibrated using the fitting procedure discussed in Section 6.4, which suggests that 

that electric field screening effects are minimal for the data presented here. From a 

quadratic fit of the data (Figure 6.4, solid red line) using the following expression, 

E = E0 +pF + pF2 [101], a polarizability of (3 = 0.31 /xeVcm2/kV2 is obtained, i.e., 

more than two orders of magnitude smaller than the value of j3 = 144 /xeVcm2/kV2 

estimated theoretically (Figure 5.5(a)). In this expression for the quadratic fit of the 

data, EQ is the energy at F = 0, p is the built-in dipole at zero electric field, and the 

last term arises from the quantum confined Stark effect. 

After including Coulomb interaction for the electron and hole, the single particle 

Stark shift is strongly compensated (see Section 5.3). The calculated polarizability 

including Coulomb interactions is (3 = 30 /zeVcm2/kV2. Although the magnitude of 
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Figure 6.4: Comparison of calculated single particle Stark shift (solid blue line) and 
measured Stark shift (open circles) for the single, neutral exciton ground state, X°, 
in an applied lateral electric field. The solid red line is a quadratic fit to the measured 
data [26]. 

the calculated Stark shift is stronger than the one measured experimentally, small 

changes in the confinement energy for electrons and holes reduces (3 by a factor of 

five. As discussed previously in Section 5.3, the reduction of the Stark shift from 

the single particle picture is governed by a detailed balance of single-particle energies 

and electron-hole Coulomb interaction. This balance depends strongly on the details 

of confinement energies for electrons and holes and their effective mass. Since the 

electrons and holes are effectively separated by the applied lateral field, the electron-

hole Coulomb interaction decreases rapidly and compensates the single particle Stark 

shift. The calculated polarizability does not reproduce the experimentally observed 

Stark shift, but the strong reduction in the Stark shift as compared to the single 

particle picture accounts for the small energy shift observed in Figure 6.3. A more 

accurate estimate of the expected polarizability requires a detailed understanding of 

the size and shape of the dot confinement potential, for example. 
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The reduction in Stark shift observed in a lateral electric field is not expected 

in a vertical field. For typical quantum dot heights (~ 3 — 5nm), there is only one 

vertical subband. Coulomb induced scattering to higher subbands, stimulated by the 

vertical electric field, is highly inefficient because of the large energy separation (hwe = 

100 meV, and hwh = 50 meV for InAs/InP quantum dots) and cannot be invoked as 

a means to reduce the Coulomb interaction. Coulomb scattering between harmonic 

oscillator states within the lowest vertical subband is forbidden for a vertical electric 

field. As a result, the Stark shift in a vertical electric field is dominated by the single 

particle effect, which explains good agreement between the estimated and measured 

exciton polarizability. Single-particle estimates for the polarizability in vertical fields 

are /? = 2.1 /ueVcm2/kV2 for InAs/InP quantum dots and j3 = 0.81 /xeVcm2/kV2 

for InGaAs/GaAs quantum dots. These estimates are only slightly larger than the 

measured values of (5 = 1.7 /^eVcm2/kV2 for a single InAs/InP quantum dot and 

P = 0.66 /xeVcm2/kV2 for a single InGaAs/GaAs quantum dot [3]. 

From the symmetric behavior of the ground state X° (s — s) in Figure 6.4, a static 

dipole for the neutral exciton of p — 3.2 x 10~30 Cm is obtained. This corresponds 

to a zero-field, electron-hole separation of ~ 0.02 nm in the lateral direction. This 

result is compared with a zero-field electron-hole separation of ~ 0.5 nm for single 

InGaAs/GaAs quantum dots subjected to vertical electric fields [3]. The small static 

dipole measured here suggests near reflection symmetry for the in-plane direction of 

single InAs quantum dots on the InP nanotemplate. 

6.2.2 Allowing forbidden s-p transitions at finite bias 

The energies of the s — p transition peak extracted from Figure 6.3 as a function of 

positive lateral electric field is shown in Figure 6.5 (identical behavior is found for 
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Figure 6.5: Measured emission maxima for the s — p transition appearing under 
applied bias (open blue circles) and of the s — s ground state transition (open red 
circles). The size of the symbols represent the normalized integrated intensity [26]. 

the opposite field direction). The polarizability of the s — p transition is found to 

be 108/xeVcm2/kV2, which is in very good quantitative agreement with the theoret­

ically estimated value of f3 = 130^eVcm2/kV2 from Section 5.3.3. Better agreement 

between theory and experiment is obtained for the s — p transition compared to that 

of the s — s transition since the e-h Coulomb interaction term is significantly smaller 

at finite fields than at zero electric field. The smaller e-h Coulomb interaction term 

leads a value of j3 for the s — p transition that is closer to the single particle picture 

and does not compensate the single particle Stark shift as strongly as for the s — s 

transition. 

In the eight dots studied, the measured Stark shift of the extra emission peak 

appearing at higher energy (s — p) was larger than that of the s — s transition in 

all cases. This result excludes the possibility that the new, field-induced transition 

is a result of a charged exciton feature since the Stark shift of charged excitons was 

calculated to be similar to that of the s — s, neutral exciton (see Section 5.5). 
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6.3 Fine-structure splitting 

To further exclude the possibility of charged excitons within the present experiments, 

another dot (QD2) is investigated in which the fine-structure splitting is observable 

at zero applied bias using higher spectral resolution. Photoluminescence data from 

QD2 as a function of the lateral electric field are shown in Figure 6.6(a). At OV 

bias, transitions from the two neutral exciton states, split by e-h exchange, are ob­

served around 922.4 meV (1344 nm) with a separation of 108 fieV. The fine structure, 

or asymmetric exchange splitting (AES) of the two peaks as a function of electric 

field (bias) is shown in Figure 6.6(b) (solid circles). With increasing bias, the AES 

diminishes, reaching a level of 56/xeV at 1.5 V. Beyond 1.5 V, the AES is below the 

instrumental resolution (50 /ieV - dotted red line) and the oscillator strength of the 

X° decays monotonically. Both the value of the AES and its reduction with applied 

field are consistent with the behaviour observed previously for single excitons con­

fined in InAs/GaAs quantum dots by Kowalik and colleagues [42]. In that work, an 

in-plane electric field was used to tune the AES from 140 fieV to 60/ueV, which is 

very similar to the AES tuning range presented here. 

In Figure 6.6(b), the calculated AES (solid black line) is compared to the measured 

one (solid blue circles) as a function of lateral electric field. Details of the calculations 

are presented elsewhere [27]. The observed behaviour is traced to the electric-field 

induced separation of the electrons and holes, which decreases the magnitude of the 

electron-hole exchange elements responsible for AES. The dependence of AES as a 

function of the field for displaced electron and hole harmonic oscillator states is [27] 

AAEs(F) = AAES(F = 0)exp 
Ax 

4f. (6.1) 
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Figure 6.6: (a) Electric field-dependent high-resolution PL spectra measured with 
a quantum dot exhibiting the anisotropic exchange splitting, (b) Analysis of fine 
structure splitting (AES) from (a) as a function of lateral electric field. Excellent 
agreement between the measured AES (closed blue circles) and calculated AES (solid 
black line) is obtained, thus verifying the assignment of observed transitions [26]. 

Here, AAES(F = 0) is the AES at zero applied electric field (108 /zeV for QD2); 

Ax is the separation of the electron and hole which is dependent on the field and 

le is the oscillator length. The result of the calculation for AAES{F) is in excellent 

agreement with experiment, thus confirming the assignment of the s — s neutral 

exciton transition in the measured data. The reduction in AES is attributed to the 

field induced separation of carriers by the lateral electric field and the corresponding 

decrease in electron-hole overlap [64]. Of particular importance is the dependence 

of the AES on lateral electric field. Other schemes rely on removal of the AES 

with a lateral electric field for the generation of entangled photon pairs [42,47-49]; 

however, it is clear from Figure 6.6(b) that the electron-hole overlap of the quantum 
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dot ground state transitions are significantly reduced at the electric field required to 

remove the AES. This result corresponds to a situation in which the optical transitions 

contributing to the generation of entangled photon pairs are not very efficient for 

device applications. Thus, for scalability, an alternate method that does not require 

the removal of AES is required. Such a scheme is discussed in Chapter 7. 

In addition to the reduction of the AES and oscillator strengths of the ground 

state transitions by the applied lateral field, the average of the emission energy for the 

two AES split peaks exhibits a small red shift with increasing bias. At approximately 

1.9 V, a blue shifting peak is observed, at an energy of approximately 922.4 meV. This 

peak is attributed to the onset of biexciton emission, corresponding to a situation in 

which the lifetime of the ground state X° is increasing rapidly under applied field [25]. 

The blue shift of the biexciton is confirmed by theoretical calculation (see Section 

5.4) suggesting that it is possible to obtain degeneracy between the biexciton and 

exciton transitions. The appearance of the blue shifting transition is accompanied 

by a quenching of the ground state transitions involving s-shell electrons and s-shell 

holes with the simultaneous appearance of the s — p forbidden transition involving 

s-shell electrons and p-shell holes at ~ 5meV higher energy. In the voltage range 

from approximately 1.5 V to 4 V, two additional transitions around 927.5 meV are 

observed instead of only one s—p transition, as discussed previously. The splitting of 

~ 200 [ieV for these two peaks is larger than the expected AES at this field since the 

exchange splitting for the ground state X° is already below the spectral resolution 

of the experiment (< 50^eV) and the e-h exchange involving s- and p-shell states is 

expected to be smaller than e-h exchange involving both the electron and hole in the 

quantum dot s-shell [9]. The appearance of two features instead of the anticipated 
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one can be explained by the dot asymmetry leading to the misalignment of the hole px 

and py orbitals with respect to the direction of applied field. Note that the observed 

splitting for the higher energy peak would not be present for the ground state of a 

charged exciton species in the singlet configuration, but is fully explained with the 

interpretation involving an s-shell electron and p-shell hole. 

6.4 Electric field calibration 

Figure 6.7 shows a comparison, as a function of lateral electric field, of the measured 

integrated intensity of the peaks shown in Figure 6.6 with the calculated strength 

of the emission maxima presented in Section 5.3. Here, the integrated intensities of 

the two exchange split peaks are added together to comprise the s — s transition. To 

find the calibration between the experimental bias voltage AV and the electric field F 

used in the calculations, the maximum intensity of the measured s— px is aligned with 

the theoretical maximum e-h overlap calculated in Figure 5.3. After assuming a linear 

relationship between this aligned bias voltage and electric field, excellent agreement is 

obtained between the measured intensity (open symbols) and calculated strength of 

transitions (solid lines). The s — s transition intensity decreases monotonically with 

increasing electric field, while the s — px transition becomes allowed for finite fields. 

To confirm the validity of the calibration procedure for the electric field, the 

electric field is calculated between the two electrodes using the approach of J. Seufert 

and co-workers [102]. Here, the electrodes are assumed to be separated by a distance d 

and the dot is an infinite, thin slab between the electrodes with a thickness much less 

than d. For such an approximation, the electric field, F, applied across the quantum 

dot is F = AV/ed. Here, e = 12.4 is the dielectric constant of InP. This simple 
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Figure 6.7: Field calibration in a lateral electric field. Measured (open symbols) 
and calculated (solid lines) emission intensity as a function of lateral electric field for 
the ground s — s (red) and first excited s — px (blue) exciton states. The field is 
calibrated by aligning the s — px transition from experiment and theory with a one 
to one scaling [26]. 

scaling of the electric field agrees with that used in Figure 6.7 to within 7%. 

6.5 Conclusion 

These results demonstrate a post-growth tuning technique that allows one to electri­

cally manipulate the electronic properties of individual, site-selected InAs/InP quan­

tum dots. Photoluminescence data as a function of applied lateral electric field show 

an excitonic Stark shift that is two orders of magnitude smaller than that expected 

from single particle calculations. The polarizability of the ground state transition 

((3 = 0.31 jieV cm2/kV2) is understood through the exponential decay of the electron-

hole Coulomb interaction under applied lateral electric field. The polarizability of the 

excited state involving an s-shell electron and p-shell hole is larger than the ground 

s — s exciton state in all samples studied. The magnitude of the s — p transition was 

found to be in excellent quantitative agreement with theory since the e-h Coulomb 
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interaction is significantly reduced at finite fields and therefore closer to the single 

particle picture. The observed modification of oscillator strengths for the excitonic 

transitions and the appearance of a normally forbidden, excited state of the neutral 

exciton are in excellent agreement with many body, configuration-interaction calcula­

tions of the emission spectra from Chapter 5. The number, position, Stark shift and 

fine structure of the emission peaks observed in experiment allows the presence of 

charged excitons appearing in a lateral electric field for these samples to be excluded. 

An ability to electrically switch between the ground state and forbidden transi­

tion is expected to find application in advanced single photon sources or electron-spin 

resonance techniques. The forbidden transition can be used as an intermediate state 

to trigger the single photon source based on the exciton to vacuum optical transi­

tion. Alternatively, the lateral electric field can be used to increase the lifetime of 

the exciton (forbidden transition) to prolong the amount of time available for spin 

manipulation. 

Finally, the scalable gating technology utilized to apply a lateral electric field to 

pre-positioned InAs/InP quantum dots presented here offers the possibility to cre­

ate arrays of entangled photon pair sources on demand without the requirement to 

remove the fine-structure splitting, which is a major problem with existing devices. 

The method to overcome the need to enforce the degeneracy of the intermediate 

exciton states (i.e., removal of fine-structure splitting) in the biexciton-exciton radia­

tive cascade is circumvented by removal of the biexciton binding energy, as proposed 

recently [25,27] and discussed in the following chapter. 



Chapter 7 

Generation of entangled photon 
pairs 

Quantum mechanics allows pairs of optical photons to be joined together in such a 

way that changes made to one photon can be felt instantaneously by the other, even 

when they are separated by large distances. This correlated 'action at a distance' 

is at the heart of quantum computation and is fundamental to the development of 

quantum cryptographic systems that seek to share information more securely through 

manipulation of these photon pairs. Such photon pairs are said to be entangled and 

are viewed as a necessary requirement for quantum information applications includ­

ing: secure quantum communication [104-107]; quantum repeaters [106]; controlled 

quantum logic gates [108] and; quantum teleportation [109]. 

Entangled photons can be generated by parametric down conversion within a non­

linear crystal such as beta-barium borate (BBO) [110]. The major problem with such 

a scheme is inefficiency: approximately 1 out of 10 billion photons incident on the 

BBO crystal are down-converted and of these down-converted photons, even fewer 

are entangled [110]. At the same time, since the distribution of parametric down-

converted photons follows Poissonian statistics [111], this inefficiency is accompanied 

118 
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by a non-vanishing probability for emitting two or more pairs of photons. As an 

alternative to parametric down conversion, the biexciton-exciton radiative decay cas­

cade within a single semiconductor quantum dot can be employed as a source of 

triggered, polarization entangled photon pairs [112]. Here, the source generates ex­

actly one entangled photon pair per excitation pulse. After recombination of the two 

electron-hole pairs that form the biexciton, the quantum dot system is necessarily in 

its ground state and therefore cannot emit until the next excitation pulse. A trig­

gered source is desirable as it avoids the possibility of multiple photon emissions and 

possible attacks to the secure quantum communications system [106]. To date, a 

fidelity of approximately 70 % has been achieved for the degree of entanglement in 

semiconductor quantum dots. This represents a substantial improvement over pre­

vious methods and constitutes a significant step towards the practical realization of 

polarization entangled photon pair sources [113]. In the demonstration of entangled 

photon pairs with high fidelity, the quantum dot was embedded within a planar mi-

crocavity, improving the light collection efficiency by an order of magnitude over that 

previously obtained for a single quantum dot [113]. 

Current proposals for the generation of entangled photon pairs using the biexciton-

exciton-vacuum cascade within semiconductor quantum dots rely on the removal of 

the fine-structure splitting of the intermediate exciton states [42-51]. However, en­

tanglement in these schemes is destroyed when the degeneracy of the two possible 

spin configurations of the intermediate neutral exciton ground state is lifted, as is 

frequently the case in the presence of electron-hole exchange splitting in anisotropic 
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quantum dots [64]. As such, many efforts are underway worldwide to develop tech­

niques for removal of the anisotropic exchange splitting (AES) for the exciton. This re­

moval has been demonstrated through the application of external magnetic fields [44], 

spectral filtering [45], quantum dot size and composition engineering through various 

growth techiques [43,46,51], or application of in-plane electric fields [42,47-49]. To 

date, these efforts have been limited to randomly located quantum dots, a constraint 

which is addressed in this thesis. 

In the work presented here, an alternative scheme for quantum dot entangled 

photon pair generation is proposed that is robust to the presence of the anisotropic 

exchange splitting. A gate-induced, lateral electric field tuning of the photon energies 

obtained from biexciton and exciton decay is demonstrated for a deterministically po­

sitioned quantum dot. Under certain conditions the binding energy of the biexciton 

is shown to vanish and it is possible to identify two indistinguishable recombination 

pathways for the biexciton, even in the presence of non-degenerate intermediate ex­

citon states. The observed behavior provides a voltage controlled route to entangled 

photon pair generation even from imperfect quantum dots, without resorting to large 

external magnetic fields or materials engineering of individual dots. In addition, the 

scheme proposed here eliminates the major problem of existing devices based on in-

plane electric fields, where the electron-hole overlap of the quantum dot ground state 

transitions are significantly reduced at the electric fields required to remove the AES 

(see Section 6.3). 

The gate-induced control necessary to envision polarization entangled photon pairs 

can be achieved by precisely balancing the competing Coulomb attractions and repul­

sions for excitons (X) and biexcitons (XX) within a single, prepositioned InAs/InP 
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quantum dot using an applied lateral electric field. For the quantum dots discussed 

here, additional benefits accrue since they emit close to 1300 nm, or even 1550 nm 

under appropriate conditions, and are prepared using a technique that allows their 

nucleation position to be controlled a-priori (see Chapter 3). Such structures are 

ideal for fibre-based quantum cryptographic systems and are of immense promise for 

gate controlled, integrated semiconductor entanglement sources for quantum repeater 

technologies [24]. 

Additionally, the ridge nanotemplate that controls the quantum dot nucleation 

site is determined to affect the biexciton binding energy. Here, the biexciton binding 

energy can be controllably tuned from a bound to unbound XX state and over a 

large energy range of 7.1 meV. Such control is accomplished via appropriate choice of 

the growth conditions including ridge nanotemplate dimensions and amount of dot 

material deposited. By comparison to previous reports [89-91,114-116] and model 

calculations [114,117], the unbound XX regime can be attained by piezoelectric fields 

in large quantum dots - a regime not previously achieved. The separation of charges 

required to produce an unbound XX state by piezoelectric fields in large quantum 

dots is also expected to produce fine-structure splittings near zero, thus allowing the 

possibility of producing arrays of entangled photon pairs near the telecommunications 

band around 1.55/im. 

The remainder of this chapter is organized as follows. In Section 7.1, the current 

method to generate entangled photon pairs that relies on degenerate intermediate 

exciton states in the biexciton-exciton radiative cascade is introduced. A new scheme 

to overcome the limitation of entangled photon pair generation through degenerate 

exciton states is presented in Section 7.2. Section 7.3 discusses the experimental 
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method of identifying exciton and biexciton optical transitions in experiment, which 

are necessary for verifying a single dot and selecting samples for entangled photon 

generation. In Section 7.4, removal of the biexciton binding energy is demonstrated 

for a single, prepositioned quantum dot subject to a lateral electric field. The con­

trolled tunability of the biexciton binding energy via the ridge nanotemplate and 

its importance for the production of entangled photons near the telecommunications 

band around 1.55 /itm is discussed in Section 7.5. Finally, in Section 7.6, the main 

conclusions are summarized. 

7.1 Biexciton-exciton radiative cascade 

The biexciton, XX, decays to vacuum through one of two possible channels (channel 

A or B) as shown schematically in Figure 7.1(a), with two states of the neutral 

exciton, X\ and X2, as possible intermediate exciton states. Within present proposals 

for quantum dot entangled photon pair sources, the energetics of the intermediate 

exciton states play a crucial role in determining if the pair of photons emitted from 

the biexciton decay cascade is indeed entangled. In a typical, strained quantum dot, 

the heavy- and light-hole degeneracy is lifted, so that the exciton ground state is 

primarily of heavy-hole character [52]. The bright exciton intermediate states can 

then be constructed from Jz = ±3/2 single particle hole states and Sz = ±1/2 single 

particle electron states to yield two bright excitons with a total angular momentum 

of ± 1 . In an idealized quantum dot, the confining potentials for electrons and holes 

are rotationally symmetric, so that angular momentum is a good quantum number. 

In such circumstances, the two bright exciton states, X\ and X2 are degenerate (i.e., 

AES = 0). Here, transitions from the biexciton to exciton and exciton to vacuum 



Figure 7.1: Present method for entangled photon pair generation utilizing the 
biexciton-exciton radiative cascade, (a) Circular symmetric dot in which AAES = 0. 
In such circumstances, a photon energy measurement cannot distinguish the path 
and polarization entangled photons are produced, (b) Quantum dot in presence of 
anisotropic exchange splitting (AAES ^ 0). Here, the presence of AES destroys the 
entanglement since the photon energies in each recombination pathway (A or B) can 
be distinguished by a measurement. 

produce either left (a~) or right (a+) circularly polarized photon emission depending 

on the spin configuration of the electron-hole pair that recombines [112]. The photons 

are emitted in the cascade without any specific requirement on the biexciton binding 

energy. In this case, the two photon wavefunction is entangled in the polarization 

degrees of freedom, 

^ = ^F(a+a-+a-(T+), (7.1) 
v 2 

since a measurement of the photon energies will not serve to distinguish the two 

possible decay channels and probability amplitudes must be added. 

In quantum dots fabricated by self-assembly, however, the rotational symmetry 
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of the electron and hole confining potentials is frequently lost. Under these circum­

stances, the degeneracy of the intermediate exciton states, X\ and X2 is lifted because 

of the anisotropic electron-hole exchange interaction [64] and the techniques utilized 

within existing proposals to remove the AES must be attempted if the possibility of 

two-photon entanglement is to be regained. The biexciton-exciton radiative cascade 

in the presence of AES is presented in Figure 7.1(b). It is evident from a photon 

energy measurement that the recombination pathway, A or B, can be distinguished 

and therefore destroys the entanglement. The two channels for biexciton decay (A 

and B) are made indistinguishable again by setting AAES = 0, so that transitions A\ 

and Bi in Figure 7.1(b) become degenerate, as well as transitions A2 and B2, thus 

restoring the schematic depicted in Figure 7.1(a). Removal of the AES for arrays 

of individual QDs is technologically difficult since the application of large magnetic 

fields [44] or compositional modifications [43,46,51] cannot be accomplished locally 

on a dot to dot basis. In addition, for methods based on electric fields [42,47-49], 

the optical transitions of the emitted photons in the biexciton-exciton cascade are 

significantly reduced at fields required to remove the AES and, in most cases, have 

quenched. The proposed scheme to overcome these limitations is discussed in the 

next section. 

7.2 Proposed entangled photon pair scheme 

The major problem of existing devices to produce entangled photon pairs utilizing the 

biexciton radiative cascade in semiconductor quantum dots is the need to enforce the 

degeneracy of the intermediate exciton states (i.e., AAES = 0). The question arises 

as to whether there is an alternative scheme to produce entangled photon pairs from 
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Figure 7.2: Polarization entangled photon source exhibiting exchange splitting, (a) 
Schematic diagram of the biexciton-radiative cascade for a polarization entangled 
photon source exhibiting an anisotropic exchange splitting (AES) when the bind­
ing energy of the biexciton is tuned to zero (AEXx = AEX)- Two possible decay 
paths exist from the biexciton \XX) to vacuum |0) through the intermediate, non-
degenerate excitonic states \Xi) and \X2). The solid lines with arrows indicate tran­
sitions with energy A\ (green), A2 (red), Bx (purple) and B2 (blue). The two possible 
decay paths of the XX — X cascade are represented by A and B, whilst the subscript 
1 (2) denotes the first (second) photon emitted in the cascade, (b) Schematic view of 
transitions in (a) as a function of lateral electric field with the same colour scheme for 
transitions. For the case when AEXX — AEX, the biexciton binding energy vanishes 
and a polarization entangled photon pair is possible, even in the presence of exchange 
splitting. 
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the biexciton decay that does not require removal of the AES splitting - a requirement 

that the scientific community is attempting to overcome. The proposed scheme to 

resolve this issue is shown schematically in Figure 7.2(b). Each photon emitted in 

the biexciton cascade is represented by a different colour, defined in 7.2(a). In a 

situation in which the biexciton is at lower energy, the electric field will manipulate 

the binding energy of the biexciton, such that the exciton and biexciton transitions 

cross at finite field, i.e., the condition AEXX = &-Ex is satisfied as defined in Figure 

7.2(a). At the electric field where the biexciton binding energy is removed {i.e., XX 

PL transition is degenerate with the X one), two pairs of degenerate transitions can 

be identified even in the presence of a non-zero AES: A\ and B2, as well as A2 and 

B\. The resulting degeneracy results since both recombination pathways decay from 

the same initial state \XX) to final state |0). This expected degeneracy restores 

the indistinguishability of the biexciton decay channels and suggests that arrays of 

individually addressable, voltage controlled quantum dots would be able to provide 

multiple sources of entangled photons, in which the two-photon wave function is 

entangled in the horizontal (H) and vertical (V) polarisation degrees of freedom, 

* = -±= (HXXHX + VxxVx) • (7.2) 

Within the proposed scheme it would be possible, in principle, to distinguish the 

decay channel if temporal information were available since the biexciton is emitted 

before the exciton in the decay process. This problem is resolved using subsidiary 

linear optical elements to restore temporal overlap. An example of one possible, simple 

scheme for removing the timing information is shown in Figure 7.3. The two branches 

of the biexciton decay will produce photon pairs of either vertical (V) or horizontal 

(H) polarization. The different polarization for the two branches allows the separation 
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Figure 7.3: Removal of timing information in entangled photon pair proposal. En­
tanglement is destroyed if timing information were available. The proposed scheme 
involves linear optical elements to restore temporal overlap and therefore restoring 
entanglement. 

of photons from either branch using a polarizing beamsplitter (PBS) and then acts 

to remove timing information on either branch. Taking one of the recombination 

pathways for example, photons of energy A\ precede photons of energy A<i due to the 

order of emitted photons in the biexciton cascade (i.e., biexciton is emitted before 

that of the exciton). In the case of the other branch, the Bx photon is emitted before 

the B2 photon. In either case, the delay between the two photons can be erased by 

separating them energetically (Ax and Ao or B\ and Bo) and then delaying one with 

respect to the other. Once the photons are bought back together again, the timing 

information is removed. 

A theoretical investigation of time reordering for restoring entanglement can be 

found in the work of Avron et al. [118] and Pfanner et al. [119]. In this work, the 

degree of entanglement possible is discussed. Pfanner and coworkers suggest that 
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when filtering the emitted photons in the biexciton-exciton cascade, the degree of 

entanglement would remain low due to dephasing processes in the solid such as in­

teractions with phonons [119]. In contrast, with no filtering and AAES = 0, perfect 

entanglement is obtained within their present model [119]. However, the degree of 

entanglement, which is possible within the proposed scheme, remains to be tested 

experimentally and is very promising for the scientific community that have been 

struggling to reliably remove the AES. If successful, this would represent a significant 

step towards the practical realization of entangled photon pairs utilizing a scalable 

architecture. 

7.2.1 Criteria for entangled photon pair generation 

For the above-mentioned scheme to be feasible, the following criteria must be met: 

1. remove biexciton binding energy while maintaining finite oscillator strength of 

optical transitions (i.e., AXX — 0); 

2. achieve precise control of electric field - exciton and biexciton cross-colour tran­

sitions must be tuned within their natural linewidth (i.e., within approximately 

1/xeV); 

3. erase timing information such that the which-path information (recombination 

pathway) cannot be distinguished; and 

4. minimize timing jitter of emission photons and dephasing rates [119]. 



Chapter 7: Generation of entangled photon pairs 129 

7.3 Identification of exciton and biexciton in ex­
periment 

To identify the exciton and biexciton in experiment, a combination of both power 

(state-filling spectroscopy) and polarization dependent spectroscopy of the observed 

photoluminescence (PL) emission spectra is conducted, similarly to previous reports 

[89-91]. Power dependent PL spectroscopy using non-resonant excitation provides 

information about average number of excitons in the dot [80,89-91] while polariza­

tion of the emission for biexciton and exciton can be used to confirm the assigned 

excitonic transitions [44,45,89-91]. In addition, however, the electric field dependence 

studied in this thesis can be used as an additional experimental tool to identify the 

exciton and biexciton since Coulomb interactions play an important role. Coulomb 

interactions are ascertained to be manipulated very strongly in a lateral electric field 

in strong contrast to vertical fields (see Chapter 6). Consequently, the exciton and 

biexciton exhibit unique signatures (i.e., Stark shifts, fine-structure, life time, etc.) 

as a function of lateral electric field, which allows the biexciton-exciton cascade to 

be differentiated from all other cascades including charged excitonic states allowing 

practical implementation [27]. 

7.3.1 Power dependent photoluminescence spectroscopy 

In the power dependant PL data presented in Figure 7.4, both samples (QD3 and 

QD4) exhibit typical state-shell filling spectroscopy as a function of increasing pump­

ing power [29,80] (see Chapter 4). First, only a single emission peak is observed, 

which is attributed to X. Further increase of the excitation power results in XX 

emission either below (bound) or above (unbound) X as shown in Figure 7.4(a) and 
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Figure 7.4: Typical state-shell filling spectroscopy of (a) bound and (b) unbound biex-
citon for a single prepositioned quantum dot on ridge nanotemplate at zero electric 
field. In the lower panel are fits (solid lines) to the data using Equation 4.1. Evi­
dence of exciton and biexciton are inferred from the resulting linear and superlinear 
power dependence of integrated intensity on excitation power. The saturation of the 
observed emission peaks are well reproduced within the random capture model. 

(b), respectively. Consistent with literature, the binding energy of the biexciton is 

denned as [89-91] 

&xx = Ex — E xx- (7.3) 

Here, a bound biexciton has a positive AXx and is found at lower energy than X, 

whereas an unbound biexciton has a negative Axx and is at higher energy than X. 

The definition of unbound does not mean that the biexciton is unbound although 
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this term is commonly used [91]. Here, the two spatially separated excitons forming 

the unbound biexciton are still strongly influenced by the confinement potential [91]. 

The binding energy of the biexciton is a direct result of Coulomb interactions of the 

two electron-hole pairs building the biexciton and correlations of higher lying states 

(see Chapter 5). To briefly summarize, the positive contributions to Axx arises from 

e-h Coulomb attraction and correlation effects, while the negative component comes 

from the Coulomb repulsion between carriers of the same type. Thus, an unbound 

biexciton can be manifested from a weaker dependence on electron-hole Coulomb 

interactions than electron-electron and hole-hole Coulomb repulsion and reduction in 

correlations resulting from either a smaller quantum dot [91] or when the number 

of bound states decreases [90]. Additionally, strain induced piezoelectric fields in 

large dots can result in a separation of charges, thus leading to an unbound biexciton 

state [114,116]. See Section 7.5 for more details of dependence of biexciton binding 

energy on quantum dot size. In the two dots presented here, the binding energy of 

the bound biexciton is Axx = +0.8 meV (Figure 7.4(a)) and unbound biexciton is 

Axx = -3 .4 meV (Figure 7.4(b)). 

The extra peak at slightly higher energy than XX in Figure 7.4(b) is typically 

observed for the unbound XX case. The energy of this peak is at ~5 meV higher 

energy than X and is attributed to excitonic recombination of an s — p forbidden 

transition as described in the previous chapter. Electric field dependent measurements 

for dots exhibiting an unbound XX state confirms the assignment of this excitonic 

transition. An example of such an electric field dependence for a dot which exhibits 

a XX at higher energy with increasing excitation power is shown in Figure 7.5. In 

contrast to a quantum dot that exhibits a bound XX (see Figure 6.3), the observed 
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Figure 7.5: Electric field dependence of a single dot exhibiting a built-in charge 
separation at zero electric field. For this particular dot, an unbound biexciton is 
observed for increasing excitation power. 

optical spectra shown here is asymmetric about 0 V bias and is due to a built-in 

electric field, which causes a charge separation of electron and hole. Instead, both 

the X transition and s — p transition are observed at zero applied bias due to this 

built-in electric field. The separation of charges required to produce an unbound XX 

suggests that it is possible to have an electron-hole wavefunction overlap of the s — p 

transition at zero electric field. With increasing lateral field (—V), the X transition 

quenches while the s — p transition grows in intensity and then gradually quenches. 

In the other field direction (+V lateral), the s — p transition quickly disappears while 

the X transition grows in intensity. Further increase of the lateral field for positive 

bias results in quenching of the X transition while the s—p transition appears and 

then is followed by immediate quenching. Such observed behaviour is consistent with 

an expected field induced separation of electron and hole resulting in modification of 

overlapping electron-hole wavefunctions. 
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Finally, in both dots of Figure 7.4, p-shell emission is observed when the s-shell is 

completely filled with appearance of satellite peaks about the X and XX line due to 

s-shell recombination perturbed by the presence of excitons occupying higher lying 

states in the the p-shell [92]. 

7.3.2 Polarization dependent spectroscopy 

Excitons and biexcitons are identified by power dependent spectroscopy in the pre­

vious subsection; however, charged excitons and biexcitons can also exhibit similar 

dependence on excitation power to that of uncharged X and XX [92]. Therefore, 

to distinguish neutral complexes from charged ones, additional polarization measure­

ments are made to resolve the fine-structure splitting of the transitions involved in the 

biexciton-exciton (XX — X) radiative cascade. The polarization of the emitted pho­

tons in the XX — X cascade is dependent on the recombination pathway through the 

two intermediate exciton states (see Section 7.1 for more details). Thus, in a quantum 

dot exhibiting an anisotropic exchange splitting (AES), the emitted photons from the 

XX and X can be resolved by polarization. In practice, this is accomplished by ro­

tating a half-wave plate polarizer in front of a fixed Glan-Thompson polarizer at the 

input of the spectrometer (see Chapter 4). A clear optical signature of the XX — X 

radiative cascade with polarization dependent spectra is evident in Figure 7.6. The 

observed emission peaks for X and XX are cross polarized doublets with identical 

splitting but reversed polarization [90]. The reversed polarization obtained for XX 

and X arises due to the XX having no AES, while X is split by AES. Referring back 

to Figure 7.2, the vertically (V) polarized photons emitted in the XX — X cascade 

are Bi and _B2, while the horizontally (H) polarized photons are A\ and A%. The XX 
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Figure 7.6: Polarization dependence of biexciton-exciton radiative cascade. The ex-
citon and biexciton emission exhibit reversed horizontal (H) and vertical (V) po­
larizations with identical splitting; an optical signature of single quantum dot con­
taining an anisotropic exchange splitting. From the polarization dependent emission 
of the exciton (right panel), a fine structure splitting of 185/^eV is obtained (i.e., 
AAES = 185 fieV). As expected, the singly charged exciton, X~, has no fine struc­
ture splitting. 

does not constitute AES since the e-h exchange of the two excitons building the biex­

citon cancels (i.e., the e-h exchange for one exciton (fJJ,) cancels the e-h exchange of 

the other exciton (Iff)). The origin of the observed XX splitting in the PL emission 

spectrum of Figure 7.6 is due to the final state, X, which is split by e-h exchange. 

To extract a value for the exciton fine structure splitting, a Lorentzian curve-

fitting procedure of the PL peak as a function of a half-wave plate polarization angle 

at the input of the spectrometer is utilized (right panel of 7.6). Using this method, 
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fine structure splittings below the spectral resolution could be obtained. The right 

panel of Figure 7.6 shows the emission energy of X, XX, and X~ (singly charged 

exciton) as a function of emission polarization angle. For this particular dot, a fine 

structure splitting of AAES — 185/ieV is obtained. As a reference, the polarization 

dependence of X~ is also shown. Here, no fine structure is observed for X~ as 

expected [64]. 

7.4 Removal of biexciton binding energy 

To demonstrate the manipulation of the biexciton binding energy and removal at 

finite lateral electric field, a gated ridge sample comprising of an individual InAs/InP 

quantum dot is selected which exhibits a negative XX binding energy at zero applied 

bias. Photoluminescence data from such a dot as a function of the applied lateral 

electric field is shown in Figure 7.7(a) with the appearance of the XX at lower energy 

than the X shown in Figure 7.7(b) at zero electric field and higher excitation power. 

Since this is a very delicate experiment, the excitation power was chosen such that 

on average the dot occupation is less than one exciton according to Poisson statistics 

(i.e., only the X peak is observed in PL). When higher excitation power was chosen 

to observe both the XX and X simultaneously, no effect of the field was obtained. 

Here, the higher excitation power screened the applied electric field. Although both 

the XX and X PL transitions could not be observed as a function of applied lateral 

field for the dots on ridges studied here, this is a possibility for a single dot in a 

pyramid (see Chapter 8). 

At zero applied bias in Figure 7.7(a), transitions from the two neutral exci­

ton ground states, split by e-h exchange, are observed at approximately 922.4 meV 
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Figure 7.7: (a) Electric field dependent PL spectra from a single quantum dot in a 
ridge nanotemplate. At finite lateral electric field corresponding to 1.9 V bias, the 
biexciton binding energy is removed (i.e., Axx = 0). (b) At 0V bias, the XX is 
observed at lower energy than X and has a binding energy of AXx = 510/xeV. The 
two peaks observed for X at 0 V bias corresponds to the two neutral exciton peaks 
that are split by e-h exchange. 

(1344 nm). For biases from 0 V to approximately 1.9 V, the mean X energy shows a 

very small Stark shift, consistent with quenching of e-h Coulomb interactions as the 

electron and hole is separated in a lateral electric field (see Chapter 6). In addition, 

the AES diminishes from 108 fieY to 56 fieV. Beyond 1.9 V, the AES is below the 

instrumental resolution (50 /xeV) and the oscillator strength of the X decays mono-

tonically. Both the zero field value of the AES and its reduction with the applied 

lateral field are consistent with the behavior described in the previous chapter. The 

key feature is observed at the bias voltage of 1.9 V. Here, the main, exchange-split PL 

line is replaced by a transition that blueshifts as a function of increasing electric field. 

The change from the observed red-shifting exciton to blue-shifting biexciton in the 

optical spectrum corresponds to the desired resonance point, in which the biexciton 

binding energy is removed (i.e., AXx = 0) and entangled photon pairs are generated. 
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7.4.1 Comparison with model calculations 

To verify the above identification of spectral features, the calculated photon en­

ergies and oscillator strengths (represented as symbol size) calculated in the full 

configuration-interaction approach for the ground state of exciton (Ai and Bi in 

Figure 7.2) and the biexciton (A2 and B2 in Figure 7.2) are shown in Figure 7.8(a). 

The results of the calculations are compared to the field dependence of the exciton and 

biexciton energies in Figure 7.8(b), where the peak positions have been extracted from 

the electric field dependent PL spectra in Figure 7.7(a). This calculated behaviour 

is in excellent qualitative agreement with the experimental spectrum. As a function 

of increasing electric field, the A2, B2 transitions of the neutral exciton shift down in 

energy, with the intensity decreasing as the e-h overlap diminishes. The Stark shift 

of the X lines is very small, much smaller than the Stark shift of a non-interacting 

electron-hole pair and the exchange splitting is decreasing with increasing electric 

field. The biexciton transition, on the other hand, shifts upwards in energy, and 

is brought into resonance with the exciton transition at a finite field of 6.5 kV/cm. 

This corresponds to two pairs of degenerate transitions, the A\ — B2 pair and the 

B\ — A2 pair, thus leading to polarization entangled photon pairs even in the pres­

ence of non-degenerate intermediate exciton states as discussed previously. However, 

in experiment, either only the X or XX is observed. In the optical spectra in Figure 

7.7(a), the exciton transitions split by e-h exchange, A2 and B2 are observed before 

the crossing of X and XX while the observed peak after the crossing corresponds to 

the XX transition. The fact that the biexciton is observed under applied field for the 

present experimental conditions is a consequence of the increasing exciton radiative 

lifetime as the electron-hole overlap diminishes [120]. 
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Figure 7.8: (a) Calculated PL transitions for exciton and biexciton as a function of 
lateral electric field obtained utilizing Fermi's Golden Rule. For a critical value of 
the electric field, F = 6.5kV/cm, the emission energies of XX and X cross and the 
binding energy of XX is removed (i.e., AXX = 0). (b) Peak energies of X and XX 
extracted from Figure 7.7(a) as a function of bias voltage. In both (a) and (b), the 
transitions are colour coded in the same manner to the A\, B1: A2, and B2 transitions 
in Figure 7.2. 

The origin of the crossing for the X and XX lines can be understood as follows. In 

the absence of e-h exchange, the two optically active | J.ff) and | |JJ.) states have the 

same energy. Here, the single arrow denotes the spin of the electron, and the double 

arrow that of the hole. The e-h exchange mixes the two configurations and splits their 

energies. As a result, two excitonic states are obtained, X^2 = (| Iff) T | T -̂)) / \ /2 , 

with energies 

EX1,X2 = Ee
00 + Eh

m - Vt - AET =F ^ j p (7-4) 

Here, EQ0+EQ0 are the single particle energies for electron and hole, VQH is the electron-

hole Coulomb attraction; /S.Ec^rr is the correlation energy, and AAES is the anisotropic 

exchange splitting of the two intermediate exciton states. These two intermediate 

states in the biexciton cascade are shown schematically in Figure 7.2. Since the final 

state in the excitonic recombination is the vacuum, the above energies also define 

the PL peak positions corresponding to the transitions A2 and B2, respectively. As 
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the electrostatic field F is increased, both PL transitions of A2 and i?2 decrease due 

to reduction in single particle energies (i.e., Stark shift). The redshift is small due 

to compensation of Stark shift with applied lateral electric field, discussed in detail 

in Chapter 5 and 6. To briefly summarize, the e-h term VQH and the correlation 

energy AE^rr also decrease and since they appear with negative sign, changes in the 

single-particle energies are compensated. 

Similarly for the biexciton, the energy can be written approximately as 

Exx = 2Ee
00 + 2Eh

w + V0
ee + V0

hh - AV0
eh - A £ £ £ , (7.5) 

with the e-e and h-h Coulomb terms accounting for the repulsion between carriers of 

the same type. The energies of photons emitted in transitions A\ and Bi correspond 

to the differences between this energy and those of the two single excitons. They are 

EA\. Bl = E0Q + £/00 -V0 - /\EX ± y=-

+ [Voe + V0
hh - 2V0

eh] 

- [Eg* - 2AET] • (7-6) 

In this expression, the first term is identical to the PL peak positions of the single 

excitons, only with opposite contribution from the AES. The field dependence of single 

excitons was determined to be almost insensitive to the field because of competing 

single particle and electron-hole Coulomb terms. Note that although the energy of 

the biexciton is not renormalized by the AES, the energies of the final states, i.e., the 

excitons, are renormalized and this splitting will therefore appear in the biexciton PL 

spectrum with reversed polarization (see Figure 7.6). The second term accounts for 

the Coulomb interactions between the two electron-hole pairs building the biexciton. 

At zero electric field, this term is approximately zero since the repulsion between 
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carriers of the same type is balanced by electron-hole attraction so that the third 

term, comparing the correlation corrections of the biexciton to those of the exciton, 

defines the splitting between the PL lines of the two complexes. This third term is 

usually negative resulting in biexcitonic PL peaks that appear at lower energies than 

those of single excitons. The field induced separation of electron and holes decreases 

the electron-hole attraction driving the biexciton PL peak positions towards higher 

energies. For a sufficiently large electric field the interaction terms exactly cancel 

the correlation corrections, resulting in a degeneracy of the biexciton and exciton 

emission. Here, the redshifting exciton and blueshifting biexciton result in the removal 

of biexciton binding energy at a field of 6.5 kV/cm. At this point the two decay paths, 

A and B, become indistinguishable and entangled photon pairs are created. 

7.5 Control of biexciton binding energy via ridge 
nanotemplate 

Up to now, experimental investigations of biexciton binding energy, Axx, on dot size 

have been performed on randomly located quantum dots [89-91,114-116]. In the work 

presented here, I study for the first time the dependence of Axx on dot size using a 

scalable device architecture desirable for applications in quantum cryptography such 

as generation of single photon and entangled photon pairs. These results also investi­

gate a new regime for the dependence of Axx on dot size in larger InAs/InP quantum 

dots that emit near the telecommunications wavelength of 1.55 /mi. The binding en­

ergy of the XX is found to be directly controlled by the base width dimensions of the 

ridge nanotemplate. Here, Axx can be controllably tuned from the binding (bound) 

to antibinding (unbound) regime and through zero - a regime not previously studied 



Chapter 7: Generation of entangled photon pairs 141 

in large dots. The results suggest that the mechanism responsible to reach the an-

tibinding regime for the XX in large quantum dots are piezoelectric fields [114,116]. 

Piezoelectric fields in large quantum dots tend to separate electrons and holes, thus 

leading to an unbound XX state. The separation of charges required to produce an 

unbound XX is also expected to reduce the fine structure splitting since this split­

ting depends strongly on overlap of electron and hole wavefunctions [26,64]. Indeed, 

in the large quantum dots presented here, no fine-structure splitting was observed 

within the spectral resolution of 50//eV, consistent with the work by N. Chauvin and 

co-workers with spectral resolution of 100 fxeV [116]. Thus, enhanced piezoelectric 

fields in large quantum dots leading to an unbound XX are also expected to strongly 

reduce the fine-structure splitting, possibly even near zero - a key requirement for 

entangled photon pair generation utilizing semiconductor quantum dots (see Section 

7.1 and 7.2). Over half of site-selected dots shown here exhibit unbound biexcitons 

with observed fine-structure splittings less than the spectral resolution, thus promis­

ing arrays of entangled photon pairs to be generated within this scalable architecture 

(i.e., if fine-structure splitting is smaller than the homogeneous linewidth of exci-

ton). An added benefit to the expected reduction in AES with piezoelectric fields in 

larger dots is the strong dependence of exchange energy, which decreases for increas­

ing dot size [116,121]. In general, the AES splitting is smaller than the exchange 

energy (splitting between dark and bright exciton states) [64], which therefore also 

contributes to the reduced fine structure splitting for site-selected dots exhibiting an 

unbound XX state. 
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7.5.1 Summary of previous work 

In the past 3-5 years, many single quantum dot experiments have been conducted, 

which study the dependence of AXx on the dot size [89-91,114-116]. In those optical 

studies of the exciton-biexciton system [89-91,114-116], the size of the quantum dots 

is parameterized by the exciton ground state energy since the exciton emission energy 

shifts to higher energy due to decreasing dot size. The decreasing dot size corresponds 

to dot height as in randomly located quantum dots, the lateral size and shape varies 

depending on the growth conditions [91]. 

For a nice summary of various reports for dependence of biexciton binding energy 

on dot size, see the work of C. Dal Savio et al. [91]. In that work they studied 

InAs/InGaAs quantum dots emitting in the spectral range of 1.14 eV to 1.2 eV and 

compared to previous reports mainly on InAs quantum dots embedded in an GaAs 

matrix [i.e., InAs/GaAs), which emit at shorter wavelengths in the spectral range of 

1.2 eV to 1.4 eV [89,114,115]. C. Dal Savio and co-workers concluded that there are 

two regimes for A.Xx dependence on dot size [91]. One regime consists of small dots, in 

which AXx decreases with decreasing dot size. In this regime, AXx makes a transition 

from bound to unbound and for certain dot dimensions even AXx = 0 is obtained. 

This observed dependence of Axx o n dot size is attributed to decreasing correlations 

resulting from stronger confinement (increased energy level spacing) and reduced 

number of bound states for a finite barrier potential in small dots. Both the stronger 

confinement and reduced number of bound states in smaller dots contribute to a 

weaker interaction of the ground state mixing with excited states (i.e., correlation). 

In addition, the stronger confinement potential in smaller dots generates a repulsive 

effect of the Coulomb interaction from carriers of the same type, thus leading to an 
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unbound ('anti-binding') biexciton state. The other regime is for large dots. Here, 

the dependence of Axx on dot size is opposite to that of small dots. In these studies, 

they concluded that further measurements were required to predict the behaviour 

for larger dots [91]. It was suggested that a transition from binding (bound) to 

antibinding (unbound) may also take place for larger dots under the influence of 

piezoelectric fields [114, 117]. Note that the transition from a bound to unbound 

XX in smaller dots is due to a different mechanism. In small dots, the hole ground 

state is much more strongly localized than the electron ground state [114]. Thus, it 

is still possible to have an AES since there is considerable overlap of electron and 

hole wavefunctions. In contrast, in very large dots the hole wavefunction is strongly 

elongated due to the large piezoelectric field with a density minimum in the centre of 

the dot while the electron ground state is less sensitive to the piezoelectric potential 

due to the smaller electron mass [114]. Here, the AES is expected to be strongly 

reduced and possibly even near zero since there is a weak overlap between electron 

and hole wavefunctions [26,64]. 

More recently, InAs/InP quantum dots have been studied by N. Chauvin and co­

workers [116], which allowed them to study longer wavelengths in the exciton emission 

energy range of 0.9 eV to 1.05 eV. There, they mapped out the dependence of AXx 

on dot size and confirmed results obtained by C. Dal Savio et al. [91] for larger dots. 

In their work, Axx was reduced further in larger dots from 3.4 meV at 1.05 eV to 

0.4 meV at 0.9 eV. The reduction in biexciton binding energy is attributed to increase 

in piezoelectric fields in large dots. Piezoelectric fields tend to separate charges, which 

leads to an unbound XX state [114]; however, the antibinding regime has not been 

achieved yet in large quantum dots until this work. The antibinding regime for XX in 
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large dots may be a very important step towards the realization of a scalable route for 

the generation of entangled photon pairs. As discussed previously, the piezoelectric 

field that causes a separation of charges leading to an antibinding XX state is also 

expected to reduce the fine-structure splitting since this splitting depends strongly on 

the electron-hole wavefunction overlap [26,64]. Indeed, in the work of N. Chauvin and 

co-workers, no fine-structure was observed within the spectral resolution of 100/xeV 

for large dots. 

7.5.2 Ridge nanotemplate 

The dependence of Axx on dot size for 19 individual InAs/InP quantum dots in 

ridge nanotemplates is shown in Figure 7.9(a). In the data range for exciton (X) 

emission similar to N. Chauvin et al. [116], the dependence of Axx on X emission 

energy is remarkably similar. In addition, however, for decreasing X emission energy, 

there is a transition from the bound to unbound XX regime. The tuning range 

controlled via the ridge nanotemplate is rather large: Axx = +3.1 meV at X emission 

energy of 1011 meV while Axx — —4meV near the telecommunications wavelength of 

1.55 jum (800meV). This corresponds to a controlled tuning range for Axx of 7.1 meV. 

The observed crossover point for zero XX binding energy (i.e., Axx = 0) occurs in 

the energy range between ~ 910 — 930 meV. The resulting dependence of Axx ° n dot 

size is attributed to increase in piezoelectric fields with increasing dot size [114,116]. 

As described in more detail in Chapter 3, the base width of the nanotemplate 

controls the dot size and therefore the exciton emission energy. For larger base widths 

(Figure 7.9(c)), the dot height is smaller and therefore emits at higher energy. As 

the starting base width is reduced (Figure 7.9(b)), the same amount of dot material 

corresponds to an increase in dot height and redshift of the exciton energies. The 
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Figure 7.9: (a) Controlled tunability of biexciton binding energy, Axx, on dot size for 
ridge nanotemplate. SEM images of ridge nanotemplates with starting basewidth of 
(b) 400 nm and (c) 550 nm. Decreasing the ridge base width increases the dot height 
for the same amount of dot material deposited and shifts the the excition emission 
energy towards the telecommunications band around 1.55/xm (800meV). 

redshift of the exciton energies for increasing dot height (decreasing ridge width) 

is observed in Figure 7.9(a). The differences in dot height for two different ridge 

nanotemplates can be observed in the SEM images of Figure 7.9(b) and 7.9(c). 

There is considerable scatter of the observed Axx f° r & given exciton emission 

energy. It is likely due to variations in the lateral dot dimensions for a given quantum 

dot height. At different dot dimensions, this leads to a different strain distribution 

inside the dot, thus leading to different piezoelectric fields which directly influences 

^xx [H4,117]. The dotted line in Figure 7.9(a) shows a linear fit to the data and 

has a gradient of 0.03 ± 0.01. 
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The controlled tunability of AXx via the ridge nanotemplate presented here is 

desirable for the realization of a scalable route to producing entangled photon pair 

sources. Such a scheme is possible providing piezoelectric fields in large quantum 

dots is sufficient to reduce the fine structure splitting near zero as the results suggest, 

when compared to model calculations. The optical signature of piezoelectric fields 

in large quantum dots is the observation of an unbound XX. In the InAs/InP site-

selected dots studied here, the unbound XX regime is found to be controlled via the 

growth conditions of the ridge nanotemplate making it possible to produce arrays of 

entangled photon pairs near the telecommunications band around 1.55 /an. 

7.6 Conclusion 

Photoluminescence data of exciton and biexciton subject to an applied lateral electric 

field have been presented for a single, deterministically positioned InAs/InP quantum 

dot on ridge nanotemplate. These results suggest a mechanism for the production 

of entangled photon pairs in quantum dots that does not require removal of the 

anisotropic electron-hole exchange splitting - a requirement the scientific commu­

nity has been struggling to overcome. Instead, entangled pair generation can be 

affected through the electrical tuning of individual quantum dots such that the biex­

citon binding energy is removed at finite field. The observed crossing of the exciton 

and biexciton (i.e., Axx = 0) is accomplished in experiment by precisely balancing 

the Coulomb repulsions and attractions of the exciton and biexciton via an in-plane 

electric field and is found to be in excellent qualitative agreement with many-body 

configuration interaction calculations of the multi-exciton emission process. 

Additionally, an alternate scheme for the generation of entangled photon pairs, 
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that does not require electric field tuning, was investigated. The biexciton binding 

energy of individual InAs/InP quantum dots was determined to be controlled via the 

ridge nanotemplate. Here, the biexciton binding energy was found to decrease with 

increasing dot size (decreasing ridge base width). The results demonstrated a large 

tuning range of the biexciton binding energy of 7.1 meV. A new regime of the biexciton 

binding energy was obtained in large quantum dots, the unbound biexciton regime. 

Comparison to model calculations revealed that piezoelectric fields are responsible for 

separation of charges leading to an unbound biexciton state. Finally, fine structure 

splittings within the spectral resolution were not observed for unbound biexcitons in 

these large dots suggesting that piezoelectric fields are also expected to strongly reduce 

the fine-structure splitting near zero. Such a scheme, if successful is a significant 

improvement over all existing proposals for generation of entangled photon pairs 

around the telecommunications band of 1.55 jum. 

The techniques presented in this chapter promise the practical realization of arrays 

of quantum dot based entangled pair sources using site-selected quantum dots emit­

ting at wavelengths suitable for fibre based quantum cryptography, without resort to 

large external magnetic fields, or materials engineering of individual dots. 



Chapter 8 

Single electron charging and 
entangled photon generation in the 
same quantum dot 

Thus far, this thesis has presented optical and electronic properties of a single quan­

tum dot in a lateral electric field. The highlight of this research is the possibility to 

generate entangled photon pairs in a scalable device architecture through removal of 

the biexciton binding energy. The device studied in this chapter advances scalability 

further since arrays of gated, single quantum dots can be fabricated without the need 

of post-processing to isolate a single dot. In addition to applying an in-plane electric 

field across the quantum dot as demonstrated previously, an electric field can also be 

applied along the growth direction (vertical electric field). Application of a vertical 

electric field adds functionality to the device through precise control of the electron 

number. By tuning the electric field, a single electron can be isolated - an effort 

that is achieved and demonstrated in this chapter in a scalable device architecture 

desirable for quantum information applications. 

Recent advances in coherent control of the spin states of a single electron, split by 

a static magnetic field which is confined in a semiconductor quantum dot, makes such 

148 
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structures an ideal choice for the optical qubit [122]. A quantum bit (qubit) is the 

basic logical unit of information within a quantum computer [123]. In contrast to bits 

in a classical computer, where each bit can only exist as a logical 0 or 1, the quantum 

bit can exist as a coherent superposition of both states. To be useful for quantum 

information processing, full quantum control of the qubit is necessary, such that 

the quantum state can be initialized in a well-defined state, coherently manipulated 

and then read out with high fidelity before the quantum information is lost due to 

decoherence [122]. Additionally, the atomic-like electronic structure of such quantum 

dots is expected to suppress coupling of the spin to the solid-state environment, thus 

protecting the quantum information against decoherence and extending storage times 

to the millisecond time-scale, allowing many spin manipulations to be performed [124]. 

Full quantum control of the electron spin is already well established in "top-gate" 

defined quantum dots [125-127]. However, to make the long distance transfer of quan­

tum information a possibility, an optical qubit is desirable. In self-assembled quantum 

dots, both electrons and holes are confined and the dots are therefore optically active 

allowing the spin state of the carriers to be easily converted into the polarization state 

of a single photon [23]. Demonstration of all quantum optical control of the electron 

spin in self-assembled quantum dots has been achieved allowing the spin to be ini­

tialized in a well-defined orientation [124], manipulated coherently on the picosecond 

timescale [14] and read out with non-destructive optical techniques on the nanosec­

ond timescale [13]. More recently, all optical quantum control of the electron spin 

has been achieved on the picosecond timescale within a single system, thus increasing 

the number of operations possible before the electron spin information is lost due to 

decoherence [15]. Additionally, due to the sensitive techniques required to measure 
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the single spin optically, such as direct absorption [128] or time resolved Faraday [12] 

and Kerr [11] rotations, the very weak signals involved limit the time available for 

spin manipulation to ~ 1 microsecond or even a few nanoseconds [129]. More ad­

vanced readout schemes have been proposed that utilize non-perturbative, time gated 

photoluminescence measurement of the charge state, which extends storage times into 

the millisecond range. Converting the spin information of the resident electron into 

charge, which can then be measured non-perturbatively by photoluminescence, allows 

spin manipulation and investigations of spin relaxation and decoherence mechanisms 

over the longer time scales that are described by theory [129]. 

Although coherent quantum optical control has also been demonstrated for iso­

lated nitrogen-vacancy defect centres in diamond [130] at room temperature, they can­

not at present be controllably positioned in a scalable device architecture. The ability 

to position dots, as demonstrated in this thesis, is advantageous for producing arrays 

of quantum dots making them potentially more scalable. To date, demonstrations 

of qubit coherent control and manipulation of the electron spin have been performed 

on randomly nucleated self-assembled quantum dots [11-15]. Such quantum dots can 

be embedded within the intrinsic region of an n-i Schottky diode, where the number 

of electrons can be precisely controlled [2-10] and the spin manipulation required for 

quantum information processing can be performed. To bring such experiments closer 

to large scale implementation, one must find routine ways to control the nucleation 

site of individual dots and embed them within active devices as required. The nec­

essary control can be achieved using nanotemplate deposition techniques where the 

nucleation site of individual InAs/InP dots can be precisely controlled [29, 30] and 

electrostatic gates or photonic crystals constructed around them [8]. 
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In the work presented here, a single, deterministically positioned, InAs/InP quan­

tum dot is electrically contacted allowing direct control of the number of electrons 

within the dot using a vertical electric field. Single electron charging is monitored 

through the photoluminescence signal from the dot as a function of the vertical elec­

tric field. By measuring the induced Stark shift of the excitonic transitions, I show 

that the zero electric field quantum dot dipole is in the opposite direction to that 

of InAs/GaAs quantum dots suggesting that the electron is localized above the hole. 

The strength of the measured dipole is supported by a model in which the Indium 

composition is uniform throughout the dot, a result that is consistent with indepen­

dent studies of conventionally grown InAs/InP quantum dots [8,131,132]. 

On the same quantum dot, by using four gates precisely positioned around the 

periphery of the quantum dot, it is possible to apply a lateral electric field in the plane 

of the quantum dot. Of particular significance is that the exciton and biexciton are 

both observed as a function of lateral field and the binding energy of the biexciton is 

tuned over a large energy range. Removal of the biexciton binding energy was found 

in the previous chapter to be important for the generation of entangled photon pairs. 

Comparison to theoretical calculations reveal the underlying confinement potential 

for single dots on pyramid nanotemplates are square-like. In comparison to dots 

on ridges, which exhibit an in-plane parabolic confinement potential, the physics of 

gated dots on pyramidal templates is similar - the biexciton and exciton transitions 

are expected to cross at finite field thus resulting in removal of the biexciton binding 

energy. 

To understand the charging mechanism presented in this chapter, two-dimensional 

calculations are presented aimed at controlling the electron number in individual 
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quantum dots via vertical electric fields since the InP nanotemplate device geometry 

is pyramidal and not planar as in the literature and should be taken into consideration. 

In order to obtain single electron charging and entangled photon pair generation on 

the same quantum dot, three-dimensional Nextnano calculations are presented in 

order to determine the applied biases required on each of the four top Schottky gates 

around the periphery of the single quantum dot. Solutions of the three-dimensional 

Poisson equation in Nextnano show that it is possible to apply an in-plane electric 

field in any crystal orientation - an important step in next generation devices for 

entangled photon pair generation. The Nextnano calculations also show the effect of 

the applied electric field due to a dot misalignment if the four top Schottky gates are 

not aligned perfectly with respect to the single dot - a common situation in practice 

since alignment is currently limited to the resolution of the e-beam writer. 

This chapter is organized as follows: Section 8.1 introduces the deterministically 

positioned, gated, single InAs quantum dot on InP nanotemplate that is used in the 

single electron charging and in-plane electric field experiments. In Section 8.2, two-

dimensional calculations are presented to understand the current charging mechanism 

in the positioned quantum dots. In Section 8.3, three-dimensional calculations in 

Nextnano are presented that show that it is possible to apply an in-plane electric 

field in any crystal orientation. These calculations also show that it is possible to 

obtain single electron charging in metal-oxide-serniconductor devices and that the 

effect on the conduction band edge is larger than that of metal-semiconductor devices. 

The single electron charging experiments for a single gated InAs quantum dot on InP 

nanotemplate are shown in 8.4. In Section 8.5, results of combined vertical and lateral 

electric field measurements are presented, which exhibit a large tuning range of the 
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biexciton binding energy by more than 1.5 meV. The in-plane lateral electric field 

dependence suggests a square-like confining potential in the plane of the quantum 

dot when compared with model calculations. This is in contrast to the parabolic 

potential presented earlier for single dots on ridges. Finally, in Section 8.6, the main 

conclusions are summarized. 

8.1 Device 

An SEM micrograph of a typical device used for the single electron charging ex­

periments in a deterministically positioned quantum dot (Section 8.4) is shown in 

Figure 8.1(a) along with a schematic cross section of the device in Figure 8.1(b), 

depicting the positioned single InAs quantum dot. The structure consists of four 

metallic Schottky gates positioned around the pyramidal InP nanotemplate used to 

control the quantum dot nucleation site. These four gates can be used to apply an 

electric field within the plane of the quantum dot [26] or in conjunction with an ohmic 

back contact, to apply a vertical electric field along the growth direction. Details of 

the directed self-assembly technique used to control quantum dot nucleation are pre­

sented in Chapter 3. Typical photoluminescence (PL) from such a dot is shown in 

Figure 8.1(c), in which only a single emission peak is observed over a wide energy 

range (~400 meV) - a clear signature of reaching the single dot regime on the nan­

otemplate (see Chapter 3). 

Device construction is a three-step process: In the first step, an oxide covered, 

(OOl)-oriented, sulphur doped, n-type InP wafer is patterned with e-beam lithogra­

phy to produce square openings, with edges aligned along the [110] crystallographic 

directions, that expose the underlying InP substrate. Chemical beam epitaxy (CBE) 
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Figure 8.1: (a) SEM micrograph of four Schottky metallic gates precisely positioned 
around a buried individual InAs quantum dot in an InP pyramidal nanotemplate. 
(b) Schematic view of device indicating a single InAs quantum dot embedded in the 
intrinsic region (InP) of an n-i Schottky diode. A 20 nm layer of SiC>2 is used between 
the top Schottky gates and n-doped InP substrate to minimize leakage current, (c) 
Typical single-dot photoluminescence from device structure shown in (a) which emits 
around 830meV (1500nm). 

of InP on such patterned wafers produces growth only on the exposed areas of sub­

strate. Undoped InP pyramids with {110} side-facets are produced; designed such 

that the (001) apex is wide enough to support only a single dot (see Chapter 3). A 

single InAs quantum dot is then grown on this apex before being capped with InP 

and removed from the growth system for Schottky diode processing. If the InP cap is 

grown sufficiently thick, the overgrowth rotates the pyramid to produce {111} side-

walls instead of the initial {110} sidewalls. The top Schottky gates (20 nm Ti/80nm 

Au), defined by e-beam lithography and liftoff, are precisely positioned with respect 

to the dot and lie on the {111} sidewalls of the nanotemplate. An ohmic contact 
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is made to the back surface of the n-type substrate to facilitate the application of 

a vertical electric field. Note that a contacted pyramid containing the initial {110} 

sidewalls are also possible, although the electric field in this device is slightly larger 

due to the modified device dimensions (see Section 8.3). 

Utilizing the known device dimensions (shown in Figure 3) and background doping 

within the intrinsic region of the nanotemplate (1016 cm - 3), the vertical electric field, 

F, at the position of the dot as a function of top gate bias voltage, VQ, is calculated 

as (Section 8.2) 

F[kV/cm] = 15.5Vb + 11.1. (8.1) 

Here, VQ > 0 for reverse bias. The details of the model used to calibrate the electric 

field can be found in the following section. 

8.2 Electrostatic modeling of gated pyramids 

Quantum dot charging of an individual quantum dot embedded in a gated pyrami­

dal nanotemplate (structure from Figure 8.1(a)) was studied using a commercial de­

vice simulation software (ATLAS, Silvaco International), which simultaneously solves 

Poisson's equation and the continuity equations for electrons and holes while utilizing 

the drift diffusion model for charge transport. Firstly, the structure is defined includ­

ing the substrate (50 nm n-doped InP), metallic gates and buried quantum dot on a 

finite difference grid with resolution of 1 nm. Secondly, the pyramidal nanotemplate 

is modeled as a cone in cylindrical coordinates in order to approximate the pyramidal 

geometry in three-dimensions. The dimensions of the pyramid are chosen to be rep­

resentative of the present nanotemplates studied, where the basewidth, w, is 500 nm 

and the height of the pyramid is \w. Thirdly, to represent the InAs quantum dots 
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attractive potential, the quantum dot is modeled as an acceptor trap with energy 

150 meV below the conduction band and is defined to be full when a single electron 

is loaded into the trap. To obtain the electron density, N?, for a single electron, the 

volume, V, of the quantum dot is multiplied by the electron density and set equal to 

one (VNT = 1), which corresponds to the single electron. Lastly, the quantum dot 

dimensions are chosen to be comparable to the experimentally investigated dots with 

a height of 5 nm and width of 30 nm. 

A 2D cross-section of the pyramidal nanotemplate model with a vertical cut 

through the centre of the cone is shown in Figure 8.2(a). The structure consists 

of an n-i structure with a single quantum dot (trap) embedded in the intrinsic region 

of the InP pyramid (~ 125nm from the pyramid apex). The background doping of 

the intrinsic region is 1012cm~3. An aluminum top Schottky gate and back contact 

gate is present in order to apply axial electric fields, which allows the direct control 

of dot occupancy. The contour plot in Figure 8.2(a) demonstrates the modification 

of the local potential in the region of the dot due to the top Schottky gate when 

the gates are at 0 V. Without the top gate, the potential in the pyramid would be 

uniform and the dot occupancy would be full since the electrons from the n-doped 

region would drift towards the trap. 

To understand the mechanism of obtaining direct control of the dot occupancy, 

the energy band diagram for the device configuration along the Y-Cut from Figure 

8.2(a) is depicted in Figure 8.2(b), as well as the potential. At 0 V bias, the energy 

and location of the dot can be observed along the conduction band energy curve at 

a distance of 125 nm from the apex of the pyramid. The height of the quantum dots 

attractive potential is 150meV below the conduction band to represent the depth of 
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Figure 8.2: (a) 2D cross-section of pyramidal nanotemplate model in ATLAS. Only 
half of a triangle is required to model the pyramid as a cone in cylindrical coordinates. 
Each color change in the contour plot signifies a potential difference of 0.05 V, where 
the potential increases as the vertical cut through the dot varies from the pyramid 
apex to the base of the pyramid, (b) Energy band diagram of the device, as well as 
the potential along the Y-cut through the device in (a). 

the trap. The dot is empty at 0 V bias since the energy level of the quantum dot (trap) 

is above that of the electron quasi Fermi level (QFL). By forward biasing the device, 

the energy level of the quantum dot crosses that of the QFL, thus filling the dot with 

a single electron. To empty the dot again, the bias is reversed until the energy level 

of the quantum dot is above the electron QFL. Note that the mechanism required to 

fill the dot is not the strength of the electric field, but the ability to manipulate the 

electron QFL with respect to the quantum dot energy levels (i.e., band bending of 

conduction band). The strength of the electric field is relevant for the discussion on 
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the excitonic dipole in Section 8.4.1. 

By changing the position of the quantum dot or position and length of the top 

Schottky gate, the switching voltage required to load or empty a single electron 

(depends on bias direction) can be modified from 0.7 V reverse bias to 0.4 V forward 

bias. Additionally, the voltage regime required to empty the dot of excess electrons 

shifts to larger reverse biases for higher background doping than 1012cm-3. For 

example, in conventionally grown InAs/InP quantum dots on planar substrates with 

a background doping in the intrinsic region of 1012 cm -3 , a forward bias of < 0.2 V is 

required to empty the dot. Increasing the background concentration of the intrinsic 

region shifts the switching voltage required to empty the dot to reverse biases due 

to electric field screening [8]. In the low bias regime, the effect of the field widens 

the depletion region from the top Schottky gate to the position of the dot and the 

bias voltage has minimal effect on the electric field at the location of the dot. With 

increasing reverse bias, the depletion region widens past the location of the dot. 

Once the quantum dot is in the depletion region once again, the electric field is 

approximately linear with gate voltage. The bias voltage required to empty the dot 

(1.4 V reverse bias) was well produced within the present model when modifying 

the device dimensions to reproduce the planar geometry and assuming a background 

concentration in the intrinsic region of 5 x 1016 cm -3 , which is in excellent agrement for 

tiie rneasureu uacKgrounu doping as measured using secondary ion mass spectrometry 

[8]. 
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8.3 Electric field in any crystal orientation - 3D 
model 

The four gates precisely positioned around the periphery of the pyramidal nanotem-

plate can also be used to apply a lateral electric field in the plane of the quantum dot 

in any crystal orientation (Figure 8.3(a)). Such a capability may be advantageous 

for the generation of entangled photon pairs (see Chapter 7). The gated pyramid 

described here provides infinite degrees of freedom compared to two terminal devices 

presented in Chapter 6 since applied fields can be oriented in any crystal direction. 

This is in strong contrast to two terminal devices since the electric field can only ma­

nipulate one axis of the crystal in the plane of the quantum dot. The added benefit 

of the four terminal device presented here is that the ohmic back gate can be used in 

conjunction with the top gates to control the charge state of the device, desirable for 

device applications. 

To understand the applied electric field in the gated pyramid utilizing all 5 gates 

(4 top gates, one global back gate), three-dimensional calculations were conducted 

in Nextnano3, a commercial software developed by the Walter Schottky Institute 

in Garching, Germany. Since the software is presently in the development stage, 

Nextnano3 was unable to model devices with Schottky contacts since two different 

materials come in contact with the same gate material - a situation that is not 

allowed in Nextnano3 (i.e., semiconductor and air). To overcome this limitation, a 

cap oxide is introduced which circumvents this problem. Additionally, due to the large 

computational effort required in Nextnano3 for three dimensions, the gated pyramid 

modeled here is smaller than the experimentally investigated ones. The current model 

uses dimensions of the gated pyramid with a base width of 300 nm and height of 
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Figure 8.3: Device structure to be modeled in three dimensions by Nextnano3. (a) 
SEM micrograph of pyramidal nanotemplate with four gates precisely positioned 
around the buried quantum dot. There is a back ohmic contact to facilitate the 
application of vertical field (b) 2D cross-section of gated pyramid. The base width of 
the pyramid is 300 nm. Two side-gates are evident in the 2D cross-section. The other 
two side-gates are also used as input in the Nextnano3 model (not shown here). Since 
the model is 3D, the width of the gate at the base of the pyramid is 160 nm and tapers 
down to 60 nm at the tip of the gate. The cap oxide is introduced as an artifact as two 
materials are not allowed to surround the side-gate in three-dimensional Nextnano3 
calculations. 

150 nm, which is approximately 40-60% smaller than the experimentally investigated 

ones. Thus, the results presented here only provide a qualitative picture of the applied 

electric field in the pyramid and are not representative of the applied voltages required 

in experiment to obtain the same electric field strength. Nevertheless, the physics is 

the same and the model presented is crucial in understanding the applied voltages 

required on each gate in experiment for a true lateral field. Of particular importance 

is that the vertical electric field is not modified while applying an in-plane electric 

field since this would change the charge state of the dot; an undesirable result. I show 

here that for appropriate choice of the applied voltages on each gate, the vertical field 

is constant at the centre of the dot if precisely positioned in the middle of the four 

top gates and that the electric field can be applied in any in-plane crystal direction. 

If there is a slight misalignment of the gates around the periphery of the dot, then 
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the electric field is modified resulting in a built-in lateral field when the four top gates 

are held at the same potential similar to experimental investigation. Experimental 

optical data for an in-plane electric field in a gated pyramid device is presented in 

Section 8.5. 

A 2D cross-section of the 3D gated pyramid model is shown in Figure 8.3(b). 

Here, two of the four side metallic gates can be viewed. The other two side gates are 

also used as input in the Nextnano3 model, although not shown here. By rotating 

the 2D cross-section 90° about the growth axis, it is possible to view the other two 

side gates. The 2D cross-section of this 90° rotation would be identical to the one 

presented in Figure 8.3(b). Since the model is 3D, the width of the gate at the base 

of the pyramid is 160 nm and tapers down to 60 nm at the tip of the gate. The height 

of the gates used here are 50 nm. Other important parameters used within this model 

are: thickness of oxide, tox = 20 nm; background doping in intrinsic InP region of 

1 x 1016cm -3 and; doping concentration of n-doped InP region is 5 x 1018cm~3. 

8.3.1 Vertical field — Growth direction 

Results of the calculation for biasing all four top gates at the same negative potential 

are shown in Figure 8.4(a). At low negative gate potentials, the intrinsic region (i-InP) 

of the InP is not depleted and the bias voltage has little effect on the conduction band 

edge of InP. At a critical bias voltage of approximately Vg = —0.1 V, the InP pyramid 

is depleted of electrons and the gate voltage has a greater effect on the conduction 

band edge. Depending on the location of the dot in the gated InP pyramid, the 

effect of the gate voltage on the dot potential significantly varies as evident in Figure 

8.4(a). At a location of 30nm from the pyramid apex (z = 30nm), the conduction 

band edge of InP varies linearly according to ~ 0.6 eV/V after the InP pyramid is 
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Figure 8.4: Effect of top gate voltages on gated InP pyramid with base width of (a) 
300 nm and (b) 500 nm. The effect of the gate potential on the dot potential is highly 
dependent on the dot position in the gated pyramid. In these simulation results, all 
four gates are held at the same negative potential. 

depleted. Thus, electron charging is also possible in the metal-oxide-semiconductor 

device presented here since the quantum dot's ground state is typically ~ 100 meV 

below the band edge of InP in InAs/InP quantum dots - a result that depends highly 

on the dot size [61]. The energy level of the s-shell in the quantum dot can therefore 

be tuned above and below the electron Fermi level (0 eV in Figure 8.4) corresponding 

to an empty and charged dot, respectively. 

Similar calculations were conducted on a larger pyramid size with base width of 

500nm and height of 240 nm (Figure 8.4(b)) - a pyramid size similar to the experi­

mentally investigated ones. In comparison to the 300 nm pyramid, the effect of the 

gate voltage on dot potential is similar - a rather counterintuitive result. In the 

500 nm pyramid, the variation of the conduction band edge with gate voltage after 

the InP pyramid is depleted is ~ 0.66 eV/V. The main differences between the two 

pyramid sizes is the strength of the electric field and critical voltage required to de­

plete the pyramid. The further the gate is from the dot, the smaller the electric field 

strength as deduced by the slope of conduction band energy in Figure 8.4 (~ factor 
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of 2 smaller for the 500 nm pyramid compared to the 300 nm one). This is equivalent 

to differentiating the dot potential to obtain the electric field strength. Additionally, 

the critical voltage required to deplete the pyramid shifts to higher negative poten­

tials in the larger 500 pyramid (Vg = —0.18 V) compared to the 300 nm pyramid 

(Vg = -0 .1 V) at z = 30 nm. 

8.3.2 Lateral field - In-plane direction 

To obtain a true lateral electric field in the gated pyramid device, all four top gates 

are first biased to the desired charge configuration by using a negative potential, Vg, 

with respect to the back gate which is grounded. Next, two opposite gates are biased 

at Vg ± VL as shown schematically in Figure 8.5(a). Thus, the potential difference 

between the two opposite gates is AV = 2V^. Alternatively, the four top gates can be 

grounded (Vg = 0) and the back gate positively biased. In the calculations presented 

here, it is only possible to model the former. The results of the calculation are shown 

in Figure 8.5 for a distance of 30 nm below the pyramid apex and with Vg = —0.3V. 

The contour lines in Figure 8.5(a) represent equipotential surfaces at AV = 0.5 V, 

with the distance between two adjacent surfaces reflecting how rapidly the potential 

changes. Thus, as the spacing decreases, the electric field increases corresponding to 

a lateral field applied in the plane of the pyramid. 

To study the strength of the in-plane electric field and verify that the field is 

applied along the desired crystal direction, a ID x-cut across the pyramid at a distance 

30 nm below the pyramid apex is shown in Figure 8.5(b). The lateral electric field has 

the effect of tilting the bands in the plane of the pyramid. If the dot is placed at the 

centre of four gates, then the lateral field does not modify the vertical field; a desirable 

result for device applications. However, for a small misalignment in the dot location 
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Figure 8.5: (a) Schematic top-view of gated pyramid with calculated equipotential 
surfaces in 2D. A lateral field is obtained by biasing two opposite gates with respect 
to V9 at ±VL. (b) ID-cut across pyramid at depth of 30 nm from pyramid apex. The 
conduction band minimum of gated InP pyramid is shown for varying AV. 

from the centre results in the vertical electric field being modified, corresponding to 

a different gate voltage, Vg, required for device operation (i.e., to control the number 

of electrons). The effect of dot misalignment is discussed in more detail subsequently. 

Shown in the inset of Figure 8.5(b) is the strength of the electric field, which varies 

linearly with AV as expected according to 16.6kV/cm per volt. To verify that applied 

biases of ±VL along the x-direction does not affect the field in the y-direction along 

the other two gates biased at Vg, the conduction band energy was studied for a ID 

y-cut across the pyramid (data not shown, although evident in Figure 8.5(a)). The 

results show no change in the conduction band energy, concluding that it is possible 

to apply an in-plane field in the desired crystal direction. 
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Figure 8.6: Demonstration of applied electric field in any crystal orientation. By 
manipulating the applied gate voltages, the electric field can be rotated about the 
pyramid in-the plane of the quantum dot. Examples are shown for angle of rotation 
with respect to x-direction at (a) 0° (b) 22.5° and (c) 45°. The contour lines represent 
equipotential surfaces due to the applied voltages on each gate. The direction of elec­
tric field, F, is perpendicular to the equipotential surfaces, with strength determined 
by the spacing between contour lines (i.e., increases for smaller spacing). The dot, 
four gates, and pyramid dimensions are shown schematically. The dot diameter is 
30 nm and 2D-slice is at a distance of 30 nm from the pyramid apex. The dimensions 
of pyramid is 90 x 90 nm at this 2D cross-section. 

8.3.3 Rotation of lateral electric field 

In addition to applying a lateral electric field in one crystal orientation, it is possible 

to rotate the electric field in any crystal orientation in the plane of the quantum dot. 

First, a lateral electric field is obtained by biasing the left (VL) and right (VR) gate 

metal at Vg ± VL = ±VL as described in the previous section, which is also shown 

in Figure 8.6(a) with V„ = 0. Next, the top metal (Vr) and bottom metal (VB) are 

biased such that {VL = Vr) and (VR = VB) as shown in Figure 8.6(c). Here, the 

electric field is rotated by 45° compared to Figure 8.6(a). As an intermediate step, 

Figure 8.6(b) depicts the electric field orientation in between the two cases of Figures 

8.6(a) and 8.6(c), with VB = + V L / 2 and Vr = ~VL/2. The angle of rotation in this 

case is 22.5° with respect to the x-axis. 
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The calculations presented here in four terminal top-gate devices demonstrate 

the significant advantage over two terminal top-gate devices. Four gates provide the 

ability to apply an electric field in any crystal orientation; a situation that is not 

possible for two terminal devices since in this case a lateral field can only be applied 

along one crystal direction. 

8.3.4 Dot misalignment 

In the e-beam process to precisely position electrostatic gates around the periphery 

of the quantum dot, there is the possibility that the dot is not exactly in the centre of 

the top four gates. In such cases, the potential at the location of the dot is modified 

compared to perfect alignment. To understand how the dot potential is modified 

due to dot misalignment (or gate misalignment), the potential in the InP pyramid 

is studied as a function of possible dot locations. Depicted in Figure 8.7(a) is a ID 

x-cut across the pyramid at a distance 30 nm below the pyramid apex with various 

applied top-gate voltages held at the same negative potential. The conduction band 

energy is subtracted at each applied bias for direct comparison since this curvature 

cannot be observed on the larger energy scale as in Figure 8.4. A slight misalignment 

in the dot position from the centre of the top four gates translates into a modification 

of the dot potential. With increasing negative potential on the top gates, a small 

dot misalignment corresponds to an extra component that increases the conduction 

band energy linearly with gate voltage. For typical dot misalignments corresponding 

to ±10 — 30 nm, the modified dot potential is small. Although the conduction band 

energy shift is still comparable to the energy scale in quantum dots, the operating 

voltage required to empty (charge) the dot is shifted to slightly lower biases. This 

effect is negligible since the operating voltage can be easily corrected. The main 
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Figure 8.7: (a) In-plane cut across the pyramid at a distance of 30 nm from the 
pyramid apex. The conduction band minimum is shown at applied voltages of Vg — 
—0.2 V, Vg = —0.5 V, and Vg = —1.0 V with all four top gates biased at equivalent 
negative potentials. Each curve has an offset such that the conduction band energy is 
0 eV with perfect alignment for direct comparison, (b) Modification of in-plane lateral 
electric field due to slight dot misalignment. Note that s-shell excitonic transitions 
are expected to quench at lateral fields of greater than lOkV/cm. 

concern for dot misalignments is the modification of the in-plane electric field. 

Shown in Figure 8.7(b) is the lateral electric field strength for applied biases of 

the four top gates held at the same potential of Vg = —0.2 V, Vg = —0.5 V, and Vg = 

—1.0 V, as a function of possible dot misalignments. An increase in dot misalignment 

corresponds to to an increase in the lateral electric field. Thus, at applied biases 

required to empty the dot in experiment for a device with dot misalignment, there 

is an expected built-in lateral electric field. The strength of the built-in lateral field 

is strongly dependent on applied biases required for device operation (i.e., neutral 

dot for entangled photon pair generation). A built-in lateral electric field is indeed 

observed in experiment and is discussed in detail in Section 8.5.3. 
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8.4 Electron number control 

Single electron charging is demonstrated in Figure 8.8(a) by monitoring the single-dot 

PL as a function of vertical electric field (reverse bias). In these electric field mea­

surements, the excitation power was chosen to observe only single excitonic emission 

(i.e., the dot is occupied with less than one exciton on average according to Poisson 

statistics). The charging data displayed in Figure 8.8(a) is similar to that obtained 

for single InGaAs/GaAs quantum dots which emits at shorter wavelengths [5]. Here, 

this result is typical for a gated, single InAs/InP quantum dot on the pyramidal nan-

otemplate and has been observed for ten individual quantum dots emitting close to 

the telecommunications band of 1.55 yum. In the charging data presented here, there 

are discrete changes in the excitonic emission from the s-shell corresponding to X° 

(neutral exciton), X~ (singly charged exciton), and X2~ (doubly charged exciton) 

species as the electric field is tuned. 

The number of electrostatically induced electrons changes as a function of reverse 

bias depending on the position of the electron Fermi level, eF, with respect to the 

quantum dot energy levels. The position of ep is shown schematically in Figure 8.8(b) 

for three different reverse biases, VQ — 0 V, VQ = 1.1 V, and VQ = 1.8 V, corresponding 

to X2~, X~, and X°, respectively. At high reverse bias, VQ = 1.8 V, ep lies below 

the quantum dot ground state and the quantum dot is empty since tunneling via the 

n-doped back gate is suppressed. In such circumstances, the PL probes only that of 

X° since there are zero electrostatically induced electrons. At higher reverse biases 

than VQ = 2.3 V, the emission from the dot quenches as the tunneling rate of photo-

excited carriers out of the dot exceeds their radiative lifetime and carriers contribute 

to photocurrent [3,101]. With decreasing reverse bias, ep crosses the energy level of 
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Figure 8.8: (a) Typical PL spectra (contour plot) for an individual, pre-positioned 
InAs/InP quantum dot as a function of vertical electric field (reverse bias). Single 
electron control is demonstrated by discrete changes in the optical spectra. For this 
particular dot, the electron number can be tuned from a quantum dot containing two 
electrostatically induced electrons (X2~), to an empty dot, where the PL probes only 
that of X°. The X2~ intensity of the lower emission peak is multiplied by a factor 
of three, (b) Individual spectra under reverse bias of the device for three top gate 
biases, VG = 0 V, VG = 1.1 V, and VG = 1.8 V, corresponding to X2~, X~, and X°, 
respectively. 

the quantum dot ground state and a single electron tunnels into the quantum dot via 

the n-doped back gate. Thus, the quantum dot contains a single excess electron and 

the addition of an optically excited exciton corresponds to the singly charged exciton, 

X~. The addition of the extra electron shifts the exciton recombination from X" to 

4.7 meV below that of X° due to many body effects and Coulomb interactions [74] 

(see Section 2.4 for more details). Moreover, the linewidth of X" broadens from 

~ 0.3 meV at 1.2 V to ~ 1 meV at 0.4 V reverse bias. This broadening of the emission 

line is indicative of additional charges being added to the system [5]. For VG < 0.4V, 

an additional discrete jump in the optical spectra from X~ to X2~ is observed, where 

two excess electrons are electrostatically induced into the quantum dot. For X2~, 

two emission lines are observed. This is characteristic of X2~ decay and corresponds 
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to the possible singlet and triplet configurations of the final state with corresponding 

anti-parallel and parallel spin orientations, respectively [5]. In comparison with the 

triplet state, singlet emission is expected at lower emission energy and with reduced 

amplitude, as observed in experiment. The singlet configuration of X2" decay is more 

easily observed at higher excitation powers than the data presented in Figure 8.8. 

From the difference of the singlet and triplet emission peaks, an s-p electron-electron 

exchange interaction energy of 5.8 meV is obtained. The differences in energies of the 

three excitonic complexes are remarkably similar to the calculations of U. Hohenester 

et al. [74]. Details of these few particle interaction calculations are presented in 

Section 2.4. 

8.4.1 Excitonic dipole 

Of particular importance, there is an observed asymmetry of the excitonic Stark shift 

about zero electric field. The asymmetric Stark shift can be observed more clearly 

in Figure 8.9, where the peak positions of X° (black squares) and X~ (blue circles), 

extracted from Figure 8.8 using a Lorentzian lineshape, are plotted as a function of 

vertical electric field (reverse bias). Here, an offset is applied to the X' energy to 

obtain a quadratic fit of the data for both peaks simultaneously. The reduction in 

dipole resulting from an additional charge being added to the system is expected to 

be negligible (~0.02nm for one additional hole) [133]. 

The asymmetric Stark shift results from the existence of a built-in dipole at zero 

electric field which may be attributed to strain from the heterointerface of the InAs 

quantum dot and surrounding InP or by dot shape and composition [101,134]. In such 

circumstances, the electron and hole wavefunctions are spatially separated along the 

growth direction at zero electric field. Thus, the response of the excitonic transitions 
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Figure 8.9: Left panel: Stark shift of X° (black squares) and X" (blue circles) as 
a function of vertical electric field for a single InAs/InP quantum dot on pyramidal 
nanotemplate. Here, the X" is offset by a constant energy. From a quadratic fit of the 
data (solid black line), the built-in dipole and Stark shift is obtained. The size and 
direction of the built-in dipole (p/e ~ 1.6 nm) indicates that the InAs quantum dot 
composition is uniform. Right panel: Schematic view of electron-hole wavefunction 
alignment at fields of F < 30kV/cm, F = 30kV/cm, and F > 30kV/cm. 

with applied field provide important information about the quantum dot such as 

alignment of electron and hole wavefunctions and dot composition [101,134]. The 

electron-hole separation, s(F), is modified in the applied field, F, according to 

s(F) = s0 + (3F, (8.2) 

where SQ is the electron hole separation at F — 0, and (3 is the sum of the polarizabil-

ities for the electron and hole wavefunctions or the Stark shift. Thus, the excitonic 

dipole is modified in the applied electric field according to 

p(F) = es{F) = e{s0 + PF). (8.3) 

Since the energy of a dipole, p, in an electric field is E — p • F, one obtains the 



Chapter 8: Single electron charging &: EPP generation in the same QD 172 

perturbation of the excitonic energy with applied field, 

AE = e (s0F + pF2) . (8.4) 

Hence, the transition energy can be expressed in terms of the transition energy at 

zero electric field Eo, and the Stark shift perturbation energy AE: 

E = E0 + AE = E0 + es0F + e/?F2. (8.5) 

From a quadratic fit of the data (solid line), a zero field electron-hole separation, so of 

1.58±0.05nm, and Stark shift, /?, of 2.7/xeVcm2/kV2 is obtained, corresponding to 

a built-in dipole at zero electric field of p/e ~ 1.6 nm. The direction of the measured 

dipole is consistent with conventionally grown InAs/InP quantum dots as obtained 

by Stark shift spectroscopy [10]. The measured built-in dipole, p/e ~ 0.8 nm, of 

conventionally grown InAs/InP quantum dots is a factor two smaller than the one 

measured here (p/e ~ 1.6 nm). The larger built-in dipole of gated InAs/InP quantum 

dots in the pyramidal nanotemplate compared to conventionally grown ones may be 

due to enhanced piezoelectric fields for larger dot size in the pyramidal nanotemplate. 

For all dots measured in the present study, the orientation of the built-in dipole was 

in the direction of the applied field; from dot apex to base and the measured Stark 

shifts were comparable to that expected for InAs/InP quantum dots within a single 

particle picture (j3 = 1.7/ieVcm2/kV2). 

To explain the observed response of single excitonic transitions to electric field in 

the gated InAs/InP quantum dot presented here, the electron wavefunction must lie 

above the hole at zero electric field (see right panel of Figure 8.9). With increasing 

electric field, the field induced dipole cancels the built-in dipole, i.e., the applied field 

pulls the electron and hole wavefunctions together with corresponding blue shift of 
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the excitonic emission. At the maximum transition energy, the electron and hole 

wavefunctions cross and the dipole is zero. At this applied field (29kV/cm ~ 1.15 V), 

the electron-hole wavefunction overlap is maximized, which can be observed in the 

PL intensity contour plot of Figure 8.8. As the electric field is increased further, there 

is a redshift of the excitonic energy since the dipole changes sign and is in the same 

direction as the applied field. The electron and hole are separated once again and 

the overlap is reduced as observed experimentally. For fields in excess of 29 kV/cm, 

an inverted electron-hole alignment is obtained (hole wavefunction above electron 

wavefunction). 

The magnitude of the measured dipole of p/e = 1.6 nm for a single InAs/InP 

quantum dot on a gated pyramid is 3-4 times larger than that obtained for randomly 

located InAs/GaAs quantum dots and in the opposite direction [4,101]. The mag­

nitude of the dipole for InAs/GaAs quantum dots is approximately p/e = —0.4nm 

as measured by P.W. Fry and co-workers [101] or p/e = —0.5nm as measured by 

F.Findeis and co-workers [4]. In the work of P.W. Fry et al., the experimentally mea­

sured dipole data required an inverted electron-hole alignment at zero electric field 

(i.e., hole wavefunction above electron wavefunction) [101]. To explain this behavior, 

a combination of both dot shape truncation and Ga diffusion within the nominally 

pure InAs dots was required. The need for compositional grading of Ga remains true 

for dots of any shape in which the dot base is larger than the dot apex [101]. The 

experimentally measured dipole in InAs/InP dots is of opposite sign to that observed 

by P.W. Fry et al. suggesting that the composition of these InAs/InP quantum dots 

is uniform. Although it might be possible for other combinations of dot shape and 



Chapter 8: Single electron charging &: EPP generation in the same QD 17'4 

composition gradient to account for the direction of the measured dipole (i.e., non­

uniform dot composition), the magnitude of the dipole may exclude this possibility 

since it is approximately 3-4 times larger than observed for InAs/GaAs dots. In calcu­

lations by J.A. Barker et al., a dipole of p/e > 0.8nm is required to ensure only pure 

InAs dot composition [134] as indeed measured here. In fact, for the experimentally 

investigated dot shown here, the measured dipole is a factor two larger. Comparison 

to the calculations of J.A. Barker et al. suggests that to obtain the experimentally 

observed dipole, the InAs composition should be uniform and that the alignment of 

electron wavefunction is on top of the hole at zero electric field [134]. Additionally, 

the quantum dot should be highly truncated with base width dimensions larger than 

the apex. This is indeed the case as InAs/InP quantum dots are known to have 

a square based pyramidal geometry with step-like monolayer fluctuations in height, 

where the base width dimensions are larger than the apex [135]. The result of uniform 

InAs dot composition is consistent with Stark shift spectroscopy measurements made 

on untemplated InAs/InP quantum dots [8,10] and is corroborated by independent 

studies of conventionally grown InAs/InP quantum dots [10,131]. In the work of C. 

Dion et al. uniform dot composition was determined by a combination of PL and 

transmission electron microscopy measurements with tight-binding and Bloch-wave 

calculations [131]. Elsewhere, pure InAs composition was found for twofold stacked 

InAs in InP by cross-sectional scanning-tunneling microscopy [136]. 

Prior to the work of Fry et al, theoretical calculations predicted an alignment of 

electron wavefunction above that of the hole at zero electric field [52,137] similar to 

the experimental results presented here. A calculation by M. Grundmann et al. is 

shown in Figure 8.10 [137]. The calculation shows electron and hole wavefunctions 
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12 nm 

Figure 8.10: Calculated electron (blue) and hole (red) wavefunction alignment at 
zero electric field for a pure InAs pyramidal quantum dot embedded within a GaAs 
matrix. Due to strain effects, the hole is strongly localized towards the base of the 
dot. In contrast, the electron is more localized near the centre of the dot resulting 
in an electron-hole wavefunction alignment with the electron positioned above that 
of the hole. The dipole in this dot is calculated as p/e = 7.7 A. Reproduced from M. 
Grundmann et al. [137]. 

for a pure pyramidal InAs quantum dot embedded in a GaAs matrix obtained using 

a single band k • p model. When assuming uniform InAs dot compositon, the align­

ment of electron above the hole is predicted for all dot shapes where the lateral size 

decreases from base to apex. This is a result of the strain-induced form of the valence 

band and conduction band edge profile and the difference in effective mass ratios 

along the growth direction (i.e., m*hh > m*) [101]. Due to compressive biaxial and 

hydrostatic strain, the heavy-hole wavefunction (red shading) is strongly localized 

towards the base of the dot where the lateral dimensions are largest. In contrast, the 

electron is unaffected from biaxial strain due to the lighter effective mass, however; 

the conduction band is sensitive only to hydrostatic strain resulting in the electron 

wavefunction (blue shading) being localized near the centre of the dot. 
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8.4.2 Fine-structure splitting of charged exciton complexes 

Studying the fine-structure of the observed emission peaks from Figure 8.8 is used to 

confirm the assignment of charged exciton complexes in the bias dependent PL spec­

tra. Shown in Figure 8.11 are the horizontal (black) and vertical (red) polarizations 

for the PL emission at fixed biases of X°, X~, and X2~, respectively. The fine struc­

ture splitting (FSS) was determined by using a Lorentzian curve-fitting procedure as 

in Ref. [47] (similarly to Figure 7.5). The observed FSS of X° is approximately three 

times greater than that of X2~ and there is no detectable FSS for X~ as expected. 

Perturbative calculations suggest that the energy scale of the e-h exchange for X° 

should be a factor 2 larger than that of X2~. In contrast, the e-h exchange for X~ 

is expected to be quenched since the e-h exchange interaction involving the spin up 

electron cancels that of the spin down electron [64]. The observed FSS taken together 

with linewidth, built-in dipole, and Stark shift of the observed PL transitions from 

Figure 8.8 confirms the ability to precisely control the number of electrons being 

electrostatically added to the deterministically positioned InAs/InP quantum dot. 
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Figure 8.11: Fine-structure at fixed bias for X°, X", and X2", respectively. The FSS 
of X° is 136±5 fieV, and X2~ is 45±3/xeV, while no detectable FSS is observed for 
X~ as expected. 
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8.5 Combined vertical and lateral electric fields 

A single InAs quantum dot embedded in a gated InP pyramid is presented as a 

function of both vertical and lateral electric field. Operation of the device is shown 

schematically in Figure 8.12(b) and is achieved by applying identical negative poten­

tials, V9, to the four top Schottky gates with respect to the global back gate to first 

precisely control the confined charge as discussed in detail in the previous section. 

On the same quantum dot, two opposite side gates are biased at Vg ± Vi such that a 

lateral electric field is applied in the plane of the quantum dot. The binding energy 

of the biexciton is shown to be manipulated by the in-plane field and controllably 

tuned by more than 1.5 meV. Such a prominent tuning range is desirable for removal 

of the biexciton binding energy and therefore production of entangled photon pairs 

on a dot to dot basis by simply tuning a voltage. 

In comparison to theoretical calculations, the dependence of the exciton, and 

biexciton in a lateral electric field suggests that the confining potential for single 

dots in pyramid nanotemplates are square-like in the plane of the quantum dot. The 

square-like confining potential obtained for dots in gated pyramids is in contrast to 

positioned dots in ridge nanotemplates, which exhibit a parabolic confining potential 

(see Chapter 6). However, in both types of dots, there is an expected crossing of the 

exciton and biexciton at finite field such that entangled photon pairs are generated. 

Finally, SEM images of uncapped samples from both dots on pyramids and ridges 

are presented that corroborates the interpreted results. Additionally, the lateral field 

dependence found for the exciton and the biexciton suggests that there is a large 

built-in electric field at VL = 0 corresponding to a dot misalignment with respect to 

the four top Schottky gates (see Section 8.3). 
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8.5.1 Applied vertical electric field 

Reproducibility of the charging experiments are shown in Figure 8.12(a), where the 

charge state is controllably tuned from two excess electrons confined in the dot {X2~) 

to an empty dot where PL probes only that of X°. For this particular dot, the dot is 

emptied at applied biases of V9 = —1.15 V. To demonstrate control of the biexciton 

binding energy as a function of the in-plane electric field, the excitation power is in­

creased to observe both the exciton (X°) and biexciton {XX) simultaneously. Higher 

excitation power data is shown in 8.12(c). This data is taken at Vg = —1.5 V since the 

operating voltage required to observe neutral exciton states shifts to larger reverse 

biases at higher excitation powers due to electric field screening. To observe a signal 

of XX that is comparable to X°, the singly charged exciton (X~) is also present, 

identified by lack of fine structure splitting in Figure 8.12(c). The identification of X° 

and XX is performed using polarization dependent PL spectroscopy as described in 

Section 7.3. To briefly summarize, the exciton and biexciton exhibit a fine-structure 

splitting, but with reversed polarization. In this particular dot, XX is observed at 

an energy of 875.7 meV, which is 3.3 meV below that of X° (879 meV). Additionally, 

a fine-structure splitting of of 190 /ieV is obtained. 

The energy of the identified X~ PL transition is consistent with the presented 

vertical field data. At these large vertical electric fields, it is also possible that the 

excited states of the biexciton lead to a charge state configuration in the dot after 

p-shell electrons or holes tunnel out of the dot. The observation of the positively 

charged exciton, X+ (two holes, one electron), is more apparent in the lateral electric 

field data discussed subsequently. 
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Figure 8.12: (a) Reproducibility of charging experiments for gated pyramid containing 
a single prepositioned quantum dot. Scale bar represents PL intensity in counts per 
second, (b) Schematic view of device structure used in experiment for combined 
vertical and lateral electric fields, (c) Identification of X° and XX spectral lines 
using polarization dependent PL spectroscopy. 

8.5.2 Applied lateral electric field 

The advantages of a vertical electric field applied to a single quantum dot compared to 

ungated dots are that the quantum dot is ascertained to be initialized to the desired 

charge configuration and that a more stable environment surrounding the quantum 

dot can be achieved for device operation, which is free of trapped charges. In this 

study, the quantum dot is first initialized to the neutral exciton state and the exci­

tation power is increased to observe both the biexciton and exciton simultaneously 

(see previous section). On the same quantum dot, two opposite gates are biased at 

Vg ± VL in order to apply a lateral electric field. The ability to apply an electric field 

in the plane of the quantum dot is desirable for entangled photon pair generation 
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(see Chapter 7). The bias difference between the two side-gates is AV = 2Vjr,. PL 

data from such a dot as a function of lateral electric field (AV) is shown in Figure 

8.13(a) represented as a contour plot. Of particular significance is that both X° and 

XX are observed simultaneously as a function of lateral field; a situation that was 

not possible for dots on ridge nanotemplates due to electric field screening [26]. The 

peak positions of the observed emission peaks from Figure 8.13(a) extracted using a 

lorentzian line-fitting procedure are depicted in Figure 8.13(b). Both X° and XX ex­

hibit a quadratic field dependence in which the maximum transition energy occurs at 

an applied bias that is non-zero. The non-zero maximum for the applied lateral field 

(AV) is attributed to a built-in electric field resulting from a small dot misalignment 

with respect to the four top Schottky gates (see Section 8.3). As an example, for a 

gate spacing of 200 nm (400 nm), the built-in lateral electric field at AV = 0 corre­

sponds to 11.3kV/cm (5.6kV/cm) utilizing the electric field calibration procedure as 

described in Section 6.4. Thus for one direction of AV, the X° transition quickly 

quenches, while in the other field direction it grows, reaches a maximum and then 

diminishes as observed in Figure 8.13(a). Additionally, since the observed redshift 

for X° is much stronger than that of the XX transition, this leads to a tuning of 

the XX binding energy, Axx, by more than 1.5 meV. The strong Axx dependence in 

a lateral electric field exhibiting a large tuning range is presented in Figure 8.13(c). 

Such a prominent tuning range is desirable for removal of the XX binding energy and 

thus the production of entangled photon pairs near the telecommunications band of 

1.55 /xm (see Chapter 7). To experimentally realize removal of the biexciton binding 

energy, the initial binding energy of XX must be smaller than the quantum dot pre­

sented here. Tuning of Axx is possible via the growth conditions of the nanotemplate 
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and was shown to depend on dot height for single dots in ridge nanotemplates (see 

Section 7.5). 

In contrast to dots on ridges, the XX electric field dependence for dots in pyra­

mids does not exhibit a blueshift. Instead, the XX shows a very weak redshift. Such 

an electric field dependence is not expected for an in-plane 2D parabolic potential 

presented in Chapter's 5 and 6. Thus, by comparison to theoretical calculations, 

details of the underlying quantum dot potential can be ascertained. Results of the 

theoretical calculation for a square-like confining potential in the plane of the quan­

tum dot are shown for one direction of the field in Figure 8.13(d). The calculations 

are carried out in the effective mass approximation and include Coulomb interactions 

and correlation effects. The PL amplitudes in Figure 8.13(d) are extracted utilizing 

Fermi's golden rule for the 2D square-like confining potential. Details of the compu­

tational method are similar to that of the 2D parabolic confinement potential, which 

can be found in Chapter 5. 

The calculated electric field dependence in Figure 8.13(d) is in excellent qualitative 

agreement with the observed experimental data. Both the X° and XX transitions 

exhibit a redshift, but with the X° transition shifting more strongly than that of the 

XX. Moreover, both the X° and XX quench as the electron and hole are separated 

via the lateral field. These results suggest that the in-plane confinement potential 

for a single dot in a pyramid nanotempiate is square-like compared to dots in ridges, 

which exhibit a parabolic confining potential. Of particular significance is that the X° 

and XX cross at finite field of F ~ lOkV/cm, in which the biexciton binding energy 

is removed. In comparison to dots in ridges, the XX and X° PL transitions cross at 

F ~ 6.5kV/cm. Thus, it is expected that the biexciton binding energy is removed at 
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Figure 8.13: (a) Lateral electric field dependence of X°, and XX in a gated pyramid 
containing a single, prepositioned quantum dot. XX is multiplied by a factor of 1.5. 
Scale bar represents PL intensity in counts per second, (b) Peak positions from (a) 
obtained using a lorentzian line-fitting procedure. The size of the symbols represent 
the integrated intensity of the X° and XX transitions. The faint X+ line is included 
for completeness, (c) Tuning of biexciton binding energy, Axx, in a lateral electric 
field over a large energy range (~ 1.5 meV). (d) Configuration interaction calculations 
of X° and XX in a lateral electric field using a square-like confinement potential in 
the plane of the quantum dot. The size of the symbols represent the PL amplitude 
calculated using Fermi's golden rule. 
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a higher electric field for dots in pyramidal nanotemplates (larger operating voltage). 

Figure 8.13 shows the observed operating voltages for a single quantum dot in a 

pyramidal nanotemplate. These voltages are approximately a factor of 2 times larger 

than those observed for single dots in ridge nanotemplates (see Chapter 6). The ex­

perimentally observed bias voltages shown here for dots in pyramids are explained by 

theoretical calculations that suggest the X° and XX will quench at higher electric 

fields as compared to single dots in ridge nanotemplates (see Figure 8.15). How­

ever, there is a discrepancy in the experimentally observed electric field (AV) for the 

maximum PL transition energy for both X° and XX when compared to theory. In 

the theoretical calculations, the maximum PL transition energy occurs at the same 

electric field for both XX and X°. In contrast, the maximum PL transition energies 

observed for XX and X° in experiment occur at slightly different values of AV (elec­

tric field). This finding is currently not well understood, although the discrepancy 

may be due to a small vertical electric field component that arises when the lateral 

electric field is tuned. Alternatively, microscopic details of the underlying X° and 

XX wavefunctions may attribute to this discrepancy. However, a symmetric in-plane 

electric field dependence has been observed in other dots, although the tuning range 

of Axx is an order of magnitude smaller. Results from a single quantum dot exhibit­

ing a more symmetric in-plane electric field dependence are presented in Figure 8.14. 

Similar to Figure 8.13, a non-zero AV (electric field) is observed for the maximum PL 

transition energy in 8.14(a), which is attributed to a built-in electric field resulting 

from dot misalignment. In this particular dot, the tuning range observed for Axx is 

160 fieV (Figure 8.14(c)). 
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Figure 8.14: Reproducibility of in-plane electric field dependence for a single dot in 
a pyramid nanotemplate. (a) Electric field dependant PL. Maximum PL intensity in 
contour plot is 160 counts per second (represented by red). Minimum PL intensity 
is represented in blue, (b) Extracted peak positions from (a), (c) Tuning range of 
biexciton binding energy, AXx, in a lateral electric field. 

8.5.3 Determination of in-plane confinement potential for 
single dots in pyramid and ridge nanotemplates 

The X° and XX dependence for the 2D square-like confining potential presented 

in Figure 8.13 and Figure 8.14 is strikingly different than that obtained for a 2D 

parabolic confinement potential. The 2D parabolic and square-like confinement po­

tential (alternatively step-like potential in quantum mechanics) are compared in Fig­

ure 8.15. In the case of the square-like confinement potential in Figure 8.15(a), the X° 

exhibits a strong redshift, whereas for the parabolic confinement in Figure 8.15(b), 

the X° redshift is very small and is attributed to a stronger compensation of the 

single particle Stark shift (see Section 6.2.1). In the case of XX, the XX blueshifts 

for a parabolic dot and shows a very weak dependence for square-like confinement in 

the plane of the quantum dot. However, in both confinement potentials the physics 

is the same in that the X° and XX optical transitions cross at finite field such that 

generation of entangled photon pairs is a possibility (see Chapter 7). 
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Figure 8.15: Configuration interaction calculations of (a) step-like (square) versus (b) 
parabolic in-plane confinement potential of the quantum dot. Plan-view SEM images 
of uncapped nanotemplates containing a (c) single InAs quantum dot at the apex of 
a InP pyramid nanotemplate and (d) single row of InAs quantum dots at the apex of 
the InP ridge nanotemplate. The single dot at the apex of the pyramid is square-like, 
which exhibits a step-like in-plane confinement potential in a lateral electric field. In 
contrast, dots on the ridge nanotemplate exhibit a circular shape and corresponding 
2D parabolic in-plane confinement potential dependence in an electric field. The size 
of the InAs quantum dots presented here are 30-40 nm. 
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The electric field dependencies observed in experiment for a single dots on pyramid 

and ridge nanotemplates is captured by SEM images of uncapped samples shown in 

Figure 8.15(c) and Figure 8.15(d), respectively. The shape of the single quantum dot 

at the apex of the pyramid nanotemplate in Figure 8.15(c) is square-like which exhibits 

a square in-plane confinement potential in a lateral electric field. In contrast, a single 

dot on the apex of the ridge nanotemplate in Figure 8.15(d) is more circular and 

corresponds to an observed in-plane parabolic confinement potential in an electric 

field. Thus, by the observed electric field dependence in experiment, the in-plane 

quantum dot potential can be theoretically approximated and the shape of the dot 

inferred. 

8.6 Conclusion 

In summary, electron number control has been demonstrated via vertical electric fields 

from a single, deterministically positioned quantum dot emitting in the telecommu­

nications band close to 1.55 /an. In contrast to the well studied InAs/GaAs quantum 

dot material system, the built-in dipoles of the InAs/InP quantum dots studied in 

this thesis are from dot apex to base; the strength of the dipole suggesting a uniform 

dot composition. Uniform dot composition is found to be consistent with independent 

studies of untemplated InAs/InP quantum dots. 

Next, an in-plane lateral electric field is applied across the same quantum dot 

initialized to observe both the exciton and biexciton simultaneously. Of particular 

importance for this system is that the biexciton binding energy can be tuned by more 

than 1.5 meV. Such a prominent tuning range is ideal for removal of the biexciton 

binding energy and therefore generation of entangled photon pairs. Moreover, from 
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the observed electric field dependence of the exciton and biexciton, a step-like (square­

like) in-plane confinement potential is deduced for the single InAs quantum dot on the 

InP pyramidal nanotemplate with observed square dot shape by SEM. The observed 

electric field dependence was compared to dots on ridges that exhibited an in-plane 

parabolic confinement potential and observed circular dot shape by SEM. Thus, a 

comparison between an electric field dependence for single dots on ridges versus a 

single dot at the apex of a pyramidal nanotemplate reveals information on the in-

plane confinement potential. 

Finally, two-dimensional and three-dimensional calculations for solutions of the 

Poisson equation were presented in order to understand the electron charging mecha­

nism for single InAs quantum dots embedded in InP pyramidal nanotemplates since 

this device geometry is not planar as in current devices studied in the literature. The 

calculations showed that electron charging is possible for metal-semiconductor and 

metal-oxide-semiconductor devices. Counterintuitive to expectation, the metal-oxide-

semiconductor device exhibited a greater effect on single electron charging. Addition­

ally, due to the complexity of the gated pyramid device with four gates around the 

periphery of the quantum dot, three-dimensional Nextnano calculations are presented 

which verify the ability to apply an in-plane electric field in any crystal orientation 

of the quantum dot. In-plane electric field measurements for a single InAs quantum 

dot in pyramidal nanotemplate suggest that the quantum dot is not exactly in the 

centre of the top four Schottky gates when compared to three-dimensional Nextnano 

calculations. A built-in electric field resulting from the aforementioned dot misalign­

ment was confirmed by the observed asymmetry about zero volts bias in the electric 

field dependence of exciton and biexciton. 
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The unique preparation strategy presented here to routinely contact a single quan­

tum dot electrically envisions arrays of single spins that can be utilized for quantum 

information applications, as well as the ability to apply an electric field in any crystal 

orientation for the generation of entangled photon pairs. 



Chapter 9 

Conclusion and future work 

The work presented in this thesis demonstrates precise control of electrostatic gate 

positioning around a deterministically positioned single quantum dot. The gates were 

designed to apply an electric field along the growth direction (vertical electric field) 

or in-plane of a single quantum dot (lateral electric field). The ability to manipulate 

such a dot post-growth with an applied electric field was shown to be desirable for 

applications in quantum information science such as generation of entangled photon 

pairs and initialization of a single electron spin including its manipulation. Moreover, 

an applied electric field allows electrical manipulation of the electronic structure of 

individual dots, thus affecting the optical emission properties of the biexciton-exciton 

radiative cascade or number of electrons residing in the quantum dot. The InAs 

quantum dots on InP (InAs/InP) nanotemplates studied in this thesis have the added 

benefit of a wavelength that can be tuned to the i300nm and/or 1550nm range, ideal 

for fibre-based quantum cryptographic systems. 

A lateral electric field applied across a single quantum dot demonstrated strong 

modification of Coulomb interactions of the confined carriers inside the quantum dot. 

First, the observed Stark shift (/3 = 0.31 /xeV cm2/kV2) of a single exciton involving 

189 
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an s-shell electron and s-shell hole was shown to be two orders of magnitude less than 

that expected in a single particle calculation (/? = 144/xeV cm2/kV2). The observed 

compensation of the Stark shift in comparison to a single particle picture is understood 

through the exponential decay of the electron-hole Coulomb interaction under applied 

lateral electric field as the electron and hole are separated. Although the ground state 

exciton Stark shift is expected to be larger in a lateral electric field in comparison to a 

vertical one, a larger Stark shift is observed for the single excitonic ground state in a 

vertical field. Here, the observed Stark shift (/? = 1.7//eVcm2/kV2) is comparable to 

a single particle picture (P = 2.1 /xeVcm2/kV2) for the single InAs/InP quantum dots 

studied in this thesis. There is no compensation expected in a vertical electric field 

due to the smaller dot dimensions along the growth direction (~ 3-5 nm) compared 

to the lateral direction (~ 30-40nm). For these small dot dimensions, the applied 

field could not efficiently separate the electron and hole in a applied vertical field. 

Second, in addition to the small observed Stark shift of the ground state exciton, 

the in-plane electric field leads to the appearance of an excited state involving an 

s-shell electron and p-shell hole (s — p). Finally, a model is developed in collaboration 

with the Quantum Theory group at the National Research Council that describes the 

effects of the applied lateral electric field and appearance of the forbidden s—p optical 

transition. The magnitude of the Stark shift for the s—p transition was found to be 

in excellent quantitative agreement with theory since the e-h Coulomb interaction is 

significantly reduced at finite fields and therefore closer to the single particle picture. 

The observed modification of oscillator strengths for the excitonic transitions and 

the appearance of a normally forbidden excited state of the neutral exciton are in 

excellent agreement with many body, configuration-interaction calculations of the 
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emission spectra from Chapter 5. 

The modification of Coulomb interactions of confined carriers inside a single quan­

tum dot is advantageous for the generation of entangled photon pairs. The reduced 

electron-hole Coulomb interaction in an applied lateral electric field also leads to a re­

duction in biexciton binding energy and its removal. Since the biexciton is composed 

of two electron-hole pairs instead of only one, the Stark shift of the biexciton is even 

more strongly compensated in an applied lateral field compared to the exciton and 

in some cases even leads to a blue shift. In modeling the dot with a parabolic con­

finement potential, biexciton blue shifting was predicted compared to the red shifting 

exciton and was brought into resonance for a critical value of the electric field. In 

contrast, if the dot was modeled by a square confinement potential, it was expected 

that the biexciton and exciton exhibit a red shift with the exciton transition shift­

ing more rapidly to lower energies than the biexciton again leading to the crossing 

of the two transitions. These predictions were observed experimentally for dots on 

ridge (parabolic confining potential) and pyramidal nanotemplates (square confining 

potential). Thus, both types of confining potentials demonstrated that it is possible 

to bring the biexciton and exciton transitions into resonance resulting in removal of 

the biexciton binding energy. 

A scheme that relies on the removal of the biexciton binding energy was presented 

that overcomes a major issue that the scientific community has been struggling to 

overcome - the need to remove the anisotropic exchange splitting (AES) of the in­

termediate states in the biexciton-exciton radiative cascade. Instead, the proposed 

scheme presented in this thesis is robust to the presence of the AES. Once the binding 

energy of the biexciton is removed, the cross-colour transitons are degenerate and the 
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decay path cannot be distinguished. Thus, entangled photon pairs are generated. 

Removal of the biexciton binding energy was demonstrated for a single dot on a ridge 

nanotemplate. The major problem for the dots on ridges was the ability to observe 

both the exciton and biexciton as a function of lateral electric field due to electric 

field screening. Here it was only possible to observe the exciton before the crossing 

and biexciton after the crossing. However, it was possible to observe the biexciton 

and exciton simultaneously in a lateral electric field for dots on pyramidal nanotem-

plates. In the latter case, electric field screening was reduced since additional gates 

that controlled the confined charge in the quantum dot also depleted the surrounding 

quantum dot environment of charges. In these devices, the biexciton binding energy 

was tuned by a large energy range via the in-plane electric field (~ 1.5 meV). Tuning 

of the biexciton binding energy was also investigated through dot growth. The growth 

for dots on ridges demonstrated that it was possible to tune the biexciton binding 

energy over a large energy range (~ 7meV) and through zero - a regime not achieved 

previously in large dots. The mechanism to remove the biexciton binding energy in 

large dots was determined to be piezoelectric fields. This finding contrasts that of 

small dots where the mechanism to remove biexciton energy is reduced correlations 

(due to decreased number of bound states and increased energy level spacing) and 

increased repulsive Coulomb interactions between confined carriers. 

Finally, single InAs dots in InP pyramidal nanotempiates subject to vertical and 

lateral electric fields were studied. Precise control of the electron number was demon­

strated in a vertical field from a single quantum dot emitting in the telecommunica­

tions band close to 1.55 yum. The number of electrons was controllably tuned from 

two excess electrons down to zero. The ability to tune the number of electrons in 



Chapter 9: CONCLUSION AND FUTURE WORK 193 

the quantum dot promises arrays of initialized spins for quantum information appli­

cations. In addition, the electronic dipole of the InAs/InP quantum dots studied in 

this thesis were investigated. In contrast to the well studied InAs/GaAs quantum 

dot material system, the built-in dipole of the InAs/InP quantum dots studied in 

this thesis are from dot apex to base; the strength of the dipole suggesting a uniform 

dot composition. Uniform dot composition is found to be consistent with indepen­

dent studies of untemplated InAs/InP quantum dots. On the same quantum dot, the 

binding energy of the biexciton was tuned over a large energy range (~ 1.5meV). 

Here, it was possible to observe both the biexciton and exciton transitions since the 

material surrounding the quantum dot could be depleted of charges within this device 

configuration. 

Future work involves investigating the growth of single dots in pyramids such 

that the biexciton binding energy can be engineered within the tuning range of the 

applied lateral electric field thus leading to removal of the biexciton binding energy 

and generation of entangled photon pairs. Additionally, the four gates around the 

periphery of the quantum dot can be utilized to apply a lateral electric field in any 

crystal orientation. Various potentials can be investigated that lead to either the 

removal of biexciton binding energy or fine-structure splitting of the intermediate 

exciton states. If successful, the nanotemplate deposition technique promises arrays of 

entangled photon generators for quantum information applications. Such structures, 

emitting in the 1300nm and/or 1550nm range, are ideal for fibre-based quantum 

cryptographic systems and are of immense promise for gate controlled, integrated 

semiconductor entanglement sources for quantum repeater technologies. 
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